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Abstract Numerical models of bean seeds cv. Ztota Saxa
and yellow lupine seeds cv. Juno were generated with the use
of a 3D scanner, the geometric parameters of seeds were deter-
mined based on the models developed, and compared with the
results of digital image analysis and micrometer measurements.
Measurements of seed length, width and thickness performed
with the use of a micrometer, 3D scanner and digital image
analysis produced similar results that did not differ significantly
at ¢ = 0.05. The micrometer delivered the simplest and fastest
measurements. The mean surface area of bean seeds cv. Zlota
Saxa and yellow lupine seeds cv. Juno, calculated with the use
of mathematical formulas based on the results of micrometer
measurements and digital image analysis, differed significantly
from the mean surface area determined with a 3D scanner. No
significant differences in seed volume were observed when this
parameter was measured with a 3D scanner and determined with
the use of mathematical formulas based on the results of digital
image analysis and micrometer measurements. The only diffe-
rences were noted when the volume of yellow lupine seeds
cv. Juno was measured in a 25 ml liquid pycnometer.

Keywords: 3D scanner, modelling shape, seed, bean,
lupine

INTRODUCTION

Companies operating in the agri-food sector continu-
ously strive to introduce new products and technologies
and to improve their quality. Models of agricultural product
should deliver reliable results and should be relevant to the
designed technological process (Datta and Halder, 2008).
Three-dimensional models that describe a product geomet-
ric properties with high accuracy significantly contribute to
the design and optimisation of technological processes. The
traditional approach to modelling is based on the assump-
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tion that the analyzed materials are homogeneous, isotropic
and characterized by regular shapes (cylinder, sphere, cone,
etc). The first step in computer modelling is to describe the
geometric properties (dimensions, surface area, volume) of
an agricultural product or a food product with a high degree
of accuracy. Computer-aided design (CAD) and computa-
tional fluid dynamics (CFD) programs are used to model
geometric parameters of foods and agricultural products
(Verboven et al., 2004). Despite those advances, the shape,
individual features and irregularities of an agricultural
product are still difficult to render with high precision.
Numerical modelling of a product shape based on con-
ventional methods is a laborious process, in particular in
products with irregular shape (Goni et al, 2007). Fruit
and seed dimensions are very often determined with the
use of image analysis software and measuring tools such
as calipers and micrometers (Fraczek and Wroébel, 2006).
Akaaimo and Raji (2006) analyzed Prosopis africana seeds
and used a micrometer to determine the geometric parame-
ters of the seeds. Ixtaina et al. (2008) relied on an electronic
micrometer to determine the geometric parameters of chia
(Salvia hispanica L.) seeds. Tylek (2012) described the
distinctive properties of pedunculate oak seeds (Quercus
robur L.) by analysing digital seed images in a dedicated
application. The above author determined the geometric
properties of acorns, calculated their shape factors and
grouped the analyzed material into viability categories.
Many authors relied on traditional measuring methods to
determine the geometric parameters of seeds, including
amaranth (Amaranthus cruentus L.) (Abalone et al., 2004),
rapeseed (Brassica napus L.) (Cahsir et al., 2005), linseed
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(Linnum usitatissimum L.) (Coskuner and Karababa, 2007,
Wiesnerova and Wiesner 2008), or buckwheat (Fagopyrum
sagittatum Gilib) (Kram et al., 2007).

Erdogdu ef al. (1998) relied on a machine vision system
developed by Luzuriaga et al. (1997) to determine cross-
sectional parameters of shrimp for mathematical models
of thermal processing methods. Crocombe et al. (1999)
measured the surface area of meat chunks with the use of
a laser scanner and used the results to model meat cooling
times. Jancsok ef al. (2001) developed numerical models
of pears cv. Konferencja with the use of a computer vision
system. Borsa et al. (2002) combined scanning and com-
puted tomography techniques to determine the radiation
dose absorbed by food components. Sabliov ez al. (2002)
proposed an image analysis method for determining the
volume and surface area of axially symmetric agricultural
products. Scheerlinck ef al. (2004) generated a 3D model
of strawberry fruit in a computer vision system and used
the results to develop a thermal system for disinfecting
fruit surfaces. Du and Sun (2006) and Zheng et al. (2006)
developed an image analysis technique for determining the
surface area and volume of beef joints. Eifert ef al. (2006)
developed a computer vision system for computing the sur-
face area of irregularly shaped products. Kim et al. (2007)
relied on computed tomography to develop 3D geometric
models of food products with complex shape. Goni et al.
(2008) proposed a method for modelling geometric param-
eters based on magnetic resonance imaging.

The cited studies indicate that high precision modelling
of irregularly shaped products by image analysis requires
the knowledge of various imaging techniques. 3D scan-
ners can be used to develop 3D models and calculate the
surface area and volume of food and agricultural products.
The resulting numerical models can be used in com-
putational fluid dynamics software to simulate various
processes which take place during agricultural production
and food processing. The objective of this study was to
develop numerical models of bean seeds cv. Ztota Saxa and
yellow lupine seeds cv. Juno with the use of a 3D scan-
ner, to determine the geometric parameters of the analyzed
seeds based on the developed models, and to compare
the findings with the results of digital image analysis and
microtome measurements.

MATERIALS AND METHODS

The experimental material comprised bean seeds
cv. Ztota Saxa and yellow lupine seeds cv. Juno which
were stored indoors at a temperature of 20+1°C and 60%
humidity. Seed moisture content was determined by drying
at 120°C. Bean and yellow lupine seeds were purchased
from the Seed Centre in Olsztyn. Thirty undamaged seeds
were randomly selected for the study from each product
group. The length, width and thickness of the seeds were
measured with a micrometer to the nearest 0.01 mm. Bean
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and lupine seeds were scanned with a Plustek OpticPro
ST24 scanner with 1200 dpi resolution. Individual seeds
were scanned in two directions perpendicular to their length
and thickness. To generate images of seeds for image pro-
cessing a transparent film with a thin layer of glue had to
be applied, which allowed the seed setting described above
and scanning them twice. The resulting images were used
to determine seed dimensions in ImagelJ software (Rasband
1997-2014) with the accuracy of d = 0.01 mm. The calcu-
lated dimensions were used to calculate the surface area
and volume of seeds based on geometric formulas: (1)
(McCabe et al., 1986), (2) and (5) (Gaston et al., 2002).
Equations (2), (4), (5) and (6) are true only for ellipsoidal

shape of seeds:
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where: 4 — seed surface area (mm?), Agg — seed surface
area (mm?), D, - equivalent diameter of a seed (mm),
L — seed length (mm), L — half of the sum of seed width
and length (mm), I — seed width (mm), 7 — seed thickness
(mm), U — coefficient determined by seed length, V' — seed
volume (mm?), V,—seed volume (mm?).

The equivalent diameter (Dg), sphericity index (¢) and
shape factor (R ) were calculated with the use of the follow-
ing formulas (Mohsenin, 1986):

1
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Bean and lupine seeds were scanned with a NextEngine
3D laser scanner. Due to their small size, the seeds were
mounted on a pin, and the pin was attached to a revolving
table. Scanning density was 248 pixels per mm?. Numerical
models were developed in the NextEngine ScanStudio HD
PRO application (http://www.nextengine.com). The mo-
dels were used to determine the surface area, volume,
length, width and thickness of the seeds (Fig. 1) in the
MeshLab application (http://meshlab.sourceforge.net/).
Each seed was weighed on a Radwag WAA 100/C/2 scale
to the nearest 0.0001 g. Seed volume was determined in
a 25 ml liquid pycnometer.
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Fig. 1. Bean seeds cv. Ztota Saxa (a), yellow lupine seeds cv. Juno (b) and the models developed based on 3D scans: L — length,
W — width, T — thickness. L* — length, W* — width, T* — thikness measured on numerical model.

=3 - bean
™\ - yellow lupine

Frequency

ST

0.10 0.14 0.18 0.22 0.26 0.30

Mass (g)

Fig. 2. Variability in the weight of bean seeds cv. Zlota Saxa and
yellow lupine seeds cv. Juno.

The results were processed statistically in the Statistica
10 application at a significance level of & = 0.05. The results
of seed measurements performed with the use of a micro-
meter, image analysis software and 3D models were com-
pared by one-way ANOVA. The analyzed variables were
measurable and independent, therefore, the normality of

distribution was determined in the Shapiro-Wilk test, and
the homogeneity of variance was evaluated with the use of
Levene test and the Brown-Forsythe test. Mean values were
compared in Duncan multiple-range test.

RESULTS AND DISCUSSION

Bean seeds cv. Zlota Saxa had an ellipsoidal shape
and a light white colour, whereas yellow lupine seeds cv.
Juno were characterized by a slightly flattened ellipsoidal
shape and a light cream colour with numerous dark spots.
Seed moisture content was determined at 13%. Bean seeds
cv. Ztota Saxa were approximately 36-46% heavier than
yellow lupine seeds c¢v. Juno. Bean and lupine seed weight
data had approximately normal distribution (Fig. 2). In 3D
scans, the mean surface area of bean seeds cv. Ztota Saxa
was 30% larger than the mean surface area of yellow lupine
seeds c¢v. Juno. The mean volume of bean seeds cv. Ztota
Saxa determined with the 3D scanner was 40% higher than
that of yellow lupine seeds cv. Juno.

The results of Duncan test revealed an absence of sta-
tistically significant differences in seed length determined
with the micrometer, image analysis software and 3D scan-
ner. No significant differences were observed when the
above methods were applied to measure seed width and
thickness (Table 1). The largest mean surface area of bean
seeds was determined by Eq. (2) based on the results of
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Table 1.Length, width and thickness of bean seeds and yellow lupine seeds

Variable Mean Range Standard deviation
(mm) bean seed lupine seed bean seed lupine seed bean seed lupine seed
L 10.68a 7.50a 2.47 2.07 0.55 0.39
L 10.88a 7.46a 1.73 1.96 0.47 0.38
LP 10.61a 7.30a 2.07 1.86 0.52 0.37
Jymik 6.17a 5.93a 1.31 1.85 0.38 0.40
wHo 6.25a 5.98a 1.46 1.47 0.39 0.36
Wwep 6.17a 6.03a 1.36 1.43 0.40 0.33
ik 5.94a 5.12a 1.58 1.11 0.37 0.25
70 5.93a 5.24a 1.37 1.13 0.36 0.25
7P 5.80a 5.14a 1.40 0.91 0.35 0.24

Values in columns marked with identical letters do not differ significantly at p < 0.05. mik — micrometer measurements, AO — digital

image analysis, 3D — 3D scanning.

Table 2. Surface area of bean seeds and yellow lupine seeds

Variable Mean Range Standard deviation
(mm?) bean seed lupine seed bean seed lupine seed bean seed lupine seed
Ak 168.65b 117.25a 64.48 31.02 16.43 8.62
A4, 177.63ac 119.72a 65.84 33.56 16.89 8.87
A1 171.95bc 119.47a 70.35 35.01 16.51 8.90
4, 181.49a 121.62ab 71.69 36.76 16.68 9.17
AP 180.85a 125.10b 60.56 39.92 15.87 9.83

Explanation as in Table 1.

digital image analysis (AggAO), and it did not differ signifi-
cantly from the mean surface area determined from the 3D
model (43P) or from the mean surface area calculated with
the use of Eq. (2) based on the results of micrometer mea-
surements (Ag mik) Seed surface area calculated with Eq. (1)
was significantly smaller when the results of digital image
analysis (4 49) and micrometer measurements (4 "*) were
used. No significant differences in bean volume where
observed when this parameter was calculated with the use
of Eq. (5) based on the results of micrometer measurements
(V ™% and digital image analysis (¥ 4°) and when seed
volume was determined with the use of a pycnometer (V)
and a 3D model (V*P).

The largest mean surface area of yellow lupine seeds
was obtained by 3D scanning (4°P), and it did not differ
significantly from the mean surface area calculated with
the use of Eq. (2) based on the results of digital image

analysis (AggAO). A much smaller surface area was gene-
rated when the results of micrometer measurements (Agg””")
where input in Eq. (1) and when the results of digital image
analysis (44°) and micrometer measurements (4 ™*) were
input in Eq. (2). Seed surface area calculated with the use of
the above methods differed significantly from the remain-
ing results (Table 2). The largest mean volume of yellow
lupine seeds was determined in the pycnometer (Vp), and
it differed significantly from the remaining results. The
observed variations could be attributed to the use of a 25 ml
liquid pycnometer and to the smaller dimensions of lupine
seeds in comparison with bean seeds. No significant diffe-
rences were noted between the mean volume of lupine
seeds calculated from the 3D model (¥°P) and from Eq. (5)
based on the results of digital image analysis (V,'°) and
micrometer measurements (Vgg’"”‘) (Table 3).
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Variable Mean Range Standard deviation
(mm?’) bean seed lupine seed bean seed lupine seed bean seed lupine seed
Ve 206.65a 119.62a 117.75 47.80 30.06 13.25
Vgg"o 212.72a 123.04a 130.51 54.68 30.65 13.85
v, 216.38a 135.37b 113.60 102.77 31.22 22.52
30 207.96a 125.84a 107.89 57.58 28.37 14.55

V- pycnometer measurements. Other explanations as in Table 1.

T able 4. Measurement results, geometric parameters and physical attributes of bean seeds and yellow lupine seeds (N=30)

| O e e SO e e
Variable Unit
bean seed lupine seed

D 7.31 1.40 0.35 6.10 0.80 0.22
DgAO (mm) 7.39 1.51 0.35 6.16 0.89 0.22
DjP 7.23 1.43 0.35 6.09 0.82 0.21
R 57.88 13.07 3.45 79.28 27.57 6.31
R 57.51 14.35 3.41 80.22 21.77 5.00
R}P , 58.27 13.05 3.86 82.75 17.66 4.67
ik o 68.53 11.17 2.63 81.51 17.64 3.65
@10 67.92 11.02 2.45 82.62 15.83 3.19
¢3P 68.28 10.86 2.65 83.55 14.09 3.04
Mass (g) 0.288 0.150 0.040 0.162 0.060 0.017

D, - geometric mean diameter, R — aspect ratio, ¢ — sphericity. Other explanations as in Table 1.

If the largest mean equivalent diameter of bean seeds,
calculated on the basis of the results of digital image
analysis, equals 100%, then the smallest mean equivalent
diameter determined from 3D scans is smaller by 2%. If the
mean equivalent diameter of yellow lupine seeds, calculated
on the basis of the results of digital image analysis, equals
100%, then the smallest mean equivalent diameter deter-
mined from 3D scans is smaller by 1%. The shape factor
(R, for bean seeds was the highest at 58.27+3.86% when
calculated on the basis of on 3D measurements and the low-
est at 57.5143.41% when determined on the basis of the
results of digital image analysis. The shape factor (R ) for
yellow lupine seeds was the highest at 82.75+4.67% when
calculated based on the results of 3D scans and the lowest
at 79.28+6.31% when determined on the basis of the results
of micrometer measurements. The highest mean sphericity

index ¢ for bean seeds cv. Zlota Saxa was calculated on the
basis of the results of micrometer measurements, and the
lowest — based on the results of digital image analysis. The
mean sphericity index ¢ for yellow lupine seeds was the
highest when determined from the numerical model, and
the lowest when calculated on the basis of the results of
micrometer measurements. The remaining results of mea-
surements and calculations involving formulas 6, 7 and 8
are presented in Table 4.

To date, most researchers relied on micrometer or cali-
per measurements or digital image analysis to determine
seed parameters (Ercisli et al., 2012; Seyedabadia et al.,
2011; Shahin et al., 2006). The physical attributes of small
objects, such as seeds of selected plant species, were not
investigated based on 3D scans. Mieszkalski and Sotoducha
(2008) developed 3D models of bean seeds cv. Aura with
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the use of mathematical formulas and randomly selected
coefficients. The modelled volume was compared with
the actual volume which was determined experimentally.
Statistical analysis revealed differences between experi-
mental and modelled parameters in the range of 0.07% to
3.04%. Three-dimensional modelling is a non-destructive
testing method, but shape factors and scaling parameters
have to be selected individually for every seed. Wrdbel
(2011) developed a method for generating 3D models of
triticale seeds in SolidEdge CAD software. Triticale seeds
were embedded in resin, blocks were sliced in a micro-
tome, seed cross-sections were scanned, the resulting
images were processed and input into the SolidEdge appli-
cation. The model was generated with the use of a function
that combines previously acquired images of seed cross-
sections. The model preserves the distinctive geometric
parameters (basic dimensions, curve radii) of seeds. The
proposed method is destructive and time-consuming.
In studies where geometric properties were determined
from 3D scans, the analyzed objects were much larger
than bean seeds or lupine seeds. Rahmi and Ferruh (2009)
scanned apples, bananas, strawberries and pears. Siripon
et al. (2007) used a 3D scanner (Atos, GOM, Germany) to
acquire images of halved chickens.

CONCLUSIONS

1. Three-dimensional models developed with the use of
a scanner can be used to analyse the geometric properties
of seeds. Numerical models can be archived and applied in
seed shape analyses in dedicated applications. Numerical
models are not influenced by external factors that can lead
to deformation and damage of live seeds during storage.

2. Measurements of seed length, width and thickness
performed with the use of a micrometer, 3D scanner and
digital image analysis produced similar results that did not
differ significantly at « = 0.05. The micrometer delivered
the simplest and fastest measurements.

2. The mean surface area of bean seeds cv. Ztota Saxa
and yellow lupine seeds cv. Juno, calculated with the use of
mathematical formulas based on the results of micrometer
measurements and digital image analysis differed signifi-
cantly from the mean surface area determined in a 3D
scanner.

3. No significant differences in seed volume were ob-
served when this parameter was measured in a 3D scan-
ner and determined with the use of mathematical formulas
based on the results of digital image analysis and micro-
meter measurements. The only differences were noted
when the volume of yellow lupine seeds cv. Juno was mea-
sured in a 25 ml liquid pycnometer.

4. Three-dimensional models that incorporate the physi-
cal attributes of seeds, such as weight, deliver more accu-
rate results in research studies.
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