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ABSTRACT

Matoa fruit is a tropical fruit with a native background of Southeast Asia that is very promising in
terms of specific flavour and nutrient properties, yet is under a poor usage by the groups because
of the lack of post-harvest studies. There are two types of mass modelling discussed in this paper

to facilitate post-harvest handling, sorting, and
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Standard Error of Estimate (SEE) = 0.689. In line with this, the quadratic model was very good in
explaining the case of SA, where R? =0.960 and SEE = 0.714. Likewise, the model of the volume
of an ellipsoid had a high predictive accuracy (R* = 0.960, SEE = 0.709). The results indicate that
quadratic models are reliable in forecasting the mass of Matoa fruit, which can be used to design
effective automated grading systems. This research would help to commercialise Matoa fruit in a
sustainable way by removing the labour-intensive operations and increasing the value of the fruit
in commercial and industrial use. Future research may focus on scalability and integration with
machine vision systems.

Keywords: Mass modelling, mass prediction model, Matoa fruit, physical properties, post-harvest

INTRODUCTION

Matoa fruit (Pometia pinnata Forst & Forst) is a tropical tree species indigenous to the
Southeast Asian region, with native populations and wide distribution across Borneo,
Sumatra, and Papua New Guinea. Pometia pinnata trees typically reach heights of 12 to
20 metres and produce fruit that matures approximately 10 weeks after anthesis (Figure 1).
The fruit is generally to in diametre and exhibits high morphological variability, occurring
in several varieties distinguished by pericarp colour, such as purple, brown, yellow, red,
and green. Its distinct flavour, reminiscent of longan, rambutan, and durian, has gained
popularity beyond its native areas, particularly in Malaysia, where its nutritional and
culinary values are increasingly acknowledged.
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Figure 1. Timeline of Matoa fruit maturation process
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Matoa fruit is rich in provitamin A carotenoids, particularly beta-carotene, which
the human body metabolises into active vitamin A. Vitamin A is a powerful antioxidant,
protecting cells from oxidative stress and slowing ageing. In the same manner, vitamin E
enhances the circulation of the blood, thus making sure the oxygen and nutrients circulate
well all over the body. Mataoa fruit has been associated with improved cardiovascular
health and has been a target among health-conscious consumers when it is consumed
frequently. Moreover, Matoa fruit also has bioactive substances, such as saponins, which
have an antifungal, antibacterial, and larvicidal effect (Chapagain et al., 2008; Faustina
& Santoso, 2017; Ghazzawi et al., 2023; Jomova et al., 2023; Mohammad et al., 2012;
Sauriasari et al., 2017; Sholiha et al., 2024; Wahedi et al., 2024; Warraich et al., 2020;
Wondi et al., 2025). These positive characteristics underline that it can be applied in
agriculture and in the pharmaceutical industry. Nevertheless, the potential of the fruit is
not fully exploited because few studies have been conducted on post-harvest processing
and handling technologies.

As the popularity of Matoa fruit increases, it is important to conduct research on its
physical characteristics to improve post-harvest management and realise its commercial
potential. The main physical traits like colour, porosity, sphericity, aspect ratio, dimensions
and mass are vital in coming up with effective packaging, grading, sorting, washing and
transportation systems (Bhushan et al., 2022; Chandegara & Varshney, 2014; Lorestani
et al., 2012; Mahawar et al., 2019; Wondi et al., 2024). Uniformity of size and shape is
important in ensuring that automated grading and sorting systems are developed based on
homogeneous physical features in order to maximise efficiency (Ahemen & Raji, 2017;
Viana de Araujo et al., 2020). Hence, mass-based grading systems have become integral
to post-harvest management due to their cost-effectiveness and efficiency, especially for
fruits with irregular shapes. Accurate mass grading is effective to improve packaging
configurations, decrease the expenses of transportation, and increase storage factors due to
the assurance of uniformity (Mahawar et al., 2019; Wondi et al., 2023). Thus, it is necessary
to learn the correlations between the physical properties of Matoa fruit and the distribution
of its mass in order to design effective post-harvest systems that will minimise losses and
maximise the market value.

Previous studies have successfully applied mass prediction models referring to the
physical characteristics of various fruits, including strawberries (Birania et al., 2022),
Sohiong (Vivek et al., 2018), oil palm fruitlets (Sanganamoni et al., 2024; Wondi et al.,
2021), Terminalia chebula (Sumit Sudhir et al., 2019); pepper berries (Megat Ahmad Azman
et al., 2020), dabai (Afigah et al., 2024), wood apple (Grover et al., 2024; Murakonda et
al., 2022), coconut (Pandiselvam et al., 2019), and banana (Kamble et al., 2021). Although
similar research has been successful on other fruits, no published research can be found
to determine the physical properties and the mass modelling of the Matoa fruit. However,
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Matoa does not have uniformly spherical fruits. Instead, it has a characteristic, thick pericarp
and an irregular ellipsoid shape, which differs considerably among varieties (purple vs.
red). Normal spherical models do not work well when it comes to estimating the mass of
such irregular agricultural products. Thus, this research paper aims to address this gap by:
(1) creating a detailed database of physical properties of purple and red Matoa, and (2)
creating and testing variety-specific quadratic regression models. These contributions are
essential to the design of low-cost, automated grading systems capable of managing the
morphological irregularities of the Sapindaceae family.

MATERIALS AND METHODS
Materials

Two ripe Matoa fruits (Figure 2) with different varieties (purple and red) were harvested
from a Mukah, Sarawak farm. Harvesting of the fruits was at the commercial maturity (ripe)
stage. After the harvesting, the fruits were washed in order to remove foreign material,
dust, and remnants of floral. A total of 60 samples (N=60) of 30 purple and 30 red fruits
were randomly chosen to be analysed in terms of physical properties. Before measuring
it, samples were screened to exclude all defects, physical damage, and pest infestation. It
is important to note that all the experiments were carried out on the same day when the
fruits were picked at room temperature.

Figure 2. Matoa fruit (Pometia pinnata): (a) purple Matoa and (b) red Matoa

Determination of Matoa Fruit Dimension Properties

The test of physical properties was carried out on randomly picked fruits. The palm fruitlets'
dimensions, the primary diametre (L), intermediate diametre (W) and minor diametre (T)
were taken and recorded on a digital vernier calliper (Mitutoyo, Japan) with a precision
of 0.01 mm. The visual observation showed that Matoa fruits are not exactly spherical but
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assume the shape of an ellipsoid. Therefore, the volume of the fruit was modeled using
three geometric approximations (ellipsoid, prolate spheroid, and oblate spheroid) because
their geometric shapes are more rigorous mathematical approximations of fruits that do
not have equal axes (L, W and T). The physical properties, such as fruit's equivalent mean
diametre (D,), geometric mean diametre (D,) and arithmetic mean diametre (D,), were
calculated following standard agricultural engineering protocols established by relationships
(Mohsenin, 1986), which serve as the fundamental benchmark for characterising biological
materials. The Da, Dg, and De were calculated using Equations 1, 2, and 3, respectively.

L+W+T
D, = % 1
D, = (LxW xT)/3 [2]

1/3

[L x(W x T)?]
o 8

where D, denotes the arithmetic mean diametre, D, represents the geometric mean
diametre, D, portrays the equivalent mean diametre, L stands for the primary diametre (mm),
W signifies the intermediate diametre (mm), and T illustrates the minor diametre (mm).

Determination of Matoa Fruit Surface Area

The geometric shapes of the fruitlet s are represented as ellipsoidal and spherical with their
corresponding equations as shown below, using which the formula of Surface Area (SA)
was calculated as indicated by Equation 4 (Pradhan et al., 2008):

54 = 1Dy [4]
where SA represents the fruit's SA (mm?), D, stands for geometric mean diametre.

The Criteria Projected Area (CPA) of the entire fruit was calculated using the formulae
5,6, 7, and 8 applied by (Vivek et al., 2018):

mXLXW

X Wx W
pAW% [6]
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mXTXW
PAp = —— [7]
4
P, + Py + P
cpa= L+ ;’Jr T [8]

where PA; depicts the projected area perpendicular to the primary diametre (mm?),
PAy, portrays the projected area perpendicular to the intermediate diametre (mm?), PA;
signifies the projected area perpendicular to the minor diametre (mm?), and CPA illustrates
the criteria projected area (mm?).

The sphericity @ and A, demonstrate that the fruit’s aspect ratio was determined using
the following expression Equations 9 and 10, respectively (Goyal et al., 2007; Mohsenin,
1986):

LXW xT)1/3
p= LXWXD [9]

Ry = — [10]
where @ the sphericity (dimensionless) and Ra are the aspect ratios.

Determination of Matoa Fruit Gravimetric Properties

The bulk density of the fruitlets was used to calculate the weight density of the fruits in a
1000 ml cylindrical container by filling it with the fruits, but not compacted and weighing
the content using a digital weighing balance (AY 120, Shimadzu Corporation, Japan) whose
accuracy was set at 0.001 g (Gupta & Das, 1997; Sirisomboon et al., 2007). The density
of the bulk was determined using the mass of the fruits and the volume of the container
using Equation 11:

my

A [11]

Pb

where p, demonstrates the fruits’ bulk density (kg/m?), m, represents the fruitlets’ bulk
mass (kg), and V, signifies the container’s volume (m?).

The actual density is calculated as the average weight of the individual fruitlets of
the fruits divided by the correct volume as given in Equation (12). The specific weight of
fruitlets (AY 120, Shimadzu Corporation, Japan) was measured using a digital weighing
balance. This meant that the volume of the fruitlets was ascertained using the water
displacement method that had been embraced by (Mohsenin, 1986). The water displaced
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weight was measured, inserted, and used in Equation (12) to calculate the fruitlets' volume.
Besides, the volume of an ellipsoid (V.;,), the volume of the prolate spheroid (V,,,), and
the volume of an oblate spheroid (V,,) were further calculated using Equations 13 — 16
Sanganamoni et al., (2024):

=T [12]
Pw

b= [13)

Veip = 4?” x [%] X [g] X [%] [14]

o =5 <[]

o =551

where V is the volume of individual fruitlets (mm?), p, represents the fruit’s actual
density(kg/m?), m,, demonstrates the water displaced mass (kg), p,, signifies the water’s
density (1000 kg/m?), V,y;;, stands for volume of an ellipsoid (mm°), V,,, portrays volume
of prolate spheroid (mm?), and V,, illustrates volume of an oblate spheroid (mm?).

Porosity, €, portrays the pores’ amount in a bulk material. It is determined using
Equation 17 (Mohsenin, 1986):

e = [1— p—b] x 100 [17]
D+
where € represents the porosity, p, stands for the bulk density of fruits (kg/m?), and p,
demonstrates the proper density of fruits (kg/m?).

Determination of Matoa Fruit Frictional Properties

The static friction coefficients of the fruits were examined on a Mild Steel (MS) and
Stainless Steel (SS) surfaces. Thus, the friction angle was calculated utilising a piece
of tilting equipment that could be increased by a screw device to alter the tilting angle.
An open-ended plastic box (50 mm x 50 mm x 50 mm) was placed horizontally on an
adjustable tilting plate and filled with the fruit sample. Hence, the box was lifted slightly
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to prevent direct contact with the plate surface. Besides, the angle of tilt was measured
using a protractor on the side as the plate's inclination was gradually raised by adjusting the
screw until the box began to slide down. This was carried out on three different samples.
Equation 18 was applied to determine the coefficient of static friction:

U =tana [18]

where p represents the friction’s coefficient, o stands for the angle of tilt (°).

Determination of Matoa Fruit Colour Properties

Colour is one of the main sensory properties, and in many cases, the presence of
anthocyanins (Raduni¢ et al., 2015). To measure the colour value of Matoa fruit in other
varieties (purple and red), an UltraScan Pro spectrophotometer (D65 HunterLab) was used
to determine the colour values of Matoa pericarp. The intensity of colour was indicated by
L-value (ranging from 0 for darkness to 100 for lightness), a-value (from +a for redness to
—a for greenness), and b-value (from +b for yellowness to —b for blueness) (Wondi et al.,
2020). Meanwhile, Chroma (C) and Hue angle (H) were computed from the L* a* and
b* values employing formulas 19 and 20 (Grover et al., 2024):

C = (ax?+ (b*)? [19]
C=(@"?+(b*)? [20]
Mass Modelling

The mass of Matoa fruit was predicted based on the calculated physical properties (such
as dimensional measurements, volume, and projected area) using five respective model
equations outlined in Table 1. Mass modelling was categorised into three approaches: (1)
Linear Dimensions, (2) Projected Area, and (3) Calculated Volume:
1. Development of a single-variable regression model for fruit mass referring to the
linear dimensions, including D, D,, D,, thickness (T), width (W), and length (L).
2. Development of a multiple-variable regression model for fruit mass using
projected areas, including CPA, projected area perpendicular to minor diameter
(PA;), projected area perpendicular to intermediate diameter (PAy ), projected area
perpendicular to primary diametre (PA,), and SA.
3. Development of a single-variable regression model for fruit mass considering
measured ellipsoid volume (V;,), Oblate spheroid volume (V,,), and Prolate
spheroid volume (V).
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Based on experimental observations, five regression models; linear, quadratic, S-curve,
power, and logarithmic, were applied to predict the mass of purple and red variety Matoa
fruits. Consequently, the equations for these models are provided in Table 1. In these
equations, M represents the mass of the fruit in grams, X denotes the physical parameter
used to predict its relationship with mass, and a, b, and c are the curve-fitting constants
specific to each model. Thus, the Coefficients of Determination (R?) value for each model,
which approaches 1.00, indicates the best-fit model. Note that a high SEE indicates an
unstable dataset model, while a low SEE indicates a reliable model.

Table 1

Mathematical mass models for Matoa fruit

No. Model Equations
1 Linear M=a+bX
2 Quadratic M=a+bX+cX*
3 S-curve M =a+ (b/X)
4 Power M = aX®
5 Logarithmic M=a+b In(X)

RESULTS AND DISCUSSION
Physical Properties of Matoa Fruits

Table 2 presents the average, maximum, and minimum values of the physical characteristics
of Matoa fruit in different varieties (purple and red varieties). The mean mass values
for the purple variety were 42.86 g + 3.13 for mass (M), 54.22 mm + 2.64 for primary
diameter (L), 45.22 mm =+ 0.91 for intermediate diametre (T), and 44.10 mm + 0.88 for
minor diametre (W). For the red variety, the mean values were 17.55 g 4+ 3.32 for mass,
40.95 mm =+ 5.38 for primary diametre, 30.88 mm = 3.10 for intermediate diametre, and
30.31 mm =+ 3.05 for minor diametre. The purple Matoa fruit had higher mass, primary,
intermediate, and minor diametre values than the red variety. These dimensional differences
resulted in substantially larger arithmetic (D, =47.84 mm + 1.37), geometric (D, = 47.63
mm £ 1.30), and equivalent diametre (D, = 47.63 mm = 1.30) for purple Matoa, whereas
the corresponding values for red Matoa ranged between 33.71 and 34.04 mm.
Shape-related parameters further differentiated the two varieties. Purple Matoa
exhibited an aspect ratio of 0.88 = 0.02 and sphericity of 0.85 £ 0.03, indicating
a shape closer to spherical. Sphericity, which describes how closely a shape
approximates that of a sphere, is ideal when the value is 1.00 (Megat Ahmad
Azman et al., 2020; Wondi et al., 2021). Being a Sapindaceae, Matoa has similar
morphological features to Lychee (Litchi chinensis) and Longan (Dimocarpus
longan). In this case, the value of sphericity is 0.85 (purple) and 0.78 (red), which

Pertanika J. Trop. Agric. Sci. 49 (S1): 171 - 192 (2026) 179



Mohd Hafizz Wondi, Nur Izzah Nabilah Haris, Maimunah Mohd Ali, Sharifah Raina Manaf, Abdul Rahman Saili,
Akmal Shafiq Badarul Azam, Bernard Maringgal, Muhammad Hazwan Hamzah, and Muhammad Shahimi Ariffin

are similar to those observed with Lychee (0.73—0.76) but not so high as Longan,
which is generally more spherical (>0.90) (Jalgaonkar et al., 2017). Nevertheless,
the red Matoa has an aspect ratio indicating a more rounded form, unlike the rest
of its round relatives. It means that although Longan can be easily placed with the
help of rolling mechanisms, red Matoa might need to be placed on the belt sorting
to avoid excessive sliding or unbalanced rotations. Actual density and porosity
are essential factors in the design of hoppers and in regulating flow rates for fruit
processing, grading, conveyance, and packaging equipment. Red Matoa showed a
true density of 790 kg/m3 + 0.06 while the corresponding value for purple Matoa
was 660 kg/m3 + 0.09. Porosity was also slightly higher for red Matoa, indicating
a looser packing structure that may facilitate better aeration during storage and
transportation (Barbhuiya et al., 2020; Wondi et al., 2021). Porosity is also a valuable
characteristic that determines the best fruit storage temperature.

Table 2
Physical properties of Matoa fruit in different varieties (purple and red)

Variety
Properties Purple Red
Min. Max. Mean Min. Max. Mean

M (g) 38.44 47.31 42.86 £3.13 13.72 24.66 17.5+3.32
L (mm) 50.42 58.70 54.22 +2.64 34.28 53.56 40.95+5.38
W (mm) 43.83 46.63 45.22+0.91 27.54 38.37 30.88+3.10
T (mm) 42.66 45.69 44.10+0.88 27.29 37.71 30.31+3.05
D, 46.05 50.34 47.84+1.37 29.70 43.21 34.04+3.83
D, 45.89 50.01 47.63+1.30 29.53 42.63 33.71+3.72
D. 45.89 50.01 47.63+1.30 29.53 42.63 33.71+3.72
R, 0.85 0.91 0.88+0.02 0.80 0.86 0.83+0.02
S 0.81 0.89 0.85+0.03 0.74 0.82 0.78+0.02
p(kg/m?) 540 800 660+0.09 720 880 790+0.06
€ (%) 33.41 55.32 43.71+£7.92 42.36 52.9 46.07+3.95
SA (mm?) 6615 7858 7133+3.90 2741 5711 3610+8.74
V (mm®) 55520 79250 66420+0.92 17600 32880 22500+0.50
PA, (mm?) 1754 2150 1927+1.27 742 1614 1005+2.47
PAy, (mm?) 1509 1708 1607+0.65 596 1156 756+1.61
PA;, (mm?) 1469 1674 1568+0.61 590 1137 742+1.58
CPA (mm?) 1586 1844 1700+0.81 643 1302 834+1.88
Vaips (mm?) 50590 65490 56690+0.47 13490 40580 20760+0.78
Vpror (mm?) 42920 52020 47260+0.28 10840 29070 15570+0.53
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Table 2 (continued)

Variety
Properties Purple Red
Min. Max. Mean Min. Max. Mean

Vosps (Mm?) 47380 60630 52940+0.40 12610 36880 19010+0.70
n(°) MS 10.50 12.30 11.31£0.62 10.80 11.70 11.92+0.65
p(°)SS 9.82 12.98 11.19 £ 1.31 7.67 8.75 8.09+0.55
L* 24.04 27.00 2522 £0.96 27.54 30.72 29.01+1.02
a* 1.47 3.48 2.13+0.61 5.46 15.40 11.40+2.69
b* -0.47 231 0.52+1.03 2.66 9.75 5.914£2.30
Chroma 1.54 4.18 2.33+0.84 7.86 17.79 13.01+2.80
Hue -17.73 38.23 8.20+21.22 14.24 46.03 27.57+10.43

Note. Data are expressed as: Mass, M; Major diametre, L; Intermediate diametre, W; Minor diametre, T;
Arithmetic mean diametre, D,; Geometric mean diametre, D,; Equivalent mean diametre, D; Sphericity, S;
Aspect ratio, R,; True density, p,; Porosity, &; Surface area, SA; Volume, V; Projected area perpendicular to
L, PA;; Projected area perpendicular to W, PAy; Projected area perpendicular to T, PA; Criteria projected
area, CPA; Ellipsoid volume, V;,; Prolate spheroid volume, V,,,; Oblate spheroid volume, V,,; Coefficient
of friction, p; MS, Mild steel; SS, Stainless steel

Purple Matoa also recorded substantially higher surface area (7133 mm? + 3.90) and
volume (66420 mm? + 0.92). These parameters are particularly important for thermal and
mass transfer processes such as drying, cooling, and aeration. Projected area measurements
followed similar trends. Purple Matoa showed larger projected areas in all orientations,
with mean PA;, PAy, PA;, and CPA values of 1927 mm? £+ 1.27, 1607 mm? £+ 0.65, 1568
mm? + 0.61, and 1700 mm? + 0.81, respectively, compared with 1005 mm? + 2.47, 756
mm? £ 1.61, 742 mm? + 1.58, and 834 mm? £ 1.88 for red Matoa. Among these, CPA was
the highest for both varieties, highlighting its relevance in estimating respiration rate and
heat and mass transfer during postharvest handling (Mahawar et al., 2019; Megat Ahmad
Azman et al., 2020). The mean values for the Vg, V.., and V,, for purple Matoa were
recorded as 56690 mm? £ 0.47, 47260 mm? £ 0.28, and 52940 mm? + 0.40, respectively.
The mean values for red Matoa fruit were as follows: Vi, 20760 mm® + 0.78; V,,,,, 15570
mm?® £ 0.53; and V,,,, 19010 mm? £ 0.70. The physical properties play a very important
role in the design and development of machine vision-based grading systems (Dono et al.,
2024; Saikumar et al., 2023). Volume estimates based on ellipsoidal, prolate, and oblate
spheroidal models further confirmed the consistently larger size of the purple variety.

The frictional behaviour of Matoa fruits varied with surface material. On mild steel
surfaces, the mean friction angles were comparable for purple (11.31° +0.62) and red Matoa
(11.92° £ 0.65). However, lower friction angles were observed on stainless steel surfaces,
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particularly for red Matoa (8.09° £ 0.55), indicating reduced resistance to movement and
suggesting stainless steel as a more suitable material for smooth conveying applications.
Colour parametres (L* a* and b*) also revealed distinct varietal differences. Purple Matoa
exhibited lower lightness (L* = 25.22 + 0.96), chroma (2.33 + 0.84), and colour intensity,
whereas red Matoa showed higher values of L* (29.01 + 1.02), a* (11.40 £ 2.69), b*
(5.91 £2.30), chroma (13.01 + 2.80), and hue angle (27.57° £+ 10.43), indicating brighter
and more saturated pigmentation. These differences are particularly relevant for machine
vision-based grading and automated quality assessment systems.

Mass Modelling

Mass modelling was done on the average dimensions, volumes, weights, SA and projected
areas of the various Matoa fruit varieties. Tables 3, 4 and 5 show the summary of the
best-performing models that are found, R?, SEE, F-value and significance level (Sig.) of
the predictor of mass of dimension, SA and volume-based model. The selection of the
model was largely based on the maximum value of R? (nearer to 1.00). Nevertheless, the
F-value was used as a secondary measure to evaluate the robustness of the model. The
higher the F-value, the higher the signal-to-noise ratio and the greater predictive efficiency.
Importantly, the SEE values of Power, S-curve and logarithmic models are on the basis of
log-transformed data, and they can not be directly compared to the linear-scale SEE of the
Quadratic models. The analysis showed that the quadratic regression model always gave
the highest coefficient of determination (R?) and the lowest Standard Error of Estimate
(SEE) on a comparison of linear, S-curve, power, and logarithmic models. This is due to
a superior performance, which is a result of the geometric association between the linear
dimensions of a fruit and its mass. Volume is intrinsically associated with mass, and it is
a three-dimensional property (approximately proportional to L x W x T). Therefore, the
correlation between one linear (1D) and mass (3D) is non-linear in nature. This geometric
curvature is better represented by the quadratic model (M = a + bX + ¢X?). Nonetheless, in
the case of the Red, more elongated species, which appears more of an ellipsoidal form, the
models of logarithms were often more successful at stable volumetric parameters, indicating
a different mass distribution of morphological phenomena of volumetric parameters of the
spherical purple variety.

Models Based on Dimensions

Table 3 depicts the best-performing mass model that has been determined by a dimension-
based method, which includes independent parameters that include: sphericity (S), arithmetic
mean diametre (D,), geometric mean diametre (D,), minor diametre (W), intermediate
diametre (T), and major diametre (L). In addition, the findings showed that the purple and
red Matoa varieties are the best fit in the quadratic model. The purple Matoa variety was
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Table 3
Mass models of Matoa fruit in different varieties (purple and red) are based on dimension
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& a b ¢ R? SEE Sig.  F-value
E
L Purple Logarithmic -198.105  60.364 - 0.883 1.134 <0.05 60.504

Red Quadratic -13.135 0.901 -0.004 0.883 1.287 <0.05 26.367

W Purple Quadratic -26.892  -9.873 0.034 0.806 1.462 <0.05 33.230
Red Quadratic -46.593 3.021 -0.030 0.929 0.999 <0.05 46.127

T Purple Quadratic 613.941  -28.648 0.356 0.617 2.195 <0.05 5.638
Red Quadratic -48.629 3.210 -0.034 0.917 1.081 <0.05 38.849

D, Purple Quadratic  -559.413 22.886 -0.215 0.962 0.689 <0.05 89.227
Red Quadratic -31.469 1.990 -0.016 0.911 1.124 <0.05 35.664

. Purple Quadratic  -613.483  25.152 -0.239 0.959 0.720 <0.05 81.546
Red Logarithmic -89.259  30.405 - 0.913 1.039 <0.05 83.682

S Purple Quadratic 717.350 -1502.366 832.450  0.641 2.126 <0.05 6.241
Red Quadratic 719.638 -1697.979 1021.565 0.608 2.355 <0.05 5.421

Note. Data are expressed as: Major diameter (L); Intermediate diameter (W); Minor diameter (T); Arithmetic
mean diameter (D,); Geometric mean diameter (D,); Sphericity (S)

well fitted by the quadratic model. D, and D, were among the dimensional parameters that
provided very precise predictions, with which a single-dimensional predictor can be relied
upon to predict the grading. D, model was the best predictor (Figure 3), with the highest
coefficient of determination (R>=0.962) and F-value ( F=89.23, p < 0.001) of the purple
variety. A residual analysis was done to identify any form of systematic bias. As depicted
in Figure 4, the random scatter of standardised residuals around the zero axis confirms
homoscedasticity and the absence of any systematic bias, validating the model's reliability
for mass grading of the spherical purple fruit. This indicates that the arithmetic average of
axes will provide the mass distribution of the spherical purple fruit well. Another model
that performed well was the D, model with an R? of 0.959 and an F-value of 81.55. D,
is a theoretically acceptable predictor, although slightly less than D,, as it explains the
geometric product of the three axes. The best-fitting equations for the purple variety are
presented in Equations 21 and 22:
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M = —559.41 + 22.89D, — 0.22 D, [21]

M = —613.48 + 25.152D, — 0.24 D> [22]

For the red Matoa fruit, the linear dimensions specifically intermediate diametre (W)
and minor diametre (T) yielded the most accurate predictions among the raw dimensions.
The Width (W) quadratic model achieved the highest accuracy with an R? of 0.929 (F =
46.13). However, a distinct deviation was observed for the mean diametre. The Logarithmic
model provided the best fit for the D,, achieving an R? of 0.945 and a remarkably high
F-value of 137.09. This reinforces the observation that the elongated red variety scales
differently than the spherical purple variety. The best-fitting equations for the red variety
are presented in Equations 23 and 24:

M = —46.59 + 3.12W — 0.03 W?2 [23]

M = —389.38 + 111.89In (D,) [24]

® Observed

48.00 = Quadratic

46.00

o 44.00

Mass,

42.00

40.00

38.00 =
46.00 47.00 48.00 49.00 50.00 51.00

Arithmetic Mean Diameter, mm

Figure 3. Best-fitting quadratic regression models for purple variety Matoa fruit mass prediction based on
Arithmetic Mean Diametre (D,), showing the highest single-dimensional accuracy (R=0.962)
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Figure 4. Residual diagnostics for the quadratic mass model of purple variety Matoa based on the Arithmetic
Mean Diametre, D,. The random scatter of the standardised residuals around the zero-line visually confirms
constant variance of errors and demonstrates the absence of any systematic bias in the model predictions across
the entire range of observed mass values

Model Based on Surface Area

A quadratic model provided the best fit for predicting the mass of Matoa fruit based on
Surface Area (SA) parameters (Table 4). The SA-based modelling has been used to predict
the mass of both purple and red Matoa fruits using Criteria Projected Area (CPA), PA;,
PAy, PA(, and SA. In the purple fruits, the most accurate predictions were obtained by the
total Surface Area (SA) and Projected Area (PA,). The SA model achieved an R? of 0.960
and a high F-value of 82.93 (p < 0.001). Equally, the PA; model demonstrated an R? of
0.945. Such strong correlations affirm that optical systems that quantify the projected area
are capable of estimating mass. This is a better performance (R? = 0.94) than that shown
with Sohiong fruit (R? = 0.88), presumably because the pericarp of Matoa is smoother
and thus more area can be measured in this case than with the rough-skinned fruits. The
best parameters, together with the associated model equations, are as follows stated in
Equations 25 and 26:

M = —163.06 + 0.055S4 — 35.16 SA? [25]

M = —73.69 + 0.097PA;, — 23.9 PA,* [26]
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On the other hand, the red variety had a high affinity to SA using the Logarithmic
models as in Equation 27. The Logarithmic model of SA had an R? value of 0.940 and a
very significant F-value of 126.3 against the Quadratic model (R>=0.914). Mechanically,
this verifies the fact that the mass distribution of the red variety in relation to the surface
area involves a logarithmic trend due to its lower sphericity. However, for lateral projections
(PAy). as in Equation 28, the Quadratic model remained optimal:

M = —305.57 + 46.08 In (SA) [27]
M = —-10.42 4+ 0.05PA,, — 2291 PAW2 [28]
Models Based on Volume

Table 5 shows the best-performing model parameters determined by use of a volume
model, which took into account Oblate (V,s,), Prolate (V) and Ellipsoid (V;,) volumes
in estimating the mass of the purple and red Matoa fruits. These findings indicate that a
quadratic model best fits the mass of the purple fruit, given the Vellip, with the highest R?
of 0.960. This is consistent with the physical fact that in spherical fruits, the distribution
of densities is relatively constant and hence volume is an almost ideal predictor of mass
as indicated in Equation 29:

M = —67.28 + 0.003V,y;, — 30.32 V,ys 2 [29]

In agreement with the area models, the red variety was found to respond to the
Logarithmic model in predicting mass using V,y;;, with a higher R? of 0.913 with a much
higher F-value ( F=83.9) than the Quadratic model. But in the case of V,,, the Quadratic
model fit best (R>=0.914). This finding corresponds to the results of Sumit Sudhir et al.
(2019) with dried Terminalia chebula, who found that, depending on the aspect ratio of
the fruit, the plotted geometric approximation (Oblate vs. Ellipsoid) would dramatically
change their best-fitting regression curve. Equation 30, the quadratic model, is as follows:

M = —86.61 + 0.004V,;, — 39.14 V> [30]

CONCLUSION

This study successfully characterised the physical parameters of various Matoa fruit
varieties and established their robust association with fruit mass. The study revealed that
purple and red Matoa varieties are highly differentiated in terms of size, mass, and shape,
where the purple one is always more massive and spherical. The mass modelling that
followed identified that the quadratic regression model is the best mathematical tool that
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can be used to predict fruit mass of all the tested physical characteristics. The implication
of these results in practical terms is that the design of automated grading systems cannot
be neglected as the correlation between projected area and mass is very high which
guarantees that low-cost machine vision systems can be calibrated to substitute slower
and more expensive load-cell-based weighing systems providing a feasible pathway to
high-speed, non-contact grading that will have a strong impact on economic efficiency and
labour intensity. In addition, the calculated coefficients of friction and the data of sphericity
offer invaluable information in dealing with the design, namely the use of stainless steel
surfaces to reduce damage, and it would require a particular conveyor design to deal with
the more ellipsoidal red one due to its rolling instability. The resulting quadratic models
with fruit dimension and approximated volume as the measure of mass prediction have
been suggested to be adopted in designing and optimising the post-harvesting machinery
to be used in the handling, cleaning, conveying, and storage of Matoa fruit. The scalability
and robustness of these quadratic models in a continuous, high-speed industrial sorting
environment are therefore worth future research to prove their validity.
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