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Abstract. The application of an image processing tech-
nique is presented for the volume estimation of very irregular
small biomaterials (wheat and rice-paddy grains). Two common
cylindrical small biomaterials, the Alvand variety of wheat grain
and the Neda variety of paddy grain were considered for exami-
nation. The captured images were exported to be processed by
an image processing software (ImageJ) and the edge-extracted
image was used in SolidWorks for the 3D reconstruction of the
model. The revolved images in the SolidWork were used to esti-
mate the volume of the examined grains. The estimated volume
was then compared with the conventional mathematical expres-
sion and also with the real volume measurement using the fluid
displacement method. Volume estimation using machine vision
and image processing techniques has a considerably lower mean
error (9.5%) in comparison to the mathematical error (14.7%).
The average value of cylindricity for Alvand wheat was found
to be equal to 82.34% at a moisture content of 11.83%. The new
cylindricity factor had a significantly smaller standard deviation
in comparison to the standard deviation of the sphericity factor for
the examined cylindrical crops (61.5% for the wheat grains and
59.6% for the paddy grains). The new cylindricity factor can be
used for the heat and mass transfer modelling of cylindrical crops.
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INTRODUCTION

Huge postharvest losses occur in the handling and pro-
cessing of high-quality food products and biomaterials due
to the non-optimized design of certain equipment (Narendra
et al., 2010). Cereals are one of the most prominent nutri-
tion materials in Iranian food consumption. More than 50
percent of the nutrition material for each Iranian is provided
by different kinds of breads (Mirasi et al., 2014). Therefore,
a knowledge of the physical properties of the cereals is nec-
essary for manufacturing optimized devices for handling,
cleaning, conveying, storing and milling (Unal, 2009;
Kalantari, 2016; Kalantari and Eshtavad, 2013).

An understanding of the aero- and hydrodynamic prop-
erties of agricultural products is required for the movement
of biomaterials by water or air and the separation of for-
eign materials from them. The density, shape and drag
coefficient are the physical properties required to calculate
the terminal velocity of an object in a fluid. In air trans-
port or pneumatic separation, the air velocity is greater
than the terminal velocity of the object. Moreover, for
small biomaterials such as grains to descend slowly, the air
velocity must be slightly lower than the terminal velocity.
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Therefore, the shape of the biological material, i.e., spheri-
cal or cylindrical, has a very important role to play in grain
flow through the discharge gates of silos and grain drills, as
well as determining the air flow around the grains during
movement which in turn allows for the determination of the
drag coefficient (Chen et al., 2020; Kalantari, 2016; Dziki
and Laskowski, 2005).

For most cereals, the bulk porosity is between 35 and
55%; therefore the porous nature of the grain mass pro-
vides the possibility that in the blowing and drying process,
almost all of the grains are in contact with air (Navarro
and Noyes, 2002). Another important physical property
of agricultural crops and materials is volume, which is an
important parameter in the mass transfer and heat transfer
of these biomaterials. Several mathematical expressions
have been proposed for computing and estimating the
volume of irregular materials (e.g., Kheiralipour et al.,
2008; Unal 2009; El Fawal et al., 2009). As an example,
the temperature rise of a biomaterial, e.g., a cereal grain in
a microwave field is equal to Eq. (1) (Jafari et al., 2018):

P At
T a1spsCV ]

(1

where: AT is the temperature rise (°C), P, is microwave
power (W), At is the heating time (s), C is the specific heat
of the dielectric material (Cal g °C™), p, is the grain density
(g mm™) and V'is the grain volume (mm’®), (Vongpradubchai
and Rattanadecho, 2009; Jafari et al., 2018). In this expres-
sion the influence of grain volume and density is evident
of a temperature rise and consequently the evaporation
rate and drying kinetics. Meanwhile, the volume and uni-
formity of the volume, i.e., sphericity or cylindricity are
important physical properties that consumers use to buy
crops or fruits according to their tastes. In other research,
Apinyavisit et al. (2018) reported that microwave absorp-
tion varies with shape change during the drying of longan
fruit. They considered two adjusting correction factors in
the microwave absorption equation to consider the shape
variation from regular geometry to irregular during the dry-
ing process. Also, several other attempts have been made
for the mass determination of agricultural crops based
on their volume, since in most agricultural crops, density
changes are relatively minor (Forbes, 2000; Araujo et al.,
2020). Bulk density, true density, and porosity are useful
parameters in designing grain hoppers, determining grain
flow characteristics and optimizing storage facilities, e.g.,
Kalantari (2016). For example, the thousand grain weight
of grains is used for calculating the head yield (Unal, 2009).

The application of computer imaging to food process-
ing fields was first introduced in 1989 for the purposes of
grain quality inspection (Zayas ef al., 1986). Image pro-
cessing techniques can be useful in the accurate and rapid
quality determination of food products (Saini et al., 2012;
Pourdarbani et al., 2020; Sabzi et al., 2020). The various

external attributes of agricultural products are the key fac-
tors in designing sorting machines; therefore their size,
shape and colour are commonly used in commercial sort-
ing, e.g. Xie et al. (2019), Chen et al. (2020). However, the
possibility of detecting external defects still remains open
for further investigation (Da Costa et al., 2020). Three dif-
ferent methods to measure the volume of materials were
reported and evaluated in the literature (Tabatabaeefar,
2003; Dziki and Laskowski, 2005; Demirbas and Dursun,
2007; Varnamkhasti et al., 2007; Al-Mahasneh and
Rababah, 2007). The methods included fluid volume dis-
placements, mathematical models, and image processing
techniques (3D-reconstructed model) for large agricultural
products.

A considerable amount of research may be extracted
from literature regarding the application of image process-
ing techniques used to estimate the geometrical properties
of both regular and irregular materials and also biomate-
rials such as volume, surface area, surface characteristics,
sphericity, efc. (Aldalur et al., 2019; Rashidi et al., 2007;
Sadrnia et al., 2007; Bulent Koc, 2007; Wang and Nguang,
2007; Khojastehnazhand et al., 2008; Arjenaki et al., 2012).
However, research that illustrates the capabilities of image
processing techniques to estimate the accurate volume of
irregular small objects like grains and cereals is compara-
tively rare. Therefore, the main aim of this investigation is
to employ image processing techniques using ImageJ soft-
ware together with engineering software (Solidworks) for
the volume estimation of very irregular small biomaterials,
i.e., grain cereals. In the next step, a comparison between
the volume obtained via 3D modelling with a mathemati-
cal equation and the fluid displacement method is presented
as a final conclusion for indicating the capability of the
employed technique for volume measurements on a small
scale. Finally, a new parameter is introduced for cylindri-
cal biomaterials, such as wheat grains and paddies which
is called “cylindricity”. This parameter may be important
in the postharvest processing of biomaterials such as sepa-
rating the grain from the cluster, drying, cleaning, sorting,
grading and also heat and mass transfer modelling.

MATERIAL AND METHODS

Due to the introduction of the new parameter of “cylin-
dricity” in this study, we used two common cylindrical
small biomaterials, i.e., wheat grain and paddy grain for
the investigation. Therefore, some physical properties of
the Alvand variety of wheat grains and the Neda variety of
paddy grain were measured or calculated, these values are
summarized in Tables 1 and 2.

In order to determine the moisture content of the
samples, three groups of 10 g samples were placed in a lab-
oratory oven for 19 h at 130 temperature. The wet-based
moisture content of the samples was then calculated using
Eq. (2) (Kaveh et al., 2021):
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Table 1. Measured physical properties of Alvand wheat at 11.83% moisture content

Physical properties Symbol Replication Average (?eti?i?;i Maximum Minimum
Length (mm) L 25 6.96 0.49 7.80 6.30
Width (mm) w 25 3.49 0.35 435 2.85
Thickness (mm) T 25 3.03 0.36 3.90 2.40
Geometric mean diameter (mm) D, 25 4.18 0.27 4.72 3.69
Sphericity (%) o 25 60.34 5.48 73.55 48.83
Cylindricity (%) W 25 82.34 2.11 86.29 77.41
Intermediate aspect ratio n 25 0.47 0.06 0.63 0.34
Surface area (mm?) S 25 46.33 5.44 59.15 36.72
Bulk density (kg m™) Py 3 636.85 1.40 638.33 635.55
Real density (kg m™) Py 3 1243.59 11.10 1250.00 1230.77
Porosity (%) P 3 48.79 0.46 49.15 48.27
Weight of 1000 grains (g) m 3 37.25 0.60 36.80 37.93
Table 2. Measured physical properties of Neda paddy grain at 12.33% moisture content
Physical properties Symbol Replication Average Stat}dgrd Maximum Minimum
deviation
Length (mm) L 25 9.37 0.41 10.09 8.23
Width (mm) w 25 2.59 0.26 3.12 2
Thickness(mm) T 25 2.12 0.17 243 1.88
Geometric mean diameter (mm) D, 25 3.71 0.21 4.21 3.25
Sphericity (%) o 25 39.65 2.23 43.74 35.55
Cylindricity (%) v 25 90.03 0.90 91.74 88.35
Intermediate aspect ratio n 25 0.25 0.02 0.29 0.21
Surface area (mm?) S 25 39.42 4.10 49.48 31.17
Bulk density (kg m™) Db 3 613.45 11.35 634.25 602.36
Real density (kg m”) P 3 1471.70 10.12 1495.35 1435.36
Porosity (%) P 3 55.69 0.59 60.12 52.43
Weight of 1000 grains (g) m 3 27.2 1.23 30.14 26.42
then determined by dividing the weight of the grains by the
W(wh) = Wi [;/Wfi 100, (2) container volume. After calculating the particle and bulk
i

where: W(wb) (-) is the wet-based moisture content of the
sample, ¥ is the initial weight of the sample (g) and W is
the weight of the dried sample (g).

In order to calculate the particle density of the wheat
and paddy (p,), a certain weight of the seeds was soaked
in toluene. The average particle volume of the seeds was
calculated by measuring the displaced toluene volume in
a scaled burette (Mohsenin, 1978; Razavi and Akbari,
2011). In order to determine the bulk density of the wheat
and paddy grains (p,), a cylindrical container was filled
with grains by dropping the grains uniformly from a height
of 20 cm into the container. Then the top surface of the
grains was smoothed using a blade. Their bulk density was

densities of the grains, the porosity of the samples may be
obtained. A simplified expression for calculating the poros-
ity has already was given by (Mohsenin, 1978; Mustafa,

2007) in the form of:
£= (1 - p—”) 100,
Py

where: ¢ (-) is the porosity of the grains (%), p, is the bulk
density (kg m™) and p, is the grain density (kg m”).

€)

In the next step, a stereomicroscope device (Nikon,
SMZ-U) was used to measure the minor, intermediate and
major diameters of 25 randomly selected wheat and paddy
grains. The dimensions were observed and recorded using
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a scaled ocular installed on the stereomicroscope. Also,
photos of the grains were taken using a digital camera
installed on the sterecomicroscope.

The geometric mean diameter, D, (mm), was calculat-
ed using Eq. (4) (Chayjan et al., 2017; Kiani et al., 2008;
Shkelqim et al., 2010):

Dy = (LWT)s . )

where: L, W, and T (mm) are the length (largest value),
width (intermediate value) and thickness (minor diameter)
of the measured irregular biomaterial, e.g., wheat seeds.
For elliptical objects such as wheat, the sphericity, ¢ (-),
was calculated using Eq. (5), (Mohsenin, 1978; Dursun and
Dursun, 2005):

Epwr[F _ awni (5)
1 N B

The surface area of the wheat and paddy grains, S (mm?),

was calculated using Eq. (6), (Al-Mahasneh and Rababah,

2007):

wBL?

§= (2L-B) ° (6)

In the above expression, B (mm) is a length scale defined
by:

B=WT . (7)

The intermediate aspect ratio (rectangular ratio) was calcu-
lated using the following equation:

W+T
LT ®)

Another physical parameter developed in this study is
called “cylindricity”, which can be used for some cylin-
drical crops, such as wheat and rice. Hence, if cylindricity
tended to 1, the cylindrical coordinate will be easier to
establish and specific for the corresponding crop.

The cylindricity, v (-), is defined by the ratio of the
volume of ellipse to the surrounding cylinder volume of the
crop in the form of:

n

(g) LWT i

W +T)2L

awrT
W 9)

l!}:

In which, W is the width (mm), T is the thickness (mm)
and # is the intermediate aspect ratio as defined by Eq. (8).
In extreme conditions, if the crop tended towards long
cylinder forms (L—), the cylindericity will be equal to

. awT AL,
r!l—r,l(}u[stWH)zj mns=gl.

The volume of each grain was measured in a 500 ml
micro tube by inserting the seed into acetone and tacking
two photographic images, one with and one without the
grain inside the micro tube (Figs 1 and 2). The microtubes

a b

Fig. 1. Micro tube: a — without wheat grain, b — with grain, both
were used in this study to measure grain volume.

Fig. 2. Setup for the volume measurement used in this study.

were filled with 175 microlitres of acetone and colouring
powder and fixed in a calliper. The wheat and paddy vol-
ume was then calculated by subtracting the two captured
images, i.e., with and without the grain.

A more specific mathematical expression for estimat-
ing the volume of wheat grain was already proposed by
Al-Mahasneh and Rababah (2007) in the form of:

_ mB2L?
~ 6(2L—-B) °

(10)

where: V is grain volume (mm®), and B (mm) is a length
scale defined by Eq. (7).

In the current research, a 3D reconstructed model of the
grain as an output of the image processing technique was
used to estimate its volume. In this method, the images cap-
tured using a digital camera (canon SX150) were imported
and processed using image processing software (Imagel)
to extract the edges (Fig. 3). The edge-extracted image was
then exported to the Solidworks software. Finally, a 3D
model was formed by revolving one half of the imported
image about the longitudinal centre line (Fig. 4). The aver-
age of both of the revolving volumes was considered to be
the estimated grain volume. However, some considerations
concerning the edge detection in the captured images must
be taken into account for a robust 3D reconstruction of the
images.

RESULTS AND DISCUSSION

A summary of the physical properties investigated and
measured in this study are listed in Tables 1 and 2. According
to the results presented in Table 1, the intermediate length
of this variety is 6.96 mm with a standard deviation of
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Fig. 3. Conversion steps: captured image to 3D reconstructed
model.

Fig. 4. Real image of paddy grain and wheat: a — front, b — back.
3D model made from half boundary revolving: ¢ — right-side
revolving, d — left-side revolving.

Table 3. Wheat grain volume results from different methods
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0.49 mm, it has a width of 3.49 mm with a standard devia-
tion of 0.35 mm, a thickness 3.03 mm with a standard
deviation of 0.36 mm. The geometric mean diameter is
4.18 mm with a standard deviation of 0.27 mm, the mean
sphericity is 60.34% with a standard deviation of 5.48%,
the intermediate aspect ratio (rectangle ratio) is 0.47 with
a standard deviation of 0.06, the surface area is 46.33 mm®
with a standard deviation of 5.44 mm® the real density is
1243.59 kg m™ with a standard deviation of 11.10 kg m~,
the bulk density is 636.85 kg m™ with a standard deviation
of 1.4 kg m?, the porosity is 48.79% with a standard devia-
tion of 0.46%.

The calculated volume of the wheat and paddy grains
were determined using Eq. (10), the 3D model based on
the image processing technique and the fluid displace-
ment methods are given in Tables 3 and 4, respectively.
According to the results obtained in this study, the aver-
age volume of the wheat grains were found to be equal
to 28.81 mm’ using 3D reconstructed images, 25.31 mm’
using mathematical Eq. (10), and 28.87 mm’ using the
fluid displacement method (the exact value). According to
the results shown in Table 3, the average error of the 3D
reconstructed model and the mathematical expression were
equal to 9.49 and 14.69%, respectively. The same quali-
tative results for paddy grains are given in Table 4. The
results of the experiments conducted in this study indicate
that the image processing technique has an acceptable level
of agreement with the real measurements for the volume
of wheat grain in comparison to the available mathemati-
cal models. This results in an agreement with the results
of Araujo et al. (2020), which postulated that the volume
estimation of Passion fruit seeds with the digital image pro-
cessing method provides more reliable values as compared
with the previously obtained correlations, mathematical
methods and volume estimation based on the projected area
or circularity.

Variations in the error of calculating the volume of 25
randomly chosen grains are illustrated in Fig. 5. Based on
the results shown in this figure, the estimated volume by
means of the mathematical expression show remarkable
jumps from the average error, while also having a higher
mean error in comparison to the image processing tech-
nique. The volume estimation using the 3D reconstructed
images has a considerably lower mean error (9.5%) in com-
pare with the mathematical error (14.7%).

Average Standard Error
Volume estimation method Replications S deviation R’ 0
(mm?) 3 (%)
(mm’)
Fluid displacement 25 28.87 6.71 - -
3D model using machine Vision 25 28.81 6.38 0.81 9.49

Mathematical model 25 25.31 5.2 0.44 14.69
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Table 4.Paddy grain volume results from different methods

Average Standard Error
Volume estimation method Replications 3g deviation R?
(mm’) 3 (%)
(mm’)
Fluid displacement 25 25.37 5.17 - -
3D model using machine Vision 25 24.64 5.65 0.70 10.57
Mathematical model 25 16.19 10.80 0.53 35.82

a 55
50 { —*+—3D model
45 4 — ® - Mathematical model

Error (%)

Wheat grain

Wheat number

Paddy grain

Error (%)

123 45 6 7 8 9101112131415161718 192021 22232425
Paddy number

Fig. 5. Volume error by 3D modelling and mathematical computations (Eq. (9)) for: a — wheat grains and b — paddy grains.

As shown in Fig. 6, sphericity and cylindricity of the
examined wheat samples have a linearly inverse relation-
ship with each other. The statistical correlations between
the sphericity and the cylindricity of the wheat grains and
paddy grains are given in Eqs (11) and (12), respectively.

w =-0.380¢ + 105.3, R*=0.974, (11

w=-0.380¢ + 105.11, R> = 0.884. (12)

The average value of cylindricity for the Alvand wheat
was found to be equal to 82.34% with a standard devia-
tion of 2.11% at a moisture content of 11.83%. Note that
the obtained correlations (Eqs (11) and (12)) may not be

valid for very long cylindrical objects, where their length-
to-diameter ratio tends to be very large. Investigations
performed by Munder ef al. (2017) indicated that the sphe-
ricity of sunflower seeds varies between 45 to 55%. Using
Eq. (11) shows that the cylindricity of sunflower seeds is
approximately in the range of 88 to 84%, respectively,
thereby indicating that sunflower seeds should preferably
be considered to have an equivalent cylindrical shape rather
than a spherical one.

The large value for the cylindricity of the examined
variety of wheat grains determines the appropriate mod-
elling method of this biomaterial which should be based
on a cylindrical coordinate system rather than a spherical
coordinate. A knowledge of this information is important in
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Fig. 6. Correlation between sphericity and cylindricity of the examined wheat and paddy samples: a — wheat grains and b — paddy

grains.

the drag force estimation of grains or small biomaterials in
cleaning, grading and separation processes (Solomon and
Zewdu, 2009; and Araujo et al., 2020).

The cylindricity factor (Eq. (11)) may be used to assess
considerations concerning acrodynamic properties in pneu-
matics conveyors and fluidized bed dryers, it is also useful
for the heat and mass transfer modelling of such crops
(Curcio and Maria, 2014). For example, the drag coef-
ficients of grains vary with their shape, also, grains with
a higher surface-to-volume may be dried faster (Mohsenin,
1978; and Razavi and Akbari, 2011). Khoshtaghaza and
Chayjan (2007) reported that the shape factor, i.e., the
sphericity or cylindricity of agricultural grains significantly
affects fluidization stability and the fluidization pressure
drop index (FPDI) of products during fluidized bed drying.

CONCLUSIONS

After performing the research described above, the fol-
lowing concluding remarks may be presented:

1. Correctly selecting the appropriate parameter in order
to determine the geometric shape of crops and cereals, such
as the spherical coefficient or the cylindrical coefficient
(introduced in the present study) is of particular importance
in the design of many items of agricultural equipment.

2. Three different methods of volume estimation were
examined and evaluated in this study including 3D recon-
struction of the captured images by means of the image
processing technique (ImageJ) and the use of an engineer-
ing software (SolidWorks), conventional mathematical
expression and real volume determination using the fluid
displacement method.

3. The results obtained in this study indicated the capa-
bility and accuracy of image processing techniques in
estimating the volume of very irregular small biomaterials.

4. The general correlation between the cylindricity
and sphericity of a product may be written in the form of
w = -a¢ + b, in which the correlation parameters a and b
can be extracted from the experiments. Average values of
a = 0.380 and b = 105.2 were obtained in this study for
wheat and rice paddy grains.

5. The proposed “cylindricity” factor is a new physical
property of cylindrical crops such as wheat, rice, sunflower
grains and other similar materials. This factor can be used
to determine the aerodynamic properties of small cylindri-
cal biomaterials and also to model heat and mass transfer
in such crops.

6. The average values of “a” and “b” should be investi-
gated for other cylindrical biomaterials and listed in a table
in future research studies.
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