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Eggplant has a very limited shelf life and, like other vegetables, is susceptible to different types of
damage during and after harvest operations. Besides, eggplant is inhomogeneous considering its inner
construction point of view. It is therefore important to specify how storage might affect their mechanical
properties and how they vary in morphology. In this work, eggplants were divided into three portions
along the longitudinal axis and their textural properties were separately investigated using different
types of test over a 10-day period of storage. The results showed that the tension strength, rupture force
and Young’s modulus of skin tissue decreased with increasing the length of storage period, and they
were generally different in the different portions of the fruit that were sampled. The values of Young’s
modulus and rupture force of pulp tissue taken from compression tests decreased from 1.466 to 0.821
MPa and 20.70 to 17.66 N for upper section, 0.637 to 0.536 MPa and 15.33 to 13.13 N for middle
section and 0.518 to 0.422 MPa and 14.19 to 12.19 N for bottom section, respectively, with the increase
in storage period. Similarly, as the samples were stored longer, the Young’s modulus and rupture force
of their combined skin and pulp tissues, obtained from penetration tests, decreased from 3.01 to 2.02
MPa and 31.21 to 24.95 N for upper section, 2.59 to 1.66 MPa and 28.64 to 21.66 N for middle section
and 1.91 to 1.15 MPa and 23.18 to 17.37 N for bottom section, respectively.

Keywords: Compression loading, Penetration loading, Tensile loading, Quality, Harvesting robot,
Statistical analysis.

INTRODUCTION

The consumption of eggplant (Solanum melongena L.) is steadily increasing because of greater
awareness of the health beneficial effects associated with increased consumption of fruits and
vegetables.!'! It is consumed as fresh and a whole product or, more recently, as a minimally
processed vegetable, a rising commercial area in the fresh-cut industry.!” Nevertheless, shelf life of
this popular crop in ideal condition for storage is about 10 days"™! so any damage leads to faster
deterioration.
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Generally, eggplants are harvested carefully by human labor when they have reached a marketable
size. The short harvesting season results in a concentrated work in a short period of time and the lack
of available labor consequently press the eggplant growers to limit their cultivation area in the first
place. Furthermore, the harvesting operation of eggplants is complicated and time-consuming'*! so
that Canakci and Akincit™ reported that energy requirement for eggplant harvesting is significantly
greater than that for tomatoes, peppers, and cucumbers. To solve these problems, human workers can
be replaced by artificial intelligence robots. A major problem associated with mechanical harvesting
is the mechanical stresses!® which are imposed on fruit during the gripping process by robot
fingers.[”! Therefore, measuring the mechanical parameters of eggplant is essential for reducing
mechanical damage when grasped by robot’s gripper. Knowledge in the rheological and textural
attributes of biomaterials is also necessary for genetic improvement,™ design and development of
specific equipment and structures of post-harvest handling, packaging, peelers, fresh-cut processing,
and assessing final product quality.”*'")

During eggplant handling and transportation after harvesting, two main forces are encountered:
compression force and puncture force. By and large, the compression force and the puncture force are
experienced by the whole fruit and by a specific point on the fruit, respectively..*) Mechanical injuries
and excessive compression are unpleasant for both fresh fruits and vegetables market and industrial
processing. These damages cause both immediate and subsequent physiological responses in wounded
and adjacent tissues, leading to complex physiological, metabolic, and enzymatic changes,!'"! such as
increased respiration at the injured sites, increasing general deterioration, excessive tissue softening,
browning of the tissue, wilting, discoloration, development of off-flavor, texture breakdown and, as a
consequence, decreasing the visual appearance aspects, their commercial value, and the quality of
final products.”>”'?! Hence, an understanding of the mechanical characteristics of fruits and vegetables
can decrease the effects of unwanted mechanical loading, quantity of mass wastage and energy
consumption during processing operation like peeling stage."’

The mechanical behaviors of biological materials are related to the histological, anatomical, and
biochemical specifications of the living cells.['*) Most foodstuffs have a mechanically complex and
heterogeneous structure and are frequently anisotropic as well.l'¥ Thus, the mechanical stresses are
distributed inhomogeneous in plant organs.!'> The morphological characteristics of eggplant fruit
vary significantly with the type of the eggplant cultivar.!'] The teardrop and elongate-shaped types
are commonly grown commercially around the world. Most of these varieties can be divided into
three portions along the central axis, namely, the calyx section, the body section, and the blossom
end section.['® The distribution of principal components including exocarp (skin) thickness,
mesocarp (flesh), endocarp (seed cavity), placenta (internal walls where seeds are attached), and
seed in the structure of these portions is different and can affect on their mechanical properties. On
the other hand, the fruit’s mechanical properties vary temporally mainly due to how fast or slow its
metabolic changes occur. According to this it is important to assess the magnitude of changes in the
variables related to mechanical strength during the fruit storage period.!'")

There were several studies in the literature focusing on characterizing basic mechanical properties
as a function of loading location and orientation for some plant materials such as peach,!'"]
cucumber,!'”! pear,'® carrot,"! potato,*” pineapple,?! pomegranate,*?! and tomato.**! Tt is
revealed from the literature that so far, the information related to the effect of storage and loading
location on mechanical responses of eggplant tissues is lacking. Therefore, the specific objectives of
this study were to: (1) measure the mechanical properties of eggplant skin and pulp under tensile,
penetration, and compression tests and how they vary among three portions along the central axis of
the fruit; (2) quantify the cutting features of stem; and (3) evaluate the effect of storage time on the
mechanical properties of eggplant tissue.
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MATERIALS AND METHODS

Plant Material and Storage Conditions

Solanum melongena eggplants cv. Siah-e-Mashhad were grown in an experimental farm at Ferdowsi
University of Mashhad, Iran. Eggplant fruits were hand-harvested in mid-August 2014 from different
plants and various locations of farm, after reaching a mass of 100—150 g and length between 15 and
20 cm and before complete seed development. Fresh eggplants with good quality attributes (dark
purple color, smooth, glossy skin, a fresh green calyx, and free from any visual defect) were selected
for this research. Upon arrival at the laboratory, the fruits were again inspected to ensure that they
were uniform, undamaged and not attacked by pests. Each fruit was weighed, and diameter of the
largest cross-section perpendicular to the blossom end-calyx end axis (intermediate diameter), and
the distance between the blossom and calyx ends (longitudinal diameter) were measured from images
taken with a digital camera (SONY DSC-W35) by applying ImageJ 1.46d software. The physical
data of the fruits were: 134 + 12 g (mass), 181 = 13 mm (longitudinal diameter), and 49 + 5 mm
(intermediate diameter). Fruits were hand rinsed under a stream of tap water at a temperature of 4°C,
to remove field heat, soil particles and to reduce microbial populations on the surface, then rinsed
with double distilled water and gently blotted with a paper towel to remove the water.'** In total, 129
eggplants were used for this experiments, so that 43 samples were used for the tests on the day they
were harvested (0 day) and remaining samples were stored in an environmental chamber in optimal
conditions (~11°C, ~90% relative humidity [RH]) recommended by Cantwell and Suslow!®! for 5
and 10 days to attain the different storage times.

Determination of Mechanical Properties

To determine the variation of mechanical attributes from the top to the bottom, the eggplant was
separated into three sections along the longitudinal axis of the fruit and labeled as upper, middle, and
bottom thirds (Fig. 1A). All mechanical tests were carried out using a Texture Analyzer (HSKS-1929,
SDL ATLAS, UK) and data were acquired and processed by the software Qmat 4.55-Dongle: 4959.
At each storage time, before starting a trial samples were allowed to equilibrate to room temperature
(20 £ 1°C, 53-55% RH) for approximately 1 h and all tests were conducted in laboratory under the
same conditions.?®! As suggested by ASABE Standards,*®! all the mechanical tests were replicated
20 times, thus the mean values with the corresponding standard deviations were estimated, as listed in
related tables.

Moisture Content Determination

At each storage day (0, 5, and 10 d) three samples were selected randomly for measurement of
moisture content and the remaining were used for mechanical analyses. First, each eggplant was
cut into three portions (upper, middle, bottom) with a sharp knife vertical to the longitudinal axis.
In the next step, about 5 and 10 g samples of peel and pulp, respectively, were taken and separately
kept in a vacuum oven at 70°C and 2.5 kPa for 12 h,*” and the water content was determined from
the difference of initial and final weight of the specimen. The moisture content of stem was
also determined by air convection oven drying at 103°C until constant weight was reached.[*™
The mean of three replications was reported.

Tensile Testing

Rectangular skin blocks were prepared by placing slicer rings with two parallel razor blades
mounted on metal block around the larger circumference of each three portions to ensure constant
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FIGURE 1 A: Schematic representation how cylindrical specimen was extracted from an eggplant and three cross
sections of the fruit. Dotted lines represent cuts dividing upper, middle, and bottom sections; B: Compression test for
cylindrical sample of eggplant pulp.

dimensions (10 mm in width and 50 mm in length). Thereafter, the adhering pulp was removed
mechanically by a razor-sharp and hand-scraping from skin layer. The specimen size was decided
based on preliminary studies and in reference to Toole et al.?®! Peel thickness was measured using
a micrometer with 0.001 mm accuracy. Optical microscope was used immediately for inspecting
the absence of small cracks, before mechanical extension tests. The texture analyzer was equipped
with suitable specimen holders for one-dimensional tension testing. Each segment was held by
standard upper and lower tensile clamps equipped with a thin layer of rubber to avoid slipping
during stretching."?! The clamps were adjusted each time to precisely 30 mm apart, leaving
roughly 10 mm of sample clamped at each end. All specimens were stretched at the rate of
10 mm/min""” by movement of the upper clamp, and each specimen was visually checked during
the test; if failure occurred near the clamp the experimentation was terminated and its data were
rejected. The force versus deformation data were recorded and rupture force (the maximum force
required to propagate the crack), Young’s modulus (slope of the initial linear portion of curve), and
tensile strength (dividing the rupture force by the cross-sectional area of the first specimen) were
derived.

Compression Testing

Compression tests were performed on the samples provided from the same fruits that were used in
the tension test. The pulp samples used in unidirectional compression test were cut by a cork borer
with a 25 mm inside diameter. The cylindrical borer was inserted into the eggplant by carefully
pushing and rotating it along the longitudinal axis from the blossom end to the calyx. For each
section, cylindrical specimen with a height of 25 mm was taken out from the central region of
eggplants by using a double-blade cutting tool (Fig. 1A). The specimen size was determined based
on the literature™®! and our preliminary study on the effect of specimen size on the mechanical
properties measurement because the height of the specimen should be equal to or less than its
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diameter, otherwise reproducibility and reliability of compression tests will decrease due to
buckling.®"! The sample was placed on the center of the stationary plate before browning
phenomenon and pressed by the moving parallel flat stainless steel circular plate at a loading
speed of 10 mm/min (see Fig. 1B).*?°) As the compression began and progressed, a force-
displacement curve was plotted automatically in relation to the response of each specimen to
compression. Subsequently, rupture force (load peak), deformation at rupture force (deformation at
peak), Young’s modulus (the slope of the straight-line region of curve), and toughness (the area
under the whole diagram to the point of rupture) were extracted from recorded curve.

Penetration Testing

To design the puncture probe, the stem diameters of eggplants were measured directly after harvest
and the average diameter was obtained."”! As a result of these measurements, a stainless steel
plunger with the flat end (10.6 mm diameter) attached to the load cell was used to penetrate the
fruit (with its peel) at a crosshead speed of 10 mm/min.’®! In order to do the test, eggplants were
first cut into two halves along the longitudinal axis. Each slice was positioned intently under the
probe and held lightly between two fingers until probe made perpendicular contact to the surface at
the center of each three portions, and then the punch probe was swiftly released. Bio-yield force
(the first drop in force on the curve prior to reaching the rupture), deformation at bio-yield, Young’s
modulus (stiffness), rupture force, deformation at rupture, and toughness were obtained from the
force-distance curve.

Cutting Test

A stainless steel cutting probe with sharpened edge of 30° included angle and 1.5 mm thickness
was made and installed to the movable clamp. The stem specimen was placed on the fixture and cut
along its thickness at a steady velocity of 20 mm/min'®! until it fractured, and the force-distance
data were recorded by computer. The peak force was identified with the help of plot and the area
under the curve was measured as the cutting energy. Subsequently, the cutting parameters of stem
such as ultimate cutting stress and specific energy were calculated according to Tavakoli et al.[*®]

Statistical Evaluation of Data

All statistical analyses were performed using SPSS version 20.0 software (IBM SPSS Statistics,
IBM Corporation, Somers, NY, USA). Analysis of variance (ANOVA) and Duncan test (p < 0.05)
were conducted to compare mechanical changes in different sections of the fruit among the storage
day.

RESULTS AND DISCUSSION

Tension Mechanical Properties

The main data were collected during axial tension tests are presented in Table 1. As can be seen
from Table 1, the rupture force, Young’s modulus and tensile strength of eggplant skin in all three
sections had decreasing trend with increase in the number of days of storage. The average values of
rupture force, Young’s modulus and tensile strength decreased by 32.11, 25.14, and 23.96% for
upper section, 24.22, 23.02, and 18.68% for middle section, and 24.49, 18.63, and 19.92% for
bottom section, respectively, over the storage period of 10 days. This indicated that the peel of the
eggplant was more prone to mechanical damage at the end of storage than at the beginning of
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TABLE 1
The results of tension test of eggplant skin from different sections of the fruit during storage

Section
Parameters Storage day Upper third Middle third Bottom third
Rupture force (N) Day 0 14.67 + 1.79"° 12.80 + 1.25%% 13.11 + 1.327%
Day 5 12.65 + 1.35° 12.01 £ 1.474° 12.55 +£2.03"°
Day 10 9.96 + 1.06"° 9.70 + 1.24"° 9.90 + 1.19¢
Young’s modulus (MPa) Day 0 1.83 + 0.24% 1.39 + 0.19B¢ 1.61 +0.15°
Day 5 1.58 + 0.20%° 1.20 + 0.20B° 1.44 +£021°°
Day 10 1.37 £ 0.20¢ 1.07 + 0.23B¢ 1.31 +0.195°
Tensile strength (MPa) Day 0 551 £ 0.674° 5.14 £ 0.50° 5.22 +0.53"°
Day 5 5.08 £ 0.54"° 5.05 £ 0.62° 5.08 £ 0.82°°
Day 10 4.19 £ 0.45° 4.18 + 0.54"° 4.18 £ 0.50™°

Mean values with standard deviation are given. Values are means of 20 replicates. For each individual parameter,
different capital letters in each row and different lower-case letters in each column indicate significant differences (p < 0.05)
by Duncan’s test.

storage. These results demonstrate that the tension characteristics of upper section were dropped
with greater intensity in comparison to other sections over 10 days of storage. This could be
attributed to the fact that water exchange in eggplant occurs mostly through the calyx,** and
therefore, it is possible that fruit skin shriveling occurs more rapidly in calyx area during
postharvest storage (Fig. 2A).

Until now, relatively little information is available on the mechanical properties of eggplant
tissues, so it is difficult to make comparisons. However, similar studies have reported the effect of
storage time on the skin tensile properties: Harker and Hallett’®*! and Singh and Reddy!'®! for
kiwifruit and orange, respectively. Harker and Hallett!**] reported the tension strength of kiwifruit
skin vary from about 190 to 50 N/cm?. Singh and Reddy!'® noted the storage time has not a
significant effect on the tensile strength, modulus of elasticity and rupture force of orange peel
tissue, and the tensile strength, modulus of elasticity and rupture force vary from 0.173 to 0.138
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FIGURE 2 A: Changes in skin (S) and pulp (P) moisture content from different sections of the fruit at different
storage days. Error bars show one standard deviation from the mean; B: Changes in skin thickness from
different sections of the fruit at different storage days. Different letters on bars indicate statistically significant
differences (p < 0.05).
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MPa, 1.57 to 1.03 MPa, and 15.6 to 12.7 N, respectively, over the storage period of 10 days.
The explanation for this behavior may be related to the fact that, during storage, adhesion between
neighboring cells diminished so that most cells separated from each other without breaking.**! The
other reason can be associated with moisture losses during storage (Fig. 2A). Skins with higher
moisture content are more extensibility and flexibility as a result of reducing friction between
adjacent cellulose micro fibrils, so the drier skins do not extend as far as humid skins and fracture
occurs with small amount of force.”*! Moreover, as reflected in Fig. 2B, skin thickness (as a factor
affecting on skin mechanical properties) decreased with increasing storage duration. The decrease
in skin thickness may be attributed to water loss from fruit peel as storage period progressed.
However, ANOVA results showed that skin thickness had no significant effect (p > 0.05) on
studied properties.

On days 0, 5, and 10, the mean values of rupture force and Young’s modulus in the upper
area were higher than those of the other sections and the lowest values was observed in middle
section. On day 0, the upper and middle sections with 5.51 and 5.14 MPa had the highest and
lowest values of tensile strength, respectively. The experimental data showed that there were no
noticeable differences in tensile strength between all studied sections in the middle of the
storage (day 5) and end of storage period (day 10). Investigations of Thompson et al.['”]
showed that the puncture force of Calypso cucumber skin decrease from stem section to
blossom (from 15.8 to 14.9 N) section. Considering the failure modes of fruit tissues are
different during penetration and tension but these results demonstrated that the mechanical
behavior of skin in various loading locations can be different and varied. The reason of these
discrepancies can be explained as follows: The biomechanical properties of skin could be
affected by thickness, calcium content and pectin value, cell wall structure and component,
quantity and volume of intercellular spaces, etc.l*>! As the thickness of skin changes in different
places of the product, different values of mechanical properties are expected in different
places.’”) The calcium effect can be explained by the formation of a calcium bridge between
groups of pectin chains, especially homogalacturnan.l*>! Therefore, because several important
factors play significant role in eggplant skin’s biomechanical behavior, the determination of
main reason for these differences is too complicated. To obtain a complete comprehension in
histological view of fracture, a comparison of micro fibrils arrangements and cell geometry
along the longitudinal axis of fruit skin using an electronic microscope is indispensable.

Compression Mechanical Properties

The averages and standard deviations of the compression test are tabulated in Table 2. The results
in this table clearly show that the all investigated parameters, except deformation at rupture point
and toughness, decreased monotonically with the increasing of storage time. The compression
rupture force, deformation at rupture force, toughness, and Young’s modulus of eggplant pulp
ranged from 20.70 to 17.66 N, 11.42 to 14.82 mm, 0.113 to 0.146 N-m, and 1.466 to 0.821 MPa
for the upper section; from 15.33 to 13.13 N, 11.50 to 15.11 mm, 0.092 to 0.118 N-m, and 0.637 to
0.536 MPa for the middle section; from 14.19 to 12.19 N, 11.75 to 15.50 mm, 0.083 to 0.106 N-m,
and 0.518 to 0.422 MPa for the bottom section, respectively, as the storage time increased from day
0 to day 10. This indicated that the rigidity of the cellular structures had diminished over 10 days of
storage due to loss of moisture through transpiration, as well as enzymatic changes, and thus the
fruit structure became soft at the end of storage.**) In fact, hemicelluloses and pectin become more
soluble, which resulted in disruption and loosening of the cell walls.*”) As Fig. 2A depicts, there
were 2.52, 1.67, and 1.69% decreases in the moisture content of upper, middle, and bottom
sections of the pulp, respectively, after 10 days of storage, but the decreases were not statistically
significant.
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TABLE 2

The results of compression test of eggplant pulp from different sections of the fruit during storage

Position inside the fruit

Parameters Storage day Upper third Middle third Bottom third
Rupture force (N) Day 0 20.70 + 3.57% 1533 + 1.62B% 14.19 + 1.32B2
Day 5 18.85 + 3.06™° 15.01 + 2.80%* 13.93 + 2.70%2
Day 10 17.66 = 1.88*° 13.13 = 3.245° 12.19 = 2.25%P
Deformation at rupture (mm) Day 0 11.42 + 1.78™ 11.50 + 3.21A% 11.75 + 2.3874
Day 5 14.48 +2.16"° 14.67 £ 1.95° 14.96 + 1.334°
Day 10 14.82 + 1.52°° 15.11 + 1.30M° 15.50 + 1.74"°
Toughness (N-m) Day 0 0.113 £ 0.025%° 0.092 + 0.025"° 0.083 + 0.018%"
Day 5 0.125 £ 0.0214° 0.104 + 0.020%* 0.091 + 0.019*
Day 10 0.146 + 0.028° 0.118 + 0.014%° 0.106 + 0.014<°
Young’s modulus (MPa) Day 0 1.466 + 0.262°* 0.637 + 0.1685* 0.518 + 0.115%*
Day 5 1.062 + 0.2314° 0.594 + 0.117%° 0.448 + 0.094°°
Day 10 0.821 £ 0.171*¢ 0.536 + 0.0785° 0.422 + 0.091°

Mean values with standard deviation are given. Values are means of 20 replicates. For each individual parameter,
different capital letters in each row and different lower-case letters in each column indicate significant differences (p < 0.05)
by Duncan’s test.

The behavior observed in this study was similar to that found for the pear and apple,*®!

orange,[m] potato, and peach.''! The results of the plate compression test illustrated that, on
days 0, 5, and 10, the mean values of rupture force, toughness, and Young’s modulus in the upper
section were higher than those of the other sections and the lowest values was observed in bottom
section. In contrast, deformation at rupture force increased slightly from the upper to the bottom
thirds in each storage time (Table 2). The results show that there is less rigidity in the bottom
section as compared to the other sections. The different response exhibited by the eggplant tissue as
a result of loading location demonstrated that it is a non-homogeneous fruit. The non-homogeneous
behavior of the eggplant tissue may be attributed to the shape and arrangement of parenchymal
cells and other morphological components.!'"? Similarly, Montero-Calderén et al.*'! reported that
hardness and hardness work of pineapple flesh decreased from the top to the bottom of the fruit. In
addition, Wang!"® showed the failure strain, failure stress, failure energy, and Young’s modulus of
pear flesh change from the top (stem) to the bottom (calyx).

Penetration Mechanical Properties

Table 3 shows the change of the textural parameters obtained by a puncture test. These parameters are
the response of the skin and the pulp at a tested point. As can be observed from this table, in all three
sections, Young’s modulus, rupture force, and bio-yield force considerably decreased with the
increase of storage time. This implies the softening of the fruit. In brief, this phenomenon can be
explained by the fact that the cell walls of fruit tissue are rich in protopectin at the day of harvest; the
insoluble protopectin content of tissue cell walls gradually decreases with increasing storage duration
while the soluble pectin content increases, so the fruit tissue gradually become soft during storage.[**]
It is necessary here to mention that the bio-yield point is the point that indicates the initial cell under
the skin rupture before the skin is broken.'® Young’s modulus, rupture force and bio-yield force
decreased by 32.89, 20.06, and 16.26% for the upper section, 35.91, 24.37, and 22.85% for the
middle section, and 39.79, 25.06, and 25.36% for the bottom section, respectively, as the length of
storage time increased. While deformation at rupture force, deformation at bio-yield force, and
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TABLE 3
The results of penetration test from different sections of the fruit during storage
Section
Parameters Storage day Upper third Middle third Bottom third

Rupture force (N) Day 0 31.21 £ 3.15% 28.64 + 2.73B2 23.18 +4.73¢2
Day 5 28.72 + 2.88™° 25.71 £ 23380 21.05 +£2.17°
Day 10 24.95 + 1.724¢ 21.66 + 1,945 17.37 £ 1.78%¢
Deformation at rupture (mm) Day 0 9.38 + 1.034° 9.71 + 0.89%° 10.53 + 1.04B2
Day 5 9.72 £ 0.974° 10.17 + 0.92%4 10.93 + 0.8952
Day 10 10.61 £ 1.08"° 11.23 + 0.94™° 11.76 £ 0.76°
Toughness (N-m) Day 0 0.163 £ 0.017" 0.147 £ 0.020%° 0.130 + 0.009%*
Day 5 0.182 + 0.012"° 0.176 + 0.025%° 0.154 £ 0.011°
Day 10 0.190 £ 0.009"° 0.185 £ 0.0115° 0.177 £ 0.015¢
Young’s modulus (MPa) Day 0 3.01 +0.524¢ 2.59 + 0.418¢ 1.91 + 0.48%2
Day 5 2.55 + 0.40%° 225 +0.32B° 1.63 + 0.23°
Day 10 2.02 £ 0.234° 1.66 + 0.17%¢ 1.15 + 0.16°¢
Bio-yield force (N) Day 0 28.91 + 3.89A% 2727 + 1.8982 22.83 +5.05%
Day 5 27.75 + 1.62*° 24.32 +2.208° 20.18 + 1.345P
Day 10 2421 £ 3.05%° 21.04 £ 1.045%¢ 17.04 + 1.66%°
Deformation at bio-yield (mm) Day 0 7.66 + 0.654° 8.31 + 0.465* 9.18 + 1.03¢#
Day 5 8.28 + 0.90"° 9.22 + 0.61B° 10.25 + 1.43¢°
Day 10 9.24 £ 1.23"¢ 9.93 £ 0.805° 10.82 + 1.48°

Mean values with standard deviation are given. Values are means of 20 replicates. For each individual parameter, different capital
letters in each row and different lower-case letters in each column indicate significant differences (p < 0.05) by Duncan’s test.

toughness progressively increased by 13.11, 20.63, and 16.56% for the upper section, 15.65, 19.49,
and 25.85% for the middle section, and 11.68, 17.86, and 36.15% for the bottom section, respec-
tively, following storage. The energy of absorption (toughness) indicates the energy required to
change the shape of fruit. Therefore, during storage, the fruit could be deformed more under the same
force; as the fruit became softer.”®! This result agrees with the work of Singh and Reddy,!'” which
showed that the puncture force of the orange fruit decreased during storage. At all storage times, the
rupture force, bio-yield force, Young’s modulus and toughness decreased from the upper to the
bottom third and on contrary, deformation at rupture force and deformation at bio-yield force
increased from the upper to the bottom third of the eggplant. Results indicated that the upper section
was the hardest and most rigid in response to the puncture force when comparing to middle and
bottom sections (Table 3). In this regard, Mansouri et al.”?! reported the puncture energy and
firmness of various positions of pomegranate fruit were severely different because of variation in
thickness of the peel at various positions. They found that the mechanical properties of the bottom
portion were more than the top and middle sections, whereas the middle and top portions had
approximately equal values. In other similar research, carrot root was cut into three sections, cross-
sectionally, i.e., the base side, the central part, and the top, and exposed to a penetration test by
Budrewicz et al.l'”! They understood that puncture force and firmness vary among fruit pieces from
different sections of the fruit. Likewise, Sadowska et al.*®! showed that puncture force and energy
values of potato were usually higher near the stem end of the tuber as compared to other locations
(center and bud end) tested.

Cutting Test

The peak cutting force, cutting energy, ultimate cutting stress, and specific energy decreased
dramatically with increase in storage time. The reduction ratio of peak cutting force, cutting
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TABLE 4
Cutting mechanical parameters of eggplant stem at different storage days

Parameters

Peak cutting force (N) Cutting energy (N'm)  Ultimate cutting stress (MPa)  Specific energy (N/m)

Storage day Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
Day 0 217.24* 14.69 0.768* 0.046 1.20* 0.08 4254.79* 237.88
Day 5 188.68° 9.48 0.617° 0.037 1.05° 0.07 3444.20P 196.67
Day 10 169.73¢ 6.11 0.437¢ 0.030 0.94¢ 0.03 2414.36° 160.73

Values are means of 20 replicates. Means followed by different alphabets in the same column are significantly different
at 95% confidence limit.

energy, ultimate cutting stress, and specific energy in the course of storage were 21.87, 43.10,
21.67, and 43.26%, respectively (see Table 4). This behavior can probably be connected to the
viscous damping effect of moisture,*® whereas moisture content of the stem decreased from 85.96
to 75.95% (wet basis) with increase in storage time.

CONCLUSION

In our study, the mechanical properties of eggplant fruit Siah-e-Mashhad cultivar at three loading
positions (bottom, middle, and upper thirds) were assessed over the course of a 10-day storage
period. Moisture content of skin and pulp and also skin thickness decreased over time. We found that
the water content and skin thickness in the upper section are higher compared to those in the middle
and bottom sections. The results obtained from the tensile, penetration, and compression tests
demonstrated that textural parameters of eggplant tissues changed from the top to the bottom of
the fruit. The average values of the peak cutting force and cutting energy of eggplant stem at the
beginning of storage were around 1.3 and 2 times greater than that at the end of storage. Finally, it can
be concluded that eggplant has different skin strength and tissue structure in its different sections.
To the best of our knowledge, this is the first report of the mechanical properties of the eggplant.
Based on the obtained results, recommendations can be made for the better grippers design for
robotic eggplant harvesters in a way that the optimal region on the fruit surface can be grasped by
robots fingers. Additionally, the findings of this study can be seen as considerations in designing of
eggplants’ peeling and packaging systems. Future research needs to be conducted to investigate the
effects of loading speed and shape of the probe on the textural properties of eggplants.
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