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Abstract: Mechanical damage and bruising of fruit is a critical problem in the food industry. Minimiz-
ing brusing and damage can be achieved by designing energy-absorbing structures and packaging
systems in order to ensure the long-term quality of fresh produce. The aim of this study is to investi-
gate the response and bruise susceptibility of pears under impact loading conditions through finite
element analysis (FEA) methods. In this paper, three impact heights (0.25 m, 0.5 m, and 1.0 m), four
impact material surfaces (poplar wood, rubber, cardboard, and acrylonitrile butadiene styrene (ABS)
plastic), two packaging sizes (standard 0.22" and sandwich lattice 2.1”), and three impact design
structures (rigid, corrugated, and honeycomb) are considered. Based on mesh sensitivity analysis,
a mesh element of 1.5 mm was adopted for all simulations, assuring the accuracy of results and
considering the trade-off between mesh size and computational time. The response surface analysis
approach was utilized in order to develop predictive empirical models related to pear bruising.
Results revealed that the rubber-based impact platform yielded minimal bruise susceptibility at all
heights, while standard-sized corrugated cardboard performed best at a height of 0.25 m. Further-
more, single, double, and triple layers of packaging cardboard were tested. We observed that adding
a second soft layer of corrugated cardboard reduced the stress on the pear by around 33%. However,
adding a third layer only reduced stress by 5%. The 3D-printed honeycomb ABS has potential as
protective packaging but would require further investigations and parameter optimization. Stacking
multiple layers of cardboard on top of each other is a cost-effective solution that could improve
damping and, therefore, ensure good quality and increase the shelf life of the fresh produce. This
study will help decision-makers select the optimal energy-absorbing material for cushioning and
packaging designs in order to improve the handling and post-harvesting logistics of fresh produce.

Keywords: honeycomb; corrugated packaging; bruise susceptibility; energy absorption; explicit
dynamics simulation; finite element analysis; postharvest transport technology

1. Introduction

In developing countries, about 40% of foodstuffs perish after being harvested, and
over one-fifth of food becomes unfit for human consumption during transportation and
distribution [1]. Furthermore, the monetary and physical depletion of fruits and vegetables
contributes the most waste in agriculture and foodstuffs annually [2]. Damage to fresh
produce that occurs during transportation and handling (even if refrigerated) results in food
losses at the consumer end due to reductions in the supply chain [3,4]. Pear fruits are consid-
ered one of the most perishable agricultural products. Pears are sensitive to inappropriate
conditions during harvesting, transportation, and reloading. Various mechanical damages,
such as cuts, punctures, splits, abrasions, and bruises [5], can reduce the quality, shelf-life,
and market value of fresh produce. Bruises are the most common type of mechanical damage
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that contributes to fruit quality reduction and post-harvest losses [6]. Bruise damage is a
subcutaneous tissue failure without fruit skin rupture, where damaged spots are indicated by
discoloration of injured tissues [7]. Bruising usually occurs due to excessive compression and
impact forces throughout the post-harvest supply chain [8]. Therefore, there is a strong need
to design optimal harvesting processing systems and energy-absorbing packaging structures
to extend the shelf life and maintain the good quality of the fruit [9].

Utilizing additive manufacturing techniques has been shown to have good energy-
absorbing properties, as complex shapes can be relatively easier to manufacture, and
different properties can be combined using a combination of polymer types such as acry-
lonitrile butadiene styrene (ABS), polylactic acid (PLA), polyethylene terephthalate (PET),
and polyethylene terephthalate glycol (PETG) [10]. Furthermore, corrugated cardboard has
been widely adopted for fruit and vegetable packaging thanks to its biodegradability and
quick and easy solutions [11].

Thus, this work aims to investigate different package structures and different impact
materials that have the potential to absorb the energy of the fruit when it falls in order to
protect the fruit from mechanical damage and extend its shelf life. During the design stage of
the structure, the energy absorption should be maximized so that energy is transferred to the
package instead of the fruit. Various auxetic geometric structure designs can be adopted, such
as arrowhead, anti-tetra chiral, re-entrant, and honeycomb, as investigated by Najafi et al. [12].
In this paper, investigations and simulations of a honeycomb structure will be conducted.

FEA has proved its efficiency in investigating the impact of mechanical loading,
compression, and drop impacts on fruits and vegetables, providing new insights for food
package designers on the performance of crop handling techniques and processes [13,14].
In fruit stress analysis, finite element mechanical modeling is the process of predicting
and simulating mechanical responses while loading the fruit [13]. The use of FEA for
fruit simulation allows non-destructive analysis, investigating multiple scenarios under
different boundary conditions. In contrast, physical testing is costly and time-consuming.
It destroys the fruits and limits the ability to evaluate different scenarios with the same
fruit sample. FEA is a time- and cost-effective tool that serves to assist researchers and
practitioners in gaining valuable insights on bruise detection for fresh produce.

The scope of the current work is to investigate the bruise susceptibility of the simulated
pear fruit FE model subject to impact loading using explicit dynamics simulations with
non-linear finite element analysis. The fruit drop impact is investigated using different
impact platform materials, different structures, and different impact heights.

Several works have been conducted in the line of fresh produce bruising detection
under fall and impact loading. Celik [15] investigated the bruise susceptibility of Ankara
pears under different impact heights, materials, and fall orientations. Bruise susceptibility
can be represented as the ratio of bruise volume to the amount of damage per unit of energy
atimpact [16,17]. The author found that the maximum bruise susceptibility was determined
using a wooden platform, while the minimum bruise magnitude was calculated using a
rubber-based platform.

Similarly, Yousefi et al. [18] utilized FEA to predict the bruise damage of pears with
different ripeness levels, including unripe, ripe, and overripe. The authors studied the
impact of pear drops under different dropping heights (200 mm, 500 mm, and 1000 mm),
impact surfaces (steel and wood), and drop orientations (vertical and horizontal). The
results demonstrated that the minimum bruise area occurred for unripe pears that fell on a
wooden surface at a 200 mm vertical distance. On the other hand, the maximum bruise
area was recorded for ripe pears. This can be explained by increased chemical reactions
with the increase in the ripeness level, which causes softening of the fruit tissue. In most of
the tests, the bruise area was higher for steel compared to wood, as steel has an elasticity
and impact effect.

Du et al. [19] investigated the bruise susceptibility of kiwi fruit by developing a
multiscale FEA model for the dropped fruit. Simulated drop scenarios using FEA showed
that von Mises stress increases in the impact section, and higher bruise susceptibility is
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caused by horizontal orientation rather than vertical. The micro-mechanical changes in
the tissue and cells of potato response subject to impact test were investigated by Nikara
et al. [20] through scanning electron microscopy and FEA. Results of FEA simulations
revealed that maximum stress and impact damage increase at high-impact energy. An
appropriate potato tissue element size of 0.03 mm was found after conducting mesh
sensitivity. Another work was conducted by Zhao et al. [21] to determine the impact of
bruising of fresh Goji fruit through FEA and hyperspectral imaging. The authors compared
the fruit’s drop impact using different platform materials, heights, and angles. The authors
suggested the following optimized parameters to minimize the bruise rate: 0.24-m drop
height, foam board impact material, and 13.11° impact angle. Nylon and wood impact
material platforms do not damage the fruit within a drop height range of 0.2 to 0.5 m. Bruise
detection of fresh corn to impact load was studied by Guan et al. [22]. FEA simulation
experiments were performed for three contact platform materials, three drop heights, and
three impact angles. Results revealed that the minimum bruise magnitude was reported
for a neoprene impact surface, with a height of 0.6 m and an impact angle of 30 degrees.
To the best of the authors” knowledge, the literature lacks energy-absorbing designs
and structures for fresh produce packaging, specifically on methods that adopt FEA anal-
ysis on bruise susceptibility. More research on new packaging designs to provide better
protective performance needs to be studied and developed [23]. Furthermore, the litera-
ture [24] has suggested the adoption of materials with low elastic modulus properties, such
as rubber and paper cardboard, to observe softer-fruit-material impact behavior. The contri-
bution of this work lies in the use of finite element analysis methodology to investigate pear
fruit impact on various impact materials, including plastic, cardboard, wood, and rubber.
Furthermore, this paper contributes by analyzing fruit impact loading using different pack-
aging sizes and structure designs such as rigid, honeycomb, and corrugated with single
and multiple layers, which was not priorly proposed in the literature. Finally, empirical
models for pear bruise susceptibility for each impact material were developed through
response surface methodology. This research aims to achieve the following objectives:

e Toinvestigate the drop impact of pear fruit on different platform materials, including
poplar wood, cardboard, rubber, and ABS plastic;

o To investigate the bruise susceptibility at different impact heights: 0.25 m, 0.5 m,
and 1.0 m;

e Toinvestigate different packaging structures: rigid, corrugated (single, double, and
triple layer), and honeycomb;

e To test two different packaging sizes (standard packaging size 0.22” and sandwich
lattice size 2.1");

e  To develop empirical models for fruit bruise susceptibility through a response surface
analysis approach.

The findings of this study will provide valuable insights into the best packaging
design and material for pear fruits. The rest of the paper is organized as follows. Section 2
demonstrates the methodology and FEA setup along with the mesh sensitivity. Section 3
presents the results and the discussion. Finally, conclusions and proposed future work are
provided in Section 4.

2. Materials and Methods
2.1. Fine Element Analysis Setup

In the present work, four different impact platforms were studied to investigate and
report the best packaging material that can be used in post-harvest transport and handling.
To achieve this, the dimensions of a 3D scanned pear model that was reported in the
literature were used with its properties experimentally measured with similar properties
to that of the Ankara pear variety [15]. The geometry of the 3D model was developed in
SolidWorks 2023 SP 2.1 version. Two different packaging heights were selected, one that
utilizes the standard packaging size used in cardboard boxes and another with a taller
size that is used in sandwich lattice structures, as shown in Figure 1. The pear model



Appl. Sci. 2024, 14, 2490 40f17

was assumed to be a homogenous flesh structure together with its skin to use an isotropic
material model [25]. The fruit and the properties of the other materials are shown in Table 1.

Bio-inspired honeycomb structures are commonly used in the literature due to their
good properties in impact-loading without compromising weight [27]. The corrugated
shape is also well documented and generally used in cardboard boxes for transportation
purposes [28]. The dimensions for individual unit cells to be used in the packaging structure
are shown in Figure 2.

Standard Packaging Size (0.22”)

37.04 mm

Mass: 0.23133 kg
78.12 mm

Volume: 2.2032¢~* m*

Figure 1. Modeling Parameters of the Pear Fruit and the Packaging Sizing.

Table 1. Mechanical Properties of Materials Used in Simulation.

Material Young's Modulus (MPa) Poisson’s Ratio Density (kg/m?3)
Pear Fruit (Ankara) [15] 3.248 0.427 1032
Poplar Wood [15] 8400 0.318 4000
ABS (3D-printed) [12] 1900 0.350 940
Cardboard [26] 656 0.251 800
Rubber [26] Mooney—Rivlin parameters 1000
Honeycomb Corrugated
/ //t |
t %\
Structure h (mm) | [ (mm) | t (mm)
Honeycomb (0.22") | 2.97 2.23 0.43
Honeycomb (2.17) 6.93 5.2 1
Corrugated (0.22”) 4.75 4.92 0.4
Corrugated (2.1)” 9.6 8.41 0.47

Figure 2. Unit Cell Dimensions.



Appl. Sci. 2024, 14, 2490

50f 17

The FEA study was performed using Ansys Academic Mechanical, Release 2020R1. A
non-linear explicit dynamics solver was used to investigate the drop—impact phenomena
of a pear in free fall and to measure the response and bruise susceptibility. Computational
analysis has the potential to help improve and optimize the post-harvest handling and
transportation process and designs. The analysis was set up with an initial condition of a
pre-defined drop height. In this study, three drop heights of 0.25 m, 0.5 m, and 1.0 m were
selected, which coincide with drop height ranges also seen in the literature [29].

2.2. Mesh Sensitivity and FE Model Validation

The mesh influence on the FEA simulations is minimized through a mesh sensitivity
analysis. The choice of parameters, including the mesh generation, is very sensitive to the
computational time and accuracy of explicit finite element simulations. Therefore, initial
validation through a series of simulations is required to balance computation time and
result accuracy. The setup of the mesh sensitivity analysis is shown in Figure 3. A rigid
floor was assigned with a fixed body support, and a fruit modeling pear was analyzed for a
drop-impact simulation. A standard earth gravity of 9.81 m/s? was defined for all bodies
in the negative Y axis. The dimensions and properties of the pear were modeled based on
the literature and compared to references of FEA and experimental testing. The pear model
was rounded at the contact point to minimize convergence issues due to a perceived initial
numerical gap in cases of lower-order elements for mesh bodies [30]. An initial drop height
condition was also defined for the pear to minimize contact instability further, leading to
a divergent contact force. A total of 21 simulation scenarios were set up and performed
in this study for the pear impact test at different impact platforms, impact heights, and
packaging sizes. The pear fruit was modeled with solid elements. Nine different mesh
sizes were selected, varying from 10 mm to 1 mm, with a total run time of 0.01 s. Due to
the nature of the current rounded simulation, real pears may exhibit different rebound and
damage properties as they have more of a ‘teardrop’ than a rounded shape. Nevertheless,
the current idealized model was adopted for the initial study as it had good agreement with
the literature where spherical representations were found not to have significant differences
compared to real shapes in cooling studies [31].

Fruit Model (Pear) |

‘ Standard Earth Gravity: 9.81 m/s2

Rigid Floor (Wood) |

0.000 0.040 0.080(m)

0.020 0.060 7 4

Figure 3. Simulation Setup.
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3. Results and Discussion
3.1. Mesh Sensitivity Analysis

The results for the maximum stress convergence are similar to that seen in the literature,
with about 5% variation [15]. This discrepancy could be due to the difference in geometry,
as the current work takes an idealized circular shape instead of a scanned pear, and small
parameter variances. Figure 4 shows the energy and stress convergence during the drop
test simulation study. At lower mesh sizing, there tends to be an underreporting of energy,
force, and stress values, also seen in the literature [15]. The program-controlled mesh
degenerates for sizing below 1.5 mm and provides a structured but lower-quality mesh
that must be adjusted using a patch-conforming tetrahedral technique. After 2.5 mm mesh
sizing, the computation time increases almost exponentially while offering very little in
terms of convergence. This computation time trade-off will become more expensive for
the lower mesh sizing when also investigating the response and reaction of the elastic
behavior of the floors (instead of the rigid support used in the mesh sensitivity analysis).
Therefore, a mesh sizing of 1.5 mm will be used in the current simulations to balance
the computationally expensive simulations and the accuracy of the results. A total of
139,716 nodes and 602,897 elements were obtained after meshing the pear. The model
validation incorporates experimental methods and results from previous work to explore
the relationship between drop height, material surface, and bruise severity.

(a)

o
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o
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=) S
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0.000 0.002 0.004 0.006 0.008 0.010
Time([s])
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0.600

0.500
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0.400
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22 0.300

0.200
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0.100

20 0.000
3 25 17 15 1.2 1 10 8 6 3 25 q Jr 4 15 12 1

Mesh Sizing [ mm ] Mesh Sizing [ mm ]

Figure 4. (a) Maximum Stress Comparison; (b) Pear Impact Energy vs. Computation Time; (c) Current
FEA Validation with the Literature.

3.2. Conventional Packaging—Corrugated Cardboard

Cardboard boxes are still the main method by which perishable fruits like apples and
pears are transported. A drop test of 1 m was simulated on corrugated cardboard with
properties like that found in post-harvest packages for fruits. Conventional packaging
used for fruit transportation and handling is usually made using corrugated cardboard [32].
These cardboards are often only a few millimeters thick, offering very little damping or
protection against impacts or vibrations. The results are shown in Figure 5 for a cross-
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sectional view of a pear that fell onto the cardboard structure from the moment of contact
at initial time of 0 ms. The results indicate that a large portion of the structure exceeds
the bio-yield point, making bruise susceptibility very high for approximately the lower
two-thirds of the pear. The highest stress concentration can be seen near the base, which
propagates inside the pear flesh. The last panel shows that there is permanent damage
to the cardboard structure due to the impact collision. This shows that thin cardboard
packaging is not suitable for post-harvest storage or transportation since further impacts on
the already plastically deformed region would reduce any damping properties. Therefore,
the search for a more robust packaging material and structure is of great importance for
improving the supply of perishable fruits.

-
Equivalent Von-Mises Stress, Maximum [ Pa ]

k1m Drop Height — Pear Model

Single Layer Corrugated Cardboard

5.584e5 Max
4.9635e5
4.3431e5
3.7226e5
3.1022e5
2.4818e5
1.8613e5
1.24095
62044

0 Min

t=0ms

t=1.052 ms t=2.053 ms t=2.632ms

a0 oo | oo om0 aro(m) [0%e oo ayoncn | o ot atwom
] ]

aors 3 aors a0z oo

5.584e5 Max
4.9635e5

L 4.3431e5

L 3.7226e5
3.1022e5

1 248185
1.8613e5
1.24009e5
62044

0 Min

t=3.684 ms

t=4.210ms t=5.263 ms t=6.316 ms

ouzs

Figure 5. Maximum Stress Progression for Single Layer Corrugated Cardboard Drop Impact Simulation.

Adding softer layers or damping could improve the susceptibility to bruising for
fruits. One of the more economical and practical ways of improving the post-harvest
yield could be achieved by layering the packaging material. Stacking layers of cardboard
on top of each other provides an additional layer of protection for the fruits without
requiring extensive research or capital investment. A comparison between layers of
cardboard packaging is shown in Figure 6. What can be seen is that the conventional
cardboard packaging used to transport offers little protection when dropped from a
height of 1 m, with many regions exceeding the bio-yield criterion for bruising suscep-
tibility. Interestingly, the addition of a double-layer stack dropped the overall stress
concentration to almost half that of the single layer and ‘rounded’ the region for the
peak stress concentration that was previously seen at 0.002 and 0.004 s for the rigid
floor and the single layer. However, adding another layer to the packaging does not
seem to have the same measurable improvement in stress reduction going from single
to double as it does from double to triple. In the triple-layer packaging simulation, the
stress concentration was like that of a double layer until 0.001 s and slightly decreased.
This shows that additional layers beyond a double-layer packaging did not show any
improvements in the cushioning performance at the point of impact.
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Equivalent Von Mises Stress, Max. [ MPa]

Single Layer

Double Layer

Triple Layer

0 " I L L I
0.000 0.002 0.004
Time [s]
Figure 6. Maximum Stress Comparison for Cardboard Package Layering at 1 m Drop Height.
A visual stress comparison between the different cardboard packaging layers for a
1 m drop height is shown in Figure 7. A sectioning view plot can be seen to visualize
the maximum von Mises stress at the peak stress concentration. Section A-A shows the
half-side view of the simulation sectioned from the x-axis, and Section B-B shows the
half-front view of the simulation sectioned from the y-axis. What can be seen from the
sectional view is that the sizing of the stress propagation decreases across the internal fruit
body through the addition of layers, where the maximum pear stress drops by 33% with
the addition of a second layer. Alternatively, as shown in Figure 6, the addition of a third
layer only reduced the maximum pear stress by 5%. This suggests that the additional layers
provide additional cushioning behavior that protects the pears from additional bruising
susceptibility. Moreover, the structural damage of the cardboard material, as seen in the
last frames of Figure 5, can also be seen for the single and double layering.
Single Layer Cardboard Section A-A Section B-B
5.584e5 Max 5.584e5 Max 5.584e5 Max
4.9635e5 4.9635e5 4.9635e5
4.3431e5 4.3431e5 4.3431e5
3.7226e5 3.7226e5 3.7226e5
3.1022¢5 3.1022¢5 3.1022e5
2.4818e5 2.4818e5 2.4818e5
1.8613e5 1.8613e5 1.8613e5
1.24095 1.24095 1.24095
62044 62044 62044
0 Min B™ 0 Min 0 Min
Double Layer Carboard Section A-A Section B-B
3.7421e5 Max 3.7421e5 Max 3.7421e5 Max
3.3263e5 3.3263e5 3.3263e5
2.9105e5 2.9105¢5 2.9105¢5
2.4%475 249475 2.4%47e5
2.078%5 2,0789¢5 2.0789%5
1.6631e5 1.6631e5 1.6631e5
1.2474e5 1.2474e5 1.2474e5
83157 83157 83157
41579 41579 41579
0 Min B™ 0 Min 0 Min
Triple Layer Cardboard Section A-A Section B-B
3.558e5 Max 3.558e5 Max 3.558e5 Max
3.16495 3.16495 3.1649¢5
2.77195 2.77195 2.7719e5
2.3788e5 2.3788e5 2.3788e5
1.9857e5 1.9857e5 1.9857e5
1.5927e5 1.5927e5 1.5927e5
1.1996e5 1.1996e5 1.1996e5
80655 80655 80655
41348 41348 41348
2041.9 Min 2041.9 Min ™ o sy 2041.9 Min o ago oy

Figure 7. Stress Comparison of Cardboard Package Layering.
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5.7296e5 Max
5.0046¢5
4.4596e5
3.8246¢5
3.1896e5
2.5546¢5
1.9197e5
1.2847e5
64967

1467.1 Min

0.000

1.9977e5 Max
1.7844e5
1.5712e5
1.358e5
1.1448e5
93159

71838

50517

29195

7873.9 Min

0.000

0.025

Recently, foam mesh sleeves have been added around fruits in transport as an addi-
tional protective layer. These are generally inexpensive to manufacture but still require
a person or machinery to apply the sleeve along the supply chain. Additionally, sleeve
removal can be labor intensive and risks wounding the soft fruit skin surface [33]. Moreover,
the thin glove does little to support impacts beyond a few centimeters in height as their
material and dimensions do not provide adequate damping or energy absorption.

3.3. Rubber

Rubber materials have been well investigated in the literature for offering a good
performance-to-weight ratio against low-velocity impacts. The results of the simulated
drop tests for the two packaging sizes of rubber at 1 m are shown in Figure 8. Figure 8a,c
refer to drop impact simulation on 0.22” rubber packaging with stress concentrations for
the pear and packaging, respectively. Figure 8b,d refer to drop impact simulation on
2.1” rubber packaging with stress concentrations for the pear and packaging, respectively.
For 2.1” packaging, the drop profile of the rubber at maximum stress appears to have a
buckling profile, with the top layer being concaved inwards. As a result, all four sides of
the profile experience significant stress and deformation as a result of the 1 m drop height.
Alternatively, for the 0.22” packaging, due to the wall height being significantly smaller,
the ‘buckling’ behavior is not as evident, which leads to a higher peak and average pear
stress. Investigations in the literature have also shown that rubber has the least impact on
fruits and is the most suitable cushioning material for drops [34].

3.0752e5 Max
2.734e5
2.3936e5
2.0528e5
1.712e5
1.3711e5
1.0303e5
68952

34871

789.69 Min

0.050 0.100(m)
0.000 0.050 0.100(rm)
I ..

0.075
0.025 0.075

(a) (b)

2.5009e5 Max
2.2365e5
1.9722e5
1.7078e5
1.4435¢5
1.1791e5
91476

65040

38605

12169 Min

0.050 0.100{m)

[ eee— S 0000 0050 2100(m)
— — )

0.025 0.075

0.025 0.075

(c) (d)

Figure 8. von Mises Stress Plot for Rubber Simulation at 1 m Drop Height.
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5.7331e5 Max
5.0081¢5

I 63265

. 3.8282¢5

L] 3105265

Bl 2s5aes

. 1.9232¢5

L] 12082e5
65324

1825.9 Min

7.694e6 Max
6.84e6
5.986e6
5.1321e6
4.2781e6
3.4241e6
2.5701e6
1.7161e6
8.6216e5
8179.1 Min

0.000

L ——  ES——
0.025 0.075

3.4. Honeycomb

Recently, 3D-printed honeycomb structures have been investigated in the literature
due to the advancement and ease of 3D printing technology. The honeycomb shape offers a
good balance of impact resistance performance and strength while having a lower density
due to its hollow cells. The results of the simulated drop tests for the two packaging
sizes of rubber at 1 m are shown in Figure 9. Figure 9a,c refer to drop impact simulation
on 0.22” honeycomb packaging with stress concentrations for the pear and packaging,
respectively. Figure 9b,d refer to drop impact simulation on 0.22” rubber packaging with
stress concentrations for the pear and packaging, respectively.

4.6658e5 Max
415085
3.6359¢5
3.12095
2.6059e5
2.091e5
1.576e5
1.0611e5

54611

3115.5 Min

0.050 0.100(m)

0.025 0.075
0.000 0.050 0.100(m)
L .

0.025 0.075

(@ (b)

6.9739e6 Max
6.1996e6
5.4253e6
4,6500e6
3.8766e6
3.1022e6
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Figure 9. von Mises Stress Plot for Honeycomb Simulation at 1 m Drop Height.

3.5. Bruising Susceptibility

A summary of the time taken to reach the maximum stress and the rebound time
is shown in Table 2. The results show that for the higher drop impacts where the speed
is faster, the impact damage increases, and the time taken to reach the maximum stress
also decreases. This is evident when the time between the rebound and maximum stress,
denoted as At, is lowest for 1 m drop heights, and the time is proportional to the internal
energy absorbed by the pear. The instant where the simulation rebound time exceeded the
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simulation time was only visible in rubber with taller structural height. This suggests that
the cushioning and damping properties of this material are dependent on the height due to
the buckling shape of the structure.

Table 2. Drop Impact Simulation Time to Maximum Stress and Rebound.

Packaging Time at Maximum Time at Pear

S-1 Surface Type Thickness Impact Height (m) Pear Stress (ms) Rebound (ms) At (ms)
1 0.25m 3.20 6.40 3.20
2 Rigid Floor 0.5m 3.00 5.80 2.80
3 1.0 m 2.60 5.40 2.80
4 0.25m 3.20 6.40 3.20
5 0.22"" 0.5m 3.00 6.00 3.00
6 Rubber 1.0m 2.40 5.40 3.00
7 (Vulcanized) 0.25m 5.80 o* o*
8 21" 0.5m 5.60 e* e*
9 1.0 m 5.60 e* e*
10 0.25m 3.80 7.40 3.60
11 0.22"" 0.5m 3.40 7.00 3.60
12 Corrugated 1.0m 3.20 6.20 3.00
13 (Cardboard) 025 m 420 8.00 3.80
14 21/ 0.5m 3.80 7.60 3.80
15 1.0 m 3.60 7.00 3.40
16 0.25m 3.20 6.20 3.00
17 0.22"" 0.5m 3.00 6.00 3.00
18 Honeycomb 1.0 m 2.60 5.40 2.80
19 (ABS) 0.25m 3.80 7.60 3.80
20 21/ 0.5m 3.40 7.00 3.60

21 1.0m 3.20 6.60 3.40

e*: rebound time exceeded simulation time.

Figure 10A shows the maximum amount of energy absorbed during the impact;
Figure 10B shows the maximum contact force between the pear and the surface; Figure 10C
displays the stress plot concentration for the pear; and Figure 10D displays the stress plot
concentration for the respective surface. The results showed the expected result that the rigid
floor would lead to the highest damage and transfer of energy to the pear because it offered
the least amount of protection. The resulting maximum pear stress was 0.572 MPa, which
matched the findings in the literature for a wooden floor material [15]. The rubber material
performed the best out of the four surfaces, with a maximum stress of 0.308 MPa. Interestingly,
the corrugated cardboard performed similarly, whereby the maximum stress was within 3% of
each other when comparing across the different drop heights. Alternatively, the performance
of the structure shows that the corrugated cardboard is more susceptible to damage with a
higher stress concentration over time when compared to the ABS honeycomb. Damage to the
rubber surface was relatively small, and it may have the ability to be reused.

Figure 11A,B reports the results for the smaller standard packaging material (0.22).
In this set of results, the corrugated shape outperforms the rubber and the honeycomb by
minimizing the internal energy absorbed by the pear and the contact force upon impact.
There is a very small difference between the rubber and rigid floor results for all three
drop heights, suggesting that there is a performance limit to the sizing of the vulcanized
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rubber. At some heights, such as 0.25 m and 0.5 m, the honeycomb does not perform
any better than just dropping the fruit on a wooden floor. This was mainly due to the tip
edges of the honeycomb causing sharp points of contact upon which the pear would be
more easily damaged; this highlights the fact that the geometrical optimization for lattice
structures would be an important consideration for future simulations. Figure 11C shows
that the pear experiences almost identical peak stress for all surfaces. However, despite the
lower energy transfer to the fruit in the corrugated shape, Figure 11D demonstrates why
bruising can still occur for corrugated cardboard packages over long-distance transits. In
fact, corrugated cardboard boxes have been shown in the literature to undergo large plastic
deformations, which lead to damage [35]. More study would be required to investigate
the effect of impact on damaged corrugated cardboard but would require an exponentially
more computationally expensive simulation. The second impact of a fruit during a rebound
will lead to subsequent damage and bruising [36].

25 800
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= Rigid Floor mRubber 2.1" 1.7
700
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Figure 10. Drop Impact Simulation for 2.1” Packaging Material; (A) Internal Energy; (B) Contact
Force; (C) Max. von Mises Pear Stress; (D) Max. von Mises Pear Stress.

A comprehensive simulation comparison was carried out using the explicit solver
across the different surfaces (rigid floor, rubber, corrugated cardboard, and ABS honeycomb)
to model the pear’s fall at three different heights of 0.25 m, 0.5 m, and 1 m, as shown in
Table 3. The bruising volume was calculated by extracting the average nodal values over
the computational time that exceeded the bio-yield value of 0.3 MPa. This is the maximum
stress the pear can sustain before it becomes susceptible to bruising. The maximum and
minimum values for the internal energy, contact force, and von Mises stress are summarized
for all the drop impact tests with red and green highlighted tables, respectively. The bruising
susceptibility was reported by the ratio of bruising volume to the internal energy absorbed
by the pear fruit. It can be seen that the 2.1” vulcanized rubber performed well at 0.25 m
and 0.5 m heights, and the 0.22” corrugated cardboard performed best for the 0.25 m drop
height for regions with no bruising susceptibility. Protective padding has been shown to
minimize bruising and fresh produce damage [37]. The bruise susceptibility found in the
literature for pears falling at a velocity close to 1.5 m/s (free fall drop height of 0.115 m) was
close to 3 x 107° m3/J for a rigid plate at impact, which suggests the current FEA study has
good convergence for having a similar order of bruise susceptibility [38]. The 3D-printed
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25

ABS honeycomb would still require further optimization and parameter investigations to
improve its performance and protection against bruising. Further improvements should
also minimize the contact force, as a relationship between the bruise area and the contact
area has been shown in experimental studies [25]. In the literature, an alternative way
to report the bruising property by normalizing the impact of large forces on a small area
would be to use a bruise resistance index—this has applications that could be extended to
other fruits that have high water contents [39].
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Figure 11. Drop Impact Simulation for 0.22” Packaging Material; (A) Internal Energy; (B) Contact

Force; (C) Max. von Mises Pear Stress; (D) Max. von Mises Pear Stress.

Table 3. Bruise Susceptibility of Simulated Drop Impact Tests.

Max. von

Percentage

Surface Drop ImPact Max: Max. Max. Mises of Bruising Bruise Bruised Brui'se. .
S.1 Type Height Height Kinetic Internal Contact Stress Whole Fruit Volusme Mass () Suscepatlblllty
(m) Energy (J) Energy (J) Force (N) (MPa) Volume (m?) (m3/])
1 0.25m 0.577 0.575 310.16 0.411 2.6% 5.75 x 10~° 6.03 9.99 x 10-°
2 Rigid Floor 0.5m 1.155 1.14 469.03 0.485 6.2% 1.38 x 1075 14.45 1.21 x 1075
3 1.0m 2.310 2.28 711.69 0.572 14.2% 3.13 x 1075 32.92 1.37 x 1075
4 025m 0577 0.544 305.7 0.398 2.4% 531 x 10° 5.58 9.77 x 10-°
5 0.22" 0.5m 1.155 1.095 464.6 0.478 6.1% 1.34 x 1075 14.05 1.22 x 1075
6 Rubber 1.0m 2.310 2192 707.8 0.573 13.7% 3.01 x 1075 31.62 1.37 x 1078
7 (Vulcanized) 025m 0577 0.192 177.1 0.203 0% 0 0 0
8 2.1" 05m 1.155 0.385 268.8 0.246 0% 0 0.00 0
9 1.0m 2.310 0.771 412.1 0.308 0.29% 6.36 x 107 0.67 8.25 x 107
10 0.25m 0.577 0.314 258.9 0.280 0% 0 0 0
11 0.22" 05m 1.155 0.680 408.6 0.356 2.3% 499 x 107 524 7.34 x 107°
12 Corrugated 1.0m 2.310 1518 640.2 0.558 8.9% 1.97 x 1075 20.69 1.30 x 1075
13 (Cardboard) 025m 0.577 0.326 239.9 0.355 0.8% 1.85 x 10~ 1.94 5.66 x 10~
14 2.1" 0.5m 1.155 0.625 361.6 0.412 3.1% 6.87 x 107° 7.22 1.10 x 1075
15 1.0m 2.310 1.145 535.0 0.467 6.8% 1.50 x 10~5 15.77 131 x 1075
16 025m 0577 0579 310.7 0.414 2.7% 590 x 10~° 6.19 1.02 x 1075
17 0.22" 0.5m 1.155 1.150 469.5 0.487 6.3% 1.39 x 10°5 14.55 1.20 x 1075
18 Honeycomb 1.0m 2.310 2.286 710.8 0.573 14.4% 3.17 x 1075 33.30 1.39 x 1075
19 (ABS) 0.25m 0.577 0.370 259.6 0.346 1.1% 2.37 x 107 249 6.40 x 107°
20 2.1" 05m 1.549 0.694 387.6 0.400 3.5% 7.71 x 10-¢ 8.10 1.11 x 1075
21 1.0m 2.310 1.290 577.3 0.469 7.8% 1.72 x 1075 18.03 1.33 x 1075
Bio-Yield Limit: 0.3 MPa Maximum Minimum
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3.6. Response Surface Methodology (RSM)

RSM was utilized to develop predictive empirical models in order to evaluate the
bruise susceptibility for a wide range of impact cases [15,22].

In this study, prediction models were developed utilizing the RSM approach to predict
bruise susceptibility for each impact material, where bruise susceptibility (Y) is a function
of drop height (X7), and of packaging size (X;), as follows.

Yrigia = 0.000009190 -+ 0.000004697 X 1)

Yrupper = 0.00001311 4 0.000001725X; — 0.00000659X, )

Y cardboard = 0-000002683 + 0.000009768X; + 0.000000733 X5 3)
Y 4ps = 0.000007801 + 0.000007100X; — 0.000000798X (4)

Results are illustrated in 3D surface plots as shown in Figure 12a,b for 0.22" and 2.1”
packaging sizes, respectively. According to surface plots, predicted bruise susceptibility
values match the simulated values. For packaging size of 0.22” (Figure 12a), low bruises
are reported for corrugated cardboard at low drop heights. Similarly, for 2.1” packaging,
rubber material outperformed at different impact height ranges.

(a) (b)

0.000015

0.000010
BS

3
ABS ™) 0.000005
J ABS

Cardboard R 0.000000
Material Cardboard
Material
0.0
1.0 Rubber 0.4
1.5 0.8 Rubber

Drop Height (m) 1.2

Drop Height (m)
Figure 12. Response surface diagram for packaging size (a) 0.22"” and (b) 2.1”.

Coefficient of determination values (R?) were obtained from response surfaces as follows:
0.93 for rigid, 0.99 for rubber, 0.87 for cardboard, and 0.84 for ABS. Although the coefficient
of determination values indicates that the predicted empirical model is reasonable, further
evaluation is needed. Therefore, simulated bruise susceptibility (BS) values of the FEA model
were compared with predicted BS values of RSM. Relative error (%) between simulated and
predicted BS values are shown in Tables 4 and 5. It is worth noting that absolute error was
calculated instead of relative error in instances where simulated bruise susceptibility equals
zero due to the inability to divide by zero. Relative error values ranged from 1% to 24%, which
is considered acceptable given the current complexity of bruise volume measurement for fresh
produce [22]. Similar error ranges have been reported in the literature, where error values
ranged from 7% to 26% for a prediction model for apple damage [25].

Table 4. Relative error between simulated and predicted BS values for rigid impact platform.

Predicted BS Simulated BS Relative Error (%)
1.04 x 1075 9.99 x 10~ 4
1.15 x 107> 1.21 x 1075 5

1.39 x 1075 137 x 1075 1
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Table 5. Relative error between simulated and predicted BS values for rubber, cardboard, and ABS
impact platforms.

Rubber Cardboard ABS
Packaging Predicted Simulated Relative Predicted Simulated Relative Predicted Simulated Relative
Size BS (m®/]) BS(m?/]) Error (%) BS (m®/]) BS (m®/]) Error (%) BS (m®/]) BS (m®/]) Error (%)
12x107% 9.8 x107° 24 53 x 107 0 53x107° 940 x107® 1.02x107° 8
0.22"” 1.3x107>  1.2x107° 3 77x107% 73 x10°° 5 112 x107%  1.20 x 107° 7
1.3x107> 14 x107° 2 1.3x107> 13 x107° 3 147 x 107> 1.39 x 107> 6
3x 1077 0 3x1077 67x107¢ 57x107° 18 7.90 x 107 6.40 x 107 23
21" 1.3 x 1077 0 1.3x1077  91x107® 1.1x107° 17 9.68 x 107¢ 111 x 1075 13
99 x 1077 83 x 1077 20 14x107° 13 x107° 7 132 x107° 133 x 107° 1

Therefore, the developed response surface method and prediction models can be
regarded as reasonable and satisfactory.

4. Conclusions

This paper investigates four different packaging materials and structures that could
be used to improve the handling and transportation of pear fruits in post-harvest trans-
portation using FEA methods. A computational explicit dynamics software using Ansys
Academic Mechanical, Release 2020R1 was used to perform drop height simulations at
0.25m, 0.5 m, and 1.0 m on two packaging sizes (0.22” and 2.1”) for vulcanized rubber,
corrugated cardboard, and 3D-printed ABS. The key findings from the study revealed that:

e  Conventional corrugated cardboard packaging is very prone to plastic and permanent
structural for any fruit drop height;

e A double-layer corrugated structure can reduce the maximum pear stress by about
33%, but subsequent layers do not greatly improve the protection against fall damage;

e  Vulcanized rubber has a critical height performance limit for cushioning protection;
there does not seem to be any benefit of using 0.22" thickness rubber packaging;

e  For 2.1” packaging size, vulcanized rubber performed the best at all heights with
minimal bruising susceptibility, while 0.22” size corrugated cardboard performed the
best at 0.25 m;

e  3D-printed material could potentially lead to multi-use protective packaging that does
not get damaged, but the rigidity of ABS materials is currently not suitable for fruit
drop protection;

e FEA-simulated bruise susceptibility values were compared with RSM-predicted val-
ues where relative error did not exceed 24%, which supports the adoption of the
theoretical model as an effective tool for decision-making in agriculture and the
post-harvest sector.

Overall, the reported findings suggest that packaging performance that falls between
rubber and corrugated at 0.22” packaging size is most effective for current post-harvest
transport technology. Future work on minimizing bruising susceptibility should focus
on a mixture of design and material technology. Investigation of reusable or recycled
plastic-based packaging and cushioning designs would enhance and boost post-harvest
logistics. Overall better protection for the fruits can help improve the sustainability of
post-harvest technologies and improve food security.
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