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Abstract: Post-harvest activities, which include sorting, loading, unloading, and transporting, are
potential factors that cause mechanical damage and bruises to fresh produce. This would directly
impact fruit shelf-life and, therefore, cause economic losses. This study developed a finite element (FE)
model for pear fruit where a steel impactor drop-based test was utilized. The FE model was validated
by evaluating it as the experimental model in order to identify bruises of the pear fruit. Therefore, to
minimize bruises on the pear fruit, a recycled polyethylene terephthalate (PET) spring-based design
was proposed in order to serve as a cushioning design for pear fruits. Design of experiments and
response surface methodology were performed in order to minimize the fruit bruise susceptibility
response subject to different spring design parameters. The results revealed that reduced spring
pitch and increased coil thickness would significantly minimize bruises of pear fruit. The recycled
PET proposed design proved its efficiency in reducing FE pear fruit model bruises by about 50%.
This study provides insights on assessing bruise susceptibility using finite element analysis and
reusing plastic for fresh produce packaging, thus reducing loops in supply chains and achieving a
circular economy.

Keywords: recycled polyethylene terephthalate; fruit cushion; packaging; bruising; mechanical
damage; finite element analysis

1. Introduction

Pear fruits are considered among the highly perishable agricultural products due
to their sensitivity to inappropriate conditions during transportation, harvesting, and
reloading [1]. Pear fruits have a soft texture compared with other fruits, which makes them
highly likely to be mechanically damaged or bruised. Factors such as vibration, impact,
puncture, and impact have the potential to cause mechanical damage to fruits throughout
the post-harvest supply chain [2]. Bruising is the most common mechanical damage type,
and it is a form of subcutaneous tissue failure that appears as discoloration in the affected
areas and happens without rupturing the fruit’s skin [3,4]. These bruises contribute to fruit
quality deterioration and shelf-life reduction, which result in economic losses.

Various terms are used to quantify the level of fruit bruising. These terms include
resistance, threshold, bruise susceptibility and bruise volume [5]. Bruise susceptibility
(BS) is the most reported term in the literature [6]. BS is defined as the ratio of bruise
volume to internally absorbed energy [7]. Numerous approaches, including the pendulum,
spherical impactor, and drop impact tests, are being employed in order to characterize
damage and estimate the bruise susceptibility of crops. Finite element analysis (FEA) is a
powerful numerical technique that is used to predict how an object or product responds to
forces, impacts, or vibrations [8]. Such numerical methods help simulate and investigate
material behavior within given boundary conditions [3]. FEA-based drop impact tests
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have proven their efficiency and effectiveness in predicting bruise susceptibility, stress
distribution, and deformation for a wide range of fruits and vegetables, including kiwi,
fresh corn, blueberries and Goji, white radish, and pears [7,9-13].

Timely identification of bruises and mechanical damage of fresh produce is a key
procedure that helps enhance harvest and post-harvest procedures, therefore extending
shelf-life and maintaining fruit quality [2]. Putting forward effective and useful packaging
methods would minimize fruit bruising and losses in the post-harvest supply chain. Pack-
aging is an efficient approach that serves to protect fresh crops and lower losses throughout
the supply chain. Research on packaging designs for fruit cushioning is evolving. A pack-
aging design for the Hongmeiren orange fruit has been proposed [14], and an expandable
polyethylene (EPE) board was used in order to create partitions between the fruits. Each
fruit was wrapped tightly with PU polyurethane foam. Authors have stated that internal
packaging provides better fruit protection compared with bulk fruit packaging.

Loss of citrus during transportation was reduced by about 60% when polypropylene-
based crates were used for citrus packaging compared with polystyrene packages. Less
environmental damage is associated with polystyrene crates, as they have the potential
to be reusable and recyclable [15]. Foam-based packaging outperforms packages made
from cardboard or rubber [16]. However, the performance of paper and foam board-based
packaging alters depending on the fruit characteristics and tends to absorb moisture when
not coated. Moreover, this type of packaging does not have the ability to be reused again
and will end up being disposed of and landfilled, which will contribute to environmental
damage. On the other hand, the adoption of polymer-based packages and reusable plastic
containers leads to lower carbon emissions, less waste, and cost-effectiveness compared
with corrugated fiberboard boxes [17,18]. Reusable plastic packages require 39% less
energy, 95% less solid waste, and 29% less total greenhouse gas emissions compared with
corrugated fiberboard boxes [2].

Studies in the literature have studied early bruise detection and pear fruit response
due to impact loading using the pendulum impactor test [19], hyperspectral imaging [20],
structured-illumination reflectance imaging [21], and CT scanning [22]. The drop test is
a commonly used test that assesses and quantifies the damage and bruise susceptibility
of fruits. Yousefi et al. [23] determined the bruised area of pear fruit with three different
ripeness levels: unripe, ripe, and overripe. The authors experimented with the drop test
at three different height levels, two orientations, and various impact surfaces. Salarikia
et al. [3] analyzed the stress and strain performance of pear fruit exposed to drop scenarios.
The authors also evaluated the impact of dropping the pear fruit on steel, wood, Perspex,
and rubber at different drop orientations on contact force and stress and strain distributions.
Celik [12] utilized the drop test method to evaluate the bruises of pear fruits of Ankara
variety at different impact platforms, drop heights, and orientations. It was found that the
minimum bruise susceptibility was dropping the fruit on a rubber-based platform with
a 45-degree orientation at one-meter height. The impact damage index of Pucheng crisp
pear fruits was investigated using drop impact tests of pear fruits throughout the harvest,
transportation, and processing stages [16]. Factors including pressure area and average
pressure were found to be associated with the severity of bruising. In this work, a drop
impact FEA-based test was developed for the pear fruit-shaped FE model instead of the
round-shaped pear fruit model to accurately predict pear fruit bruises [24]. The developed
FE model will be evaluated with an experimental model, which was presented in our
previous work [25].

Polyethylene terephthalate (PET) plastic is the most commonly used plastic around
the globe, and it is used in containers and bottles for liquids and food. Inappropriate
disposal of waste bottles takes hundreds of years to decompose in the environment and
would harm wildlife and marine and human ecosystems. Significant efforts and initiatives
are being settled in order to recycle and reuse plastic waste, such as the Reform company
and the Belgian Yuma company, which produce sunglasses out of recycled polymers,
and the US Army and marine research laboratories, which are repurposing plastic waste



Appl. Sci. 2024, 14, 5936

30f19

to 3D print it [26]. PET-based plastic waste bottles can be reused and converted into a
3D printing filament, which contributes to gaining environmental benefits and removing
wastes from streams. This would close loops in supply chains and achieve a circular
economy. Recycling PET represents a great candidate for promoting a circular economy.
Waste bottles are collected, cleaned, and then melted and reformed into filaments, which
can be used to produce a variety of products, including clothing, textiles, spare parts, and
electronics. Through recycling PET, the focus of the circular economy is to keep materials
in the loop, and products should be in use as long as possible.

The proposed study is set out to propose a packaging design for fruit made up from
3D printed recycled PET. The goal is to minimize fruit bruises and improve shelf-life by
making use of plastic waste to print cushioning design for pear fruits. The FE model used
to model the fruit drop test and quantify the bruise susceptibility was validated with the
experimental setup presented in our previous work [25].

The literature lacks cushioning systems and packaging designs for certain fruits that
have soft textures, such as pears or fruits that are irregular in shape. Research has proven
that package type would greatly impact the cushioning performance of pear fruits [27].
Furthermore, PET-based packages have proven their performance in reducing post-harvest
damage and minimizing bruises on Andean blackberries [28]. Customized designs of
biodegradable or reusable packages would minimize fruit losses and damage in the post-
harvest supply chain [2].

Indeed, more research is needed to explore biodegradable, well-cushioned materials to
replace existing ones [14]. The use of plastic packaging is increasing thanks to its reusability
and recyclability. Therefore, optimization and customization of packaging designs would
mitigate fruit damage and loss. The implementation of solutions that support close loops in
supply chains and achieve a circular economy would provide benefits for all supply chain
entities [15]. This study contributes in the following ways:

Developing pear fruit drop impact test finite element model;
Evaluating the FE model with an experimental model in terms of bruise volume and
bruise susceptibility prediction;

e  Proposing a spiral-based packaging design for pear fruits produced from recycled PET
plastic waste;

e Investigating the influence of process spiral design parameters on pear fruit bruise sus-
ceptibility and understanding fruit spring behavior through the design of experiments
and response surface methodology;

e  Providing insights on cushioning and modular plastic packaging aspects based on the
proposed design.

Figure 1 illustrates the general flow of how thus study was conducted in a step-by-step
manner. The rest of the paper is organized as follows. Section 2 presents the methodology
employed to conduct this study. Section 3 includes the key results and study insights in
discussion. Conclusions and potential future work are provided in Section 4.
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| Development of pear drop test FE Model |

| Comparison of FEA bruises with measured experimental bruises |

1

| Verification and Validation of FE Model |

1

Introduction of innovative pear packaging design |

| Optimization of design process parameters |

|
|
| Design of Experiments Response Surface !
i (DOE) Methodology (RSM) !
i |
|

Optimal design Implementation for minimal bruise susceptibility

Figure 1. Flowchart of the proposed study.

2. Materials and Methods
2.1. Finite Element Modeling (FEM)

In this study, a drop impact test was employed in order to identify bruise-related
calculations associated with pear fruit. Extending our previous work [25], the bruise sus-
ceptibility of pear fruit was studied experimentally by freely dropping a steel impactor into
the pear fruit at three different height levels: 20 cm, 40 cm, and 60 cm. The schematic experi-
mental setup is shown in Figure 2. The Pyrus communis pear variety “D’Anjou” was selected
for this study. A total of 129 pear samples were selected according to their uniform color,
shape, and surface condition. Each pear sample weighed an average of 163.12 4+ 4.26 g.
In our previous work, we investigated the influence of pear fruit drop impact on bruise
volume, bruise susceptibility, color, and firmness during a 14-day storage period. Color
measurements were taken six times per sample, with an average of 104 readings per day.
On the other hand, the firmness was checked every 2 days at intervals throughout the
experiment. In this work, we replicated the experiment with the use of a finite element
analysis tool in order to verify the results and validate the finite element (FE) model.

The pear fruit was modeled using the SolidWorks 2023 SP 2.1 3D computer-aided
design software. The 3D model of the pear fruit, along with its dimensions and properties,
are shown in Figure 3a. The drop impact test of a steel ball impactor of 110 g mass was mod-
eled in ANSYS 2022 R2 Workbench version 22.2.0. Fresh produce and agricultural products
exhibit non-linear viscoelastic behavior. In this study, the elastic—plastic material model
was adopted for the pear, where permanent plastic deformation can be simulated [12]. The
material properties associated with each material used in this study are listed in Table 1
The FE model, along with the boundary conditions, are presented in Figure 3b. The steel
ball was set to drop at a predetermined height, taking into consideration the standard earth
gravity effect. Furthermore, the pear fruit was fixed from the bottom surface on the contact
area with the floor.
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Figure 2. Physical experimental setup by Pathare et al. [25].

Mass: 0.159 kg

Volume: 1.74 x 10~* m3
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Q
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Figure 3. (a) 3D model and dimensions of the pear fruit. (b) FE model and boundary conditions.

Table 1. Material properties used in this study.

Material Modulus of Elasticity (MPa) Density (%) Poisson’s Ratio
Pear fruit [23] 8.74 910 04
Structural steel [29] 2 x 101! 7850 0.3
PET [30] 3200 1190 0.35
Poplar Wood [12] 8400 4000 0.318

After conducting the drop test experiment, bruise areas were marked on the pear fruit,
and each pear fruit was sliced from the middle in order to perform bruise measurements.
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To obtain the bruise volume through FEA, the stress nodes that exceed the bio yield stress
(0.3 MPa for pear fruit [12]) indicate the occurrence of bruising at maximum stress during
collision. The sum of bruises in these nodes was used to obtain bruise volume and bruise
susceptibility. The percentage of bruising is the ratio of bruised nodes to overall nodes. We
can obtain the bruised mass by multiplying the bruising percentage by the known mass of
the fruit. Bruise susceptibility (BS) is obtained through the following equation: BV is the
bruise volume, and E is the internal energy of the pear fruit. BS values are typically very
small values, as reported in the literature (9.56 x 107%,1.59 x 107>, 1.62 x 1075 [12].
However, any small change in BS values has a significant impact on fruit shelf-life.

_BV

B
5 E

(m®J1) 1)
In order to calculate the resulted energy from drop impact (E), the following equation
was used as follows:

E=m x g x h(]) ()

where m represents the mass of the steel ball impactor in kilograms, g is the gravitational
force (¢ = 9.81 m/s?), and h is the predetermined drop height in meters.

2.2. Innovative Packaging Design

The pear fruit FE model presented in this paper was validated with the experimental
model; therefore, we can make use of this model in order to design a cushioning system for
pear fruit protection from mechanical damage.

Various methods are used to protect the fruit from mechanical damage, such as plastic
or foam containers, cartons, or wooden boxes as external packaging methods. There are
also internal packaging ways, like shredding paper, liner, plastic tray, or air column bags [2].
This study proposes a spiral-based packaging design for pear fruit, which serves as an
internal packaging and could be further optimized as an external package. This design was
made from recycled PET plastic bottles, which helps achieve sustainability and a circular
economy. Furthermore, this design has the potential to allow ventilation for the fruit and,
therefore, extend its shelf-life.

An initial spiral design was modeled in SolidWorks and evaluated with a pear fruit
falling freely on a wooden base, as shown in Figure 4. The drop height was selected as 0.5 m
and was fixed throughout the rest of the simulation instances to fix the simulation setup
and to allow for fair performance comparison. Table 2 illustrates the bruise susceptibility
for each pear fruit with the design and without it. We can observe that there was a 5%
decrease in the bruise susceptibility of the pear fruit. Therefore, the proposed design has the
potential to protect pear fruits from bruising. Further analysis and parameter optimization
can be conducted on the suggested design.

Drop height 0.5 m

lg

Rigid surface | |

Figure 4. Free pear fruit versus pear fruit attached to the proposed design.
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Table 2. Comparison of the bruise susceptibility of pear with the proposed design and without it.

Pear Fruit Only Pear Fruit AttaChe.d with Percent Decrease
Proposed Design

Bruise Susceptibility

-5 -5 0,
(m3.] 1) 1.94 x 10 2.04 x 10 5%

2.2.1. Mesh Sensitivity Analysis

The selection of the appropriate mesh element size in FEA would increase the accuracy
of the results. However, smaller element sizes would increase simulation computational
time. Therefore, mesh sensitivity analysis was conducted in order to find the optimal
trade-off between computational time and results accuracy. Figure 5 shows the relationship
between pear fruit impact energy and computational time across different element sizes.
We can observe that computational time starts to increase exponentially after a 2.5 mm
mesh size. At a 1.5 mm size, internal energy values and equivalent stress values start
to remain steady and converge. The increase in nodes and number of elements with the
reduction in element size is shown in Table 3. An element size of 1.5 mm will be adopted
for all simulation instances performed in this study.

50 0.8
o
=
£ 40 076
[<5] P
E 30 072 §
g &
£ 20 068
g £
[oN [
£ 10 0.64 =
o
o

0 0.6

0 6 3 25 17 15 12 1

Mesh Size (mm)

—®— Computational time (mins) ~ —@—Internal Energy (J)

Figure 5. Fruit impact energy vs. simulation computational time.

Table 3. Effect of element size on equivalent stress, number of elements, and nodes.

Element Size (mm) Equivalent Von Mises Stress (MPa) Elements Nodes
10 0.53 1521 512
6 0.67 5867 1836

3 0.73 35,543 10,268

2.5 0.74 53,572 14,958

1.7 0.76 141,145 40,622

15 0.76 197,471 57,106

1.2 0.77 337,832 101,138

1 0.77 515,890 155,264

2.2.2. Response Surface Methodology

The proposed design in the previous section proved its improved performance in terms
of bruise-related calculations. However, spiral designs with different design parameters
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may yield different result performances. Therefore, a design of experiments for spiral
design parameters was carried out in order to optimize the bruise susceptibility of the pear
fruit. Figure 6 illustrates the terms and parameters of a typical spring. The outside diameter
was fixed at 60 mm for all designs based on the pear fruit FE model dimensions. A value of
60 mm was selected to ensure the optimal fit of the pear fruit. Wire diameter, pitch, and
revolution were the factors that were tested and optimized in the design of experiments in
order to minimize the response, which is the bruise susceptibility of the pear fruit.

Wire diameter

Pitch

—| |-

Outside diameter

-~
Revolution

Figure 6. Schematic representation of spring parameters terminology.

In this research, response surface methodology was utilized in order to assess the
behavior of spiral based on pear fruit bruise susceptibility. The influence of spring design
parameters on fruit bruises will be evaluated, to gain insights into how recycled PET-based
structures would affect fruit bruising.

The design of experiments is a powerful statistical tool that helps analyze the influence
of process parameters on specified properties [31]. Central composite design (CCD), also
known as the Box-Wilson central composite design, is a commonly used methodology to
build a second-order polynomial for response variables without the use of the complete
full factorial design [32].

In this study, CCD was utilized as the experimental design, taking into consideration
the parameters wire diameter (D), pitch (P), and number of revolutions (R) in order to
optimize the bruise susceptibility (BS) response. The correlation between D, R, and P and
BS was evaluated using response surface methodology (RSM) on the statistical platform
Minitab. Levels and units for each factor are presented in Table 4. According to CCD, a total
of 20 experiments were generated, where the spiral structure for each run was designed
in SolidWorks and imported into ANSYS workbench for drop impact test simulation in
order to determine the bruise susceptibility of the pear fruit associated with each spiral
design. Figure Al (attached in Appendix A) illustrates the 3D design model for each
design generated using CCD. The pear fruit and spring were set to drop at a predetermined
height of 0.5 m for all experiments. The boundary condition of the problem was setting
the wooden base as a fixed support, where the effect of the Earth’s gravity was taken
into consideration.
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Table 4. Factors levels for experimental design.
Level
Factor Index
-1 1 Unit
Wire diameter D 5 12 (mm)
Pitch P 10 20 (mm)
Number of revolutions R 5 10 -
3. Results

3.1. FEM

Drop process, internal energy, and bruise volume were analyzed. Bruise volume
and bruise susceptibility were obtained from the elements whose stress exceeded the bio
yield stress. The impact energy of steel balls resulting from drop impact theoretically and
through FEM are presented in Table 5. The error between theoretical and simulation values
was less than 5%, indicating that FEA simulations can be reliable and trustworthy. Figure 7
shows a cross-sectional view of the pear fruit at the highest stress contact moment. Results
indicate that bruising occurs mostly at the upper half of the pear fruit, specifically in the
contact area where bio yield stress is exceeded. Unlike FEA, the bruising of pear tissue
injury cannot be seen immediately by the naked eye through simple visual inspection.
Bruising damage can be detected and measured after some hours, which may lead to
incorrect or inaccurate detection [5]. Finally, Table 6 compares bruise volume (BV) and
bruise susceptibility (BS) based on experimental measurements and FEA-based simulations.
The absolute percentage error between observed and simulated values varied between
9% and 22%. We can observe that simulated bruise volume values were slightly higher
than the measured ones. This can be explained as some bruises on the pear fruit cannot be
recognized by the naked eye, as the bruise on the fruit is not clearly recognizable on the first
storage day of the fruit, which results in a negative deviation of bruise calculations through
experimental measurements [7]. Similarly, we can see that measured bruise susceptibility
values underreported the FEA values, where minimum and maximum values of error
were 13% and 25%, respectively. This is due to the neglect of contact energy since it has
a low value. Simulated absorbed energy would be higher than the measured values, and
therefore, measured BS values are lower than simulated ones, and percent errors were
enlarged compared with bruise volume errors. Overall, the percent error between measured
and simulated bruise calculations is considered acceptable, which supports the validation
of the proposed FE model and its ability to predict the bruise susceptibility of pear fruits.

9.4364e5 Max
8.3891e5
7.3418e5
6,2045¢5
5.2472¢5
4.19995
3.1526e5
2.1053e5
1.058e5
1071.2 Min

Figure 7. Simulation visualization output at max stress point (time = 1.5 x 1073 s) at 40 cm
drop height.
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Table 5. Impact energy at different drop heights.

Drop Height (cm)

Theoretical Energy (J)

Simulated Energy (J)

Error (%)

20

0.215

0.213

1%

40

0.431

0.413

4%

60

0.647

0.620

4%

Table 6. Bruise volume of pear fruit at three different drop heights.

Bruise Volume (m®)

Bruise Susceptibility (m3-J~1)

Drop Height (cm)

Measured BV

Simulated BV

Error (%)

Measured BS Simulated BS

Error (%)

20

3.20 x 107°

3.77 x 107°

15%

1.49 x 1074

1.77 x 1074

16%

40

572 x 107°

7.38 x 1072

22%

133 x 104

1.78 x 10~*

26%

60

6.30 x 10~°

6.93 x 107°

9%

9.74 x 10~°

1.12 x 10~*

13%

g
o

Mean of BS X 10* mm?3 ]!
tn

1.0

0.5

3.2. Response Surface Methodology (RSM)

Table 7 lists the design of experiments (DOE) factors, along with the bruise susceptibil-
ity obtained from FEA simulation. The main effect of independent parameters on bruise
susceptibility is shown in Figure 8. Based on Figure 8, we can see that pitch (P) and wire
diameter (D) are the two most influential parameters of pear fruit bruise susceptibility.
However, the number of coil revolutions does not have a great significance on bruise sus-
ceptibility. To visualize the effect of process parameters comprehensively, response surface
graphs were developed and presented in Figure 9. Figure 9 shows that increasing wire
diameter (D) and decreasing pitch result in minimal bruise susceptibility. We can notice that
bruise susceptibility is not highly sensitive to the change in the number of revolutions (R).
Minimum BS can be achieved using a higher wire diameter and the lowest pitch distance.

D (mm)

P (mm)

10 15

No. Rev

20 5.0 75 10.0

Figure 8. Main effect plot for process parameters.
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Table 7. FEA and RSM predicted response and factors of experimental design.

Independent Variables Response
Run D (mm) P (mm) No. of Rev  Bruise Susceptibility (10* mm3 J—1)
1 12.0 20.0 10.0 1.96
2 8.5 15.0 7.5 2.03
3 5.0 10.0 5.0 1.99
4 2.6 15.0 7.5 2.00
5 14.4 15.0 7.5 0.22
6 8.5 15.0 7.5 2.03
7 8.5 15.0 7.5 2.03
8 8.5 15.0 11.7 2.04
9 8.5 6.6 7.5 0.03
10 8.5 15.0 7.5 2.03
11 8.5 15.0 7.5 2.03
12 8.5 15.0 7.5 2.03
13 8.5 15.0 33 2.04
14 5.0 10.0 10.0 1.97
15 8.5 23.4 7.5 2.06
16 12.0 10.0 5.0 2.15
17 12.0 10.0 10.0 0.37
18 5.0 20.0 10.0 1.96
19 12.0 20.0 5.0 2.09
20 5.0 20.0 5.0 1.98
(a)
# 2
Bs BS
x10% mm?J™ 0 20 X 10°mm3Jt !
-1 5 o 1015 P (mm) ° 5 . 5.07'5 R
D (mm) 15 (c) D (mm) 15

2
BS

x 10° mm3J"

10 45 5.0

P (mm)
Figure 9. Response surface plots for bruise susceptibility of (a) diameter and pitch, (b) diameter and
number of revolutions, and (c) pitch and number of revolutions.

3.3. Optimal Design

Based on RSM, we gained insights into how wire diameter, pitch, and number of
revolutions can influence the bruise susceptibility of the pear fruit. The proposed packaging
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structure was designed in SolidWorks based on the way spring parameters affect the pear
fruit bruises behavior. Lower pitch distance and thicker wire diameter would result in
minimal bruise susceptibility. The wire diameter of the proposed design was set as 3 mm
so that the spring could be flexible and compressed when load was applied. The geometry
of the proposed design is shown in Figure 10. The design is spiral and attached to a
rectangular base with dimensions of 64 x 64 x 4 mm. The spring has a variable pitch,
a variable diameter, and 13 revolutions in total. Spring design parameters are listed in
Table 8.

Figure 10. Front and isometric views of proposed packaging design (a) without pear fruit and (b) with
pear fruit.

A drop impact test was performed on the pear fruit attached to the new design in order
to assess the design performance in terms of bruises. The pear fruit, along with the design,
were set to drop at a predetermined height of 0.5 and 1 m. The structure was set to drop
on a wooden-based platform, which represented the fixed support boundary condition.
Finally, the standard earth gravity effect was taken into consideration in the simulation
setup. A schematic representation of the FE model, along with boundary conditions, is
shown in Figure 11.

Table 9 shows the bruise volume, mass, and bruise susceptibility of free pear fruit
versus pear fruit attached to the proposed design for half and one-meter drop heights. The
fruit attached to the design outperformed the free pear fruit by almost half (50%) in terms
of bruises.

Figure 12 shows the pear fruit bruise location after performing a sectional cut along
the y-axis. The bruises in the free pear fruit are obvious with the green, yellow, orange,
and red regions where stress has exceeded the bio yield point (0.3 MPa). However, we can
observe that bruises significantly reduced when pear fruit was attached to the spring design.
Bruises were very minimal, as there were no orange or red regions of bio yield stress.
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Drop at predetermined height

Figure 11. Boundary conditions of pear attached to design FE model.

Free pear

0.7654e5 Max
£.6818e5
| 7508265
|| 65145e5
Ll 5430065

| aames
L 3263765
L] 21865
1.0064e5
1280.7 Min

Pear with proposed design

1.535e6 Max
1.36496
1.1948e6
1.0246e6
8.5453e5
6.8442e5

Figure 12. Stress and bruises distribution of free versus pear with design.
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Table 8. Proposed design parameters.

Pitch (mm) Number of Revolutions Diameter (mm)
7 mm 1 57 mm
7 mm 10 57 mm
2 mm 11 49 mm
2 mm 12 30 mm
2 mm 13 20 mm

Table 9. Bruise volume, mass, and susceptibility using the proposed design versus free pear fruit.

Drop Height
0.5m Im
Peackruiconly PRI Bt PesrTritonly [N e
Bruise Volume (m®) 1.49 x 1075 7.42 x 107° 50% 5.24 x 107> 4.14052 x 1075 21%
Bruise Mass (kg) 1.99 x 1072 9.93 x 103 50% 6.98 x 1072 5.52 x 1072 21%
Bruise Susceptibility (m?J~1) 1.94 x 1075 1.10 x 107° 43% 345 x 1072 3.01743 x 1075 13%

4. Discussion

In this paper, a pear-shaped fruit FE model was developed and evaluated with the
experimental impactor drop test of pear fruits in order to identify bruises. The FE model
was validated with the experimental model, resulting in low error values not exceeding 4%
and 26% for internal impact energy and bruise susceptibility, respectively. Furthermore, the
energy activity summary of explicit dynamics-based simulations can be an indicator for
assessing the accuracy of the FE model [7,12]. Energy activity, including internal, kinetic,
hourglass, and contact energy of the pear fruit drop impact, are illustrated in Figure 13.
Internal energy is transferred to kinetic energy at the beginning of impact; then, kinetic
energy starts to decline and is transferred to internal and contact energy at the highest
impact point. Hourglass energy, also called zero-mode energy, is a deformation that does
not produce volume or strain change in hex/quad meshes in a finite element model. The
literature suggests that hourglass energy should not exceed 5-10% of internal energy [11,33].
In our simulation scenarios, hourglass energy did not exceed 10% of internal energy values.
Therefore, we can say that our FE model is considered accurate.

1.8

1.6

1.4
~ 1.2
2 1 Internal Energy
>
m . 0
508 Kinetic Energy
i Hourglass Ener:
Woe g ay

0.4 Contact Energy

0.2

0 .
Time (s)
0.00 0.01 0.01 0.02 0.02 0.03

Figure 13. Energy activity summary for pear fruit drop simulation.
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The FE model can be adopted to develop a packaging structure for pear fruits in
order to minimize fruit bruises and protect them from mechanical damage. The proposed
design is made of recycled PET plastic, which is spiral-shaped and can absorb the energy
of pear fruit at impact drops. Design experiments and response surface methodology
were performed to study the influence of spring design parameters on pear fruit bruise
susceptibility and behavior. According to RSM results, it was found that spring pitch and
thickness have a significant impact on fruit bruises compared with a number of spring
revolutions. An optimal design was proposed, proving its ability to reduce bruises of fruit,
comparing it to freely dropping a pear fruit on the floor.

The proposed packaging design considered the following aspects:

e  Sustainability: The design proposed is made up of 3D printed recycled PET water
bottles plastic, which helps achieve a circular economy and reduce greenhouse gas
emissions [34]. Furthermore, the design is not disposable, and consumers can reuse
the packaging. This would narrow and close loops in the supply chain.

e  Physical design considerations: The design allows for ventilation thanks to its spring-
based design, where air is permitted so that the quality of fruit is assured and shelf-life
is extended [35]. Also, the spring feature of the design would help in absorbing shocks
and vibrations due to impact forces in post-harvest logistics. Moreover, the nature
of spring geometry is flexible, and spring can be extended to some extent, allowing
different pear fruit sizes to be packaged. Therefore, the proposed design considers
fruit shape and size adaptation.

e  Mass scale production: The proposed design can be extended to be used as a modular
design to make up a full packaging container as suggested in Figure 14. Each unit
cell is 3D printed separately, and all units will be attached. The proposed pear fruit
packaging container would serve as an integrated solution for fruit bulk packaging,
retailers, and customers [36].
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Figure 14. Proposed potential fruit packaging container.

Practical Implications

The adoption of recycled PET-based fruit packaging is considered a promising practice
based on this study’s results and findings. However, current practices and technology
readiness aspects have to be considered in order to adopt recycled PET-based packages.
For instance, processing the recycled plastic to transform it into a 3D printing filament
may impose a challenge, as some issues may arise in getting continuous and consistent
diameters of filaments. The material properties of recycled PET and 3D printability need
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to be considered to meet the specific requirements of fruit packaging. Furthermore, the
design of optimal and customized packaging alternatives needs to fit various fruits and
vegetables of different sizes. To speed up the development of PET-based packages, the
implementation of simulation and FEA tools to assess the performance of packages under
various loading conditions is needed.

By taking the above-mentioned aspects into consideration, companies and organiza-
tions can effectively transition to the use of recycled 3D printed PET for pear fruit packaging,
aligning with technological advancements, environmental sustainability, and market trends.
This approach does not only improve packaging performance but also enhances the overall
sustainability of the post-harvest supply chain.

5. Conclusions

This work developed a pear-shaped FE model that was verified with an experimental
model for impact tests in order to assess the bruise susceptibility of pear fruits. Simulated
results have matched experimental results, yielding acceptable error values. By utilizing
the validated pear fruit FE model, a spiral-shaped packaging design was proposed in order
to absorb mechanical energy generated due to impact forces and loading. To qualitatively
assess pear fruit spring behavior and to study the influence of spring design parameters
(pitch, diameter, and revolutions) on bruise susceptibility, a design of experiments and
response surface method were developed.

Based on RSM results, a variable pitch design attached to a thin rectangular base
was proposed. The proposed design has the potential to reduce the pear fruit bruises
to half (50%). The design has identical unit cells and, therefore, can be extended to be
used as a packaging container for pear fruits during post-harvest transportation and
logistics. Furthermore, we propose the use of recycled PET plastic water bottles to 3D print
this design, providing lower manufacturing costs, reducing environmental impacts, and
achieving a circular economy. The proposed spiral design is reusable and recyclable and
can be assembled and disassembled according to customer or retailer preferences.

This study is exploratory, where we have explored through FEA pear fruit bruises sus-
ceptibility and recycled PET package design and modeling in order to validate the results
before proceeding to the next stage of utilizing materials and energy. Extending this work
to 3D manufacture the proposed design and experimentally test its performance in terms
of drop impact to compare it with FEA methods would improve the result’s accuracy and
reliability by validating the FEA predictions. The proposed modular packaging design in
this paper is conceptual, and it can be further refined, optimized, and tested experimentally
and through FEA to prove its efficiency in protecting fresh produce from bruises. Further-
more, to enhance the robustness of our study, future research could include a broader range
of pear fruit varieties to comprehensively assess the pear fruit’s susceptibility to damage.
This research offers valuable insights for ease of fruit packaging to extend fresh produce
shelf-life and serves as a theoretical framework for predicting and evaluating pear fruit
bruise susceptibility using finite element analysis.

Author Contributions: Conceptualization, F.T. and P.B.P; data curation, A.M.; formal analysis, A.M.;
funding acquisition, ET. and P.B.P.; methodology, all authors; project administration, FT. and P.B.P.;
software, A.M.; supervision, ET. and P.B.P.; writing—original draft, A.M.; writing—review and
editing, all authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Qatar University—International Research Collaboration Grant
no. IRCC-2023-001 and Sultan Qaboos University CL\SQU\QU\ AGR\23\02.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article; further inquiries can be directed to the corresponding authors.



Appl. Sci. 2024, 14,5936 17 of 19

Acknowledgments: We would like to thank Qatar University and Sultan Qaboos University for their
support of this work. The findings of this study are solely the responsibility of the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Design 1

Design

2,6,7,10,11,and 12 . .
Design 4 Design 5

Design 3

Design9 Design 13

Design 18

Design 16 Design 17

Design 19 Design 20

ol ™

Figure A1l. Generated design combinations according to CCD design of experiments.



Appl. Sci. 2024, 14, 5936 18 of 19

References

1. Pathare, P.B.; Al-Dairi, M. Bruise Damage and Quality Changes in Impact-Bruised, Stored Tomatoes. Horticulturae 2021, 7, 113.
[CrossRef]

2. Lin, M.; Fawole, O.A.; Saeys, W.; Wu, D.; Wang, J.; Opara, U.L.; Nicolai, B.; Chen, K. Mechanical Damages and Packaging Methods
along the Fresh Fruit Supply Chain: A Review. Crit. Rev. Food Sci. Nutr. 2022, 63, 10283-10302. [CrossRef] [PubMed]

3. Salarikia, A.; Miraei Ashtiani, S.H.; Golzarian, M.R.; Mohammadinezhad, H. Finite Element Analysis of the Dynamic Behavior of
Pear under Impact Loading. Inf. Process. Agric. 2017, 4, 64-77. [CrossRef]

4.  Pathare, P.B.; Mphahlele, R.; Al-Dairi, M. Bruise Damage Susceptibility of Pome Fruit. In Mechanical Damage in Fresh Horticultural
Produce; Springer: Singapore, 2024; pp. 115-129. [CrossRef]

5. Opara, U.L,; Pathare, P.B. Bruise Damage Measurement and Analysis of Fresh Horticultural Produce—A Review. Postharvest Biol.
Technol. 2014, 91, 9-24. [CrossRef]

6.  Van Zeebroeck, M.; Van Linden, V.; Ramon, H.; De Baerdemaeker, J.; Nicolai, B.M.; Tijskens, E. Impact Damage of Apples during
Transport and Handling. Postharvest Biol. Technol. 2007, 45, 157-167. [CrossRef]

7. Du, D, Wang, B.; Wang, ].; Yao, F; Hong, X. Prediction of Bruise Susceptibility of Harvested Kiwifruit (Actinidia chinensis) Using
Finite Element Method. Postharvest Biol. Technol. 2019, 152, 36—44. [CrossRef]

8.  Fadiji, T,; Coetzee, J.; Berry, TM.; Ambaw, A.; Opara, U.L. The Efficacy of Finite Element Analysis (FEA) as a Design Tool for Food
Packaging: A Review. J. Food Eng. 2018, 4, 20—-40. [CrossRef]

9.  Zhao, ]; Sugirbay, A.; Chen, Y.U.; Zhang, S; Liu, F,; Bu, L.; Chen, Y.; Wang, Z.; Chen, J]. FEM Explicit Dynamics Simulation and
NIR Hyperspectral Reflectance Imaging for Determination of Impact Bruises of Lycium barbarum L. Postharvest Biol. Technol. 2019,
155, 102-110. [CrossRef]

10. Hou, J.; Park, B; Li, C.; Wang, X. A Multiscale Computation Study on Bruise Susceptibility of Blueberries from Mechanical Impact.
Postharvest Biol. Technol. 2024, 208, 112660. [CrossRef]

11. Guan, X;; Li, T.; Zhou, F. Determination of Bruise Susceptibility of Fresh Corn to Impact Load by Means of Finite Element Method
Simulation. Postharvest Biol. Technol. 2023, 198, 112227. [CrossRef]

12.  Celik, H.K. Determination of Bruise Susceptibility of Pears (Ankara Variety) to Impact Load by Means of FEM-Based Explicit
Dynamics Simulation. Postharvest Biol. Technol. 2017, 128, 83-97. [CrossRef]

13.  Xu, C.; Wang, D.; Xu, F; Tang, H.; Zhao, J.; Wang, J. Prediction of Bruising Susceptibility in White Radish (Raphanus sativus L.)
Using FEA-RSM Technique. Postharvest Biol. Technol. 2023, 206, 112565. [CrossRef]

14. Zheng, D.; Chen, J.; Lin, M.; Wang, D.; Lin, Q.; Cao, J.; Yang, X,; Duan, Y.; Ye, X.; Sun, C.; et al. Packaging Design to Protect
Hongmeiren Orange Fruit from Mechanical Damage during Simulated and Road Transportation. Horticulturae 2022, 8, 258.
[CrossRef]

15.  Alzubi, E.; Kassem, A.; Noche, B. A Comparative Life Cycle Assessment: Polystyrene or Polypropylene Packaging Crates to
Reduce Citrus Loss and Waste in Transportation? Sustainability 2022, 14, 12644. [CrossRef]

16. Li, Y,; Song, S.; Zhao, C. Dropping Impact Experiment of Crisp Pears and Contact Pressure Analysis. Int. |. Food Prop. 2023, 26,
2841-2852. [CrossRef]

17.  Singh, J.; Shani, A.B.; Femal, H.; Deif, A. Packaging’s Role in Sustainability: Reusable Plastic Containers in the Agricultural-Food
Supply Chains. In Organizing Supply Chain Processes for Sustainable Innovation in the Agri-Food Industry; Emerald Group Publishing
Limited: Leeds, UK, 2016; pp. 175-204.

18. Accorsi, R.; Cascini, A.; Cholette, S.; Manzini, R.; Mora, C. Economic and Environmental Assessment of Reusable Plastic
Containers: A Food Catering Supply Chain Case Study. Int. J. Prod. Econ. 2014, 152, 88-101. [CrossRef]

19. Komarnicki, P.;; Stopa, R.; Szyjewicz, D.; Mlotek, M. Evaluation of Bruise Resistance of Pears to Impact Load. Postharvest Biol.
Technol. 2016, 114, 36-44. [CrossRef]

20. Fu, X.; Wang, M. Detection of Early Bruises on Pears Using Fluorescence Hyperspectral Imaging Technique. Food Anal. Methods
2022, 15, 115-123. [CrossRef]

21. Mei, M,; Cai, Z.; Zhang, X.; Sun, C.; Zhang, J.; Peng, H.; Li, J.; Shi, R.; Zhang, W. Early Bruising Detection of ‘Korla” Pears by
Low-Cost Visible-LED Structured-Illumination Reflectance Imaging and Feature-Based Classification Models. Front. Plant Sci.
2023, 14, 1324152. [CrossRef] [PubMed]

22.  Azadbakht, M.; Vahedi Torshizi, M.; Mahmoodi, M.]. The Use of CT Scan Imaging Technique to Determine Pear Bruise Level Due
to External Loads. Food Sci. Nutr. 2019, 7, 273-280. [CrossRef] [PubMed]

23.  Yousefi, S.; Farsi, H.; Kheiralipour, K. Drop Test of Pear Fruit: Experimental Measurement and Finite Element Modelling. Biosyst.
Eng. 2016, 147, 17-25. [CrossRef]

24. Hafizh, M.; Mecheter, A.; Tarlochan, E; Pathare, P.B. Evaluation of Bruising Susceptibility and Response of Pears under Impact
Loading through Finite Element Analysis. Appl. Sci. 2024, 14, 2490. [CrossRef]

25. Pathare, P.B.; Al-Dairi, M. Bruise Susceptibility and Impact on Quality Parameters of Pears During Storage. Front. Sustain. Food
Syst. 2021, 5, 658132. [CrossRef]

26. Ortiz-Acosta, D.; Moore, T. Functional 3D Printed Polymeric Materials. Funct. Mater. 2019, 9, 1-5.

27. Wang, L].; Zhang, Q.; Song, H.; Wang, Z.W. Mechanical Damage of ‘Huangguan’ Pear Using Different Packaging under Random

Vibration. Postharvest Biol. Technol. 2022, 187, 111847. [CrossRef]


https://doi.org/10.3390/horticulturae7050113
https://doi.org/10.1080/10408398.2022.2078783
https://www.ncbi.nlm.nih.gov/pubmed/35647708
https://doi.org/10.1016/j.inpa.2016.12.003
https://doi.org/10.1007/978-981-99-7096-4_6
https://doi.org/10.1016/j.postharvbio.2013.12.009
https://doi.org/10.1016/j.postharvbio.2007.01.015
https://doi.org/10.1016/j.postharvbio.2019.02.013
https://doi.org/10.1016/j.biosystemseng.2018.06.015
https://doi.org/10.1016/j.postharvbio.2019.05.024
https://doi.org/10.1016/j.postharvbio.2023.112660
https://doi.org/10.1016/j.postharvbio.2022.112227
https://doi.org/10.1016/j.postharvbio.2017.01.015
https://doi.org/10.1016/j.postharvbio.2023.112565
https://doi.org/10.3390/horticulturae8030258
https://doi.org/10.3390/su141912644
https://doi.org/10.1080/10942912.2023.2261657
https://doi.org/10.1016/j.ijpe.2013.12.014
https://doi.org/10.1016/j.postharvbio.2015.11.017
https://doi.org/10.1007/s12161-021-02092-3
https://doi.org/10.3389/fpls.2023.1324152
https://www.ncbi.nlm.nih.gov/pubmed/38034568
https://doi.org/10.1002/fsn3.882
https://www.ncbi.nlm.nih.gov/pubmed/30680181
https://doi.org/10.1016/j.biosystemseng.2016.03.004
https://doi.org/10.3390/app14062490
https://doi.org/10.3389/fsufs.2021.658132
https://doi.org/10.1016/j.postharvbio.2022.111847

Appl. Sci. 2024, 14, 5936 19 of 19

28.

29.

30.

31.

32.

33.

34.

35.

36.

Garcia Mufioz, M.C.; Cardona, W.A.; Calvo Salamanca, A.M.; Espitia Gonzalez, ].J.; Bolafios Benavides, M.M. Packaging Design
Proposal Motivated by the Identification of Damages in Andean Blackberry (Rubus Glaucus Benth). Heliyon 2020, 6, e05300.
[CrossRef] [PubMed]

Ashby, M. Material Property Data for Engineering Materials—ANSYS Granta Edupack 2021; ANSYS: Canonsburg, CA, USA, 2021.
Ge-Zhang, S.; Song, M.; Huang, Z.; Li, M.; Mu, L. Comparison and Optimization: Research on the Structure of the PET Bottle
Bottom Based on the Finite Element Method. Polymers 2022, 14, 3174. [CrossRef] [PubMed]

El Magri, A.; El Mabrouk, K.; Vaudreuil, S.; Ebn Touhami, M. Experimental Investigation and Optimization of Printing Parameters
of 3D Printed Polyphenylene Sulfide through Response Surface Methodology. J. Appl. Polym. Sci. 2020, 138, 49625. [CrossRef]
Sahoo, P.; Barman, T.K. ANN Modelling of Fractal Dimension in Machining. Mechatron. Manuf. Eng. 2012, 159-226. [CrossRef]
Hallquist, ].O. LS-DYNA Theory Manual. Livermore Softw. Technol. Corp. 2006, 3, 25-31.

Gracida-Alvarez, U.R.; Xu, H.; Benavides, P.T.; Wang, M.; Hawkins, T.R. Circular Economy Sustainability Analysis Framework
for Plastics: Application for Poly (Ethylene Terephthalate) (PET). ACS Sustain. Chem. Eng. 2023, 11, 514-524. [CrossRef]

Del Nobile, M.A.; Licciardello, F.; Scrocco, C.; Muratore, G.; Zappa, M. Design of Plastic Packages for Minimally Processed Fruits.
J. Food Eng. 2007, 79, 217-224. [CrossRef]

Al Jassmi, H.; Al Najjar, F.; Mourad, A.-H.I. Large-Scale 3D Printing: The Way Forward. In Proceedings of the IOP Conference Series:
Materials Science and Engineering; IOP Publishing: Bristol, UK, 2018; Volume 324, p. 012088.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.heliyon.2020.e05300
https://www.ncbi.nlm.nih.gov/pubmed/33117903
https://doi.org/10.3390/polym14153174
https://www.ncbi.nlm.nih.gov/pubmed/35956687
https://doi.org/10.1002/app.49625
https://doi.org/10.1533/9780857095893.159
https://doi.org/10.1021/acssuschemeng.2c04626
https://doi.org/10.1016/j.jfoodeng.2006.01.062

	Introduction 
	Materials and Methods 
	Finite Element Modeling (FEM) 
	Innovative Packaging Design 
	Mesh Sensitivity Analysis 
	Response Surface Methodology 


	Results 
	FEM 
	Response Surface Methodology (RSM) 
	Optimal Design 

	Discussion 
	Conclusions 
	Appendix A
	References

