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A B S T R A C T

The design of high-performance cushioning structures plays a crucial role in preventing mechanical damage to 
apples during storage, handling and transportation. The impact test, microstructure observation and discrete 
element method were employed to assess the protective effect of pomelo peel on the damage resistance of apples. 
The results showed that the ’Red honey’ pomelo peel was more suitable as a packaging material than the 
’Shatian’ pomelo peel due to its thinner structure and comparable strain resistance. The mesocarp of the ’Red 
Honey’ pomelo exhibits a distinct reticular structure despite its reduced thickness. This architecture allows the 
peel to tolerate higher impact force (116.53 N) and elastic modulus (1.10 MPa), indicating that protective 
performance is governed by structural design rather than tissue bulk. Based on the cell structure and intercellular 
pore size characteristics of the pomelo mesocarp, a biological damage-resistant structure prediction model was 
developed. The results demonstrated that the predictive mathematical model exhibited a good fit (R²= 0.9003), 
with pomelo peel impact resistance prediction of 0.1766 ms. The factors influencing the damage resistance of the 
model’s structural blocks followed the order: loading velocity (V) > porosity (P) > block size (S). Pomelo peel 
offers a structural model for protective produce packaging.

1. Introduction

Apples represent one of the most widely consumed fruit crops 
globally, valued for their high nutritional content and palatability. They 
play a significant role in the agricultural economies of many nations, 
with an estimated global production of approximately 84 million metric 
tons. China leads apple production with around 48 million metric tons 
every year, followed by the European Union (11.01 million metric tons), 
the United States (4.89 million metric tons), and Turkey (4.15 million 
metric tons) (https://www.fas.usda.gov/data/production?comm 
odity=apples). However, their delicate skin and sensitive flesh make 
them highly susceptible to mechanical damage during storage and 
transportation, resulting in fruit deterioration and nutrient loss (Al-Dairi 
et al., 2021). Studies have shown that approximately 80 % of fruit losses 
occur during transportation (Jiao et al., 2021). In the context of express 
logistics, mechanical damage to fruit often arises from friction, 

collisions, and other interactions between the fruit and packaging 
structures (Yu et al., 2024). In our previous study, we found that the 
damage rate of apples during express transportation ranged from 9.09 % 
to 63.64 % (Keyhan et al., 2024; Yu et al., 2025). Throughout the 
shipping process, repeated compression, impacts, and friction forces 
exerted on the internal packaging materials can progressively weaken 
their structural integrity (Xu et al., 2024; dos Santos Lima et al., 2024)). 
This reduction in strength and subsequent plastic deformation ulti
mately diminishes the packaging’s ability to protect the fruit (Al-Dairi 
et al., 2022). Macroscopic failure of packaging materials typically occurs 
when the applied stress exceeds the material’s yield strength or fracture 
strength (Pisani et al., 2022). On a microscopic level, failure may result 
from alterations in the material’s crystalline structure, leading to a 
decline in its mechanical properties (Wang et al., 2022). These failure 
mechanisms are closely related to the distribution of compressive, 
impact, and vibrational forces experienced by the packaging structure 
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during transit (Zhu et al., 2024).
In the field of packaging structure research, Chen (2022) developed a 

vibration-damping packaging box for ’Hongmeiren’ mandarins by 
designing a collapsible plastic crate as the outer packaging. The crate 
was divided into two layers using polypropylene (PP) sheets, with each 
layer featuring a rigid plastic partition that created 24 individual com
partments for fruit placement, totaling 48 compartments. This design 
was tested under simulated express logistics conditions at 20 ◦C and 
90 % relative humidity (RH) for 3 h. Results showed that the damage 
rate of mandarins in the compartmentalized packaging was 5.56 %, 
which was 80 % lower than that of mandarins packed without internal 
partitions. Shirzad and Joodaky (2023) investigated the impact of cir
cular hole size and positioning on the buckling strength of corrugated 

cardboard. Their findings indicated that larger circular holes reduced 
the board’s buckling strength, whereas holes positioned closer to the 
horizontal edge improved buckling resistance. Garbowski et al. (2021)
demonstrated that increasing the basis weight of cardboard improved 
box strength. Moreover, when the openings were smaller and located 
near the center of the panel, the overall strength of the box was 
enhanced. Zhou et al. (2023) introduced a novel fiberboard structure 
that replaced the traditional three-layer corrugated design with an 
accordion-style isosceles trapezoidal structure. This innovative design 
exhibited a compressive strength of 0.853 MPa, surpassing the 
0.735 MPa achieved by conventional fiberboard. Furthermore, the new 
fiberboard’s elastic strength was approximately 35 % higher than that of 
traditional designs. Chaiwong et al. (2023) explored the use of natural 

Fig. 1. Experimental setup and procedures for evaluating pomelo peel-inspired fruit packaging. (A) Schematic diagram of the designed sliding-rail impact testing 
device; (B) Photograph of the actual impact tester; (C) Images of two pomelo cultivars: Shatian pomelo and Red honey pomelo; (D) Preparation of apple packaging 
using pomelo peel; (E) Apples and pomelo peel-wrapped apples placed on a vibration testing platform; (F) Free-fall impact tests of pomelo peel-wrapped apples from 
different heights.
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rubber latex foam nets (NRL-FN) reinforced with bamboo leaf fiber 
(BLF) for guava fruit packaging. Their results indicated that NRL-FN 
reduced vibration-induced bruising to less than 2.5 % of the fruit’s 
surface area. Notably, NRL-FN with a lower BLF content (2.5 %) 
exhibited superior cushioning performance, reducing bruising by 
approximately 42.5 % compared to unpackaged guavas. The NRL-FN’s 
performance was statistically comparable to that of commercial 
expanded polyethylene foam nets (EPE-FN). An et al. (2023) investi
gated the effect of expanded polyethylene (EPE) foam net thickness on 
strawberry damage. Their findings showed that for every 1 mm increase 
in EPE net diameter, the bruised volume and bruised volume percentage 
decreased by 33.7132 mm³ and 0.1814 %, respectively. Despite these 
advances, most existing studies focus on macroscopic packaging designs 
or materials for specific fruit types under limited testing conditions. Few 
investigations consider the fruit’s intrinsic microstructure, such as the 
cellular architecture and intercellular spaces, which play a critical role 
in impact resistance, which forms the basis of the present study.

In natural evolution, many plant fruit have developed unique 
morphological and physiological structures that exhibit remarkable 
mechanical performance allowing them to adapt and resist stresses such 
as those encountering during transit (Kishore et al., 2024). Inspired by 
these natural designs, various biological protective packaging materials 
have been employed to prevent fruit damage during storage and trans
portation. Among these, pomelo peel stands out by its distinct multi
layered architecture, consisting of the exocarp, mesocarp, and endocarp. 
The exocarp consists of densely packed cells containing waxy or oily 
substances, providing a protective outer barrier. The mesocarp, the 
thickest layer of the peel, features a soft, sponge-like structure composed 
of numerous pores and large cellular gaps. The endocarp is directly 
adjacent to the fruit pulp and is characterized by loosely arranged cells. 
This unique multilayer structure enables the pomelo peel to effectively 
mitigate mechanical stresses. When subjected to external forces, the 
exocarp offers structural support to minimize deformation, while the 
highly porous, sponge-like mesocarp converts compressive, impact, or 
vibrational forces into fiber deformation, effectively dissipating strain 
energy and preserving the fruit’s integrity (Yang et al., 2022b). Due to its 
exceptional impact energy dissipation capabilities, the pomelo peel 
structure has become an ideal model for developing biomimetic 
impact-damping materials (Gu et al., 2024). Hu et al. (2024) retained 
the three-dimensional structure of pomelo peel through chemical 
treatments and combined it with polyacrylamide hydrogel via hydrogen 
bonding to fabricate a pomelo peel-based hydrogel. This biomimetic 
structure, composed of microfibrous absorbent cotton and nanofibrous 
chitin, demonstrated impressive softness and elasticity, exhibiting only a 
12.25 % irreversible strain after 5000 compression cycles. In another 
study, Schäfer et al. (2020) employed finite element modeling to 
construct a biomimetic foam model inspired by pomelo peel. The results 
showed that when the internal porosity of the foam’s supporting pillars 
was 10 %, the maximum compressive strength reached 125 MPa. 
Additionally, Yang et al. (2022b) synthesized a composite hydrogel by in 
situ polymerizing polyacrylamide within the 3D network of delignified 
pomelo peel. Remarkably, the composite hydrogel achieved approxi
mately 2.5 times the compressive strength of conventional poly
acrylamide hydrogel despite the pomelo peel hydrogel accounting for 
only 1.3 % of the total mass.

Significant progress has been made by researchers worldwide in 
understanding the relationship between vibration-damping packaging 
and mechanical damage to fruit and vegetables, developing cushioning 
packaging materials, and designing pomelo peel-inspired packaging 
structures using finite element analysis (An et al., 2023; Hu et al., 2024; 
Yang et al., 2022a). In the field of biological pomelo peel packaging 
material development, most studies have focused on chemically fabri
cating materials that mimic the structural characteristics of the pomelo 
mesocarp, or constructing simplified and homogeneous pomelo peel 
structure models via finite element methods to investigate their 
compressive properties. However, in real-world scenarios, the failure of 

packaging materials during transport is rarely attributed to the break
down of a single structure; instead, it often results from the combined 
effects of multiple interacting structural components. Fresh pomelo peel 
was selected as the cushioning material because of its unique structural 
and mechanical characteristics. Fresh pomelo peel exhibits a natural 
reticulated porous architecture with intercellular spaces that provide 
excellent flexibility, resilience, and structural integrity. These features 
allow the peel to absorb and dissipate impact energy effectively, thereby 
reducing mechanical damage to the packaged fruit. Despite these 
promising insights, there remains a notable gap in research regarding 
the quantitative characterization of pomelo mesocarp cellular structures 
and pore dimensions for modeling purposes. Such detailed modeling is 
essential for developing biological packaging materials that can better 
withstand mechanical stresses during fruit transportation. Therefore, 
this study aims to address this gap by employing a discrete element 
model (DEM) to evaluate the damage resistance performance of pomelo 
mesocarp-inspired packaging structures.

2. Materials and methods

2.1. Determination of damage prevention ability and microstructure 
characteristics of pomelo peel

2.1.1. Design of impact test bed falling along slide rail
As illustrated in Fig. 1A, the force measurement apparatus primarily 

consists of a digital force gauge (Model: FGP-100; maximum measuring 
force: 1000 N; accuracy 0.1 N), a sliding block, a slide rail, and a fixed 
plate. The intermediate connecting plate, digital force gauge, and sliding 
block were securely fastened together using bolts to form an integrated 
movable unit. This integrated unit was then mounted onto the fixed 
plate to ensure stability during testing. To measure the impact force at 
different heights, the sliding block’s position was adjusted without 
moving the entire apparatus. After turning on the digital force gauge by 
pressing the "Power" button, the gauge was positioned 30 cm above a 
rigid surface and released to fall freely along the slide rail, striking the 
pomelo peel sample below it. Upon impact, the force gauge automati
cally recorded the maximum impact force during the drop. The peak 
force value was displayed by pressing the "Peak" button on the gauge 
screen.

2.1.2. Determination of impact damage resistance of pomelo peel
Five fresh, undamaged pomelos from each of the two varieties, 

’Shatian’ pomelo (Citrus maxima cv. Shatianyou) and ’Red honey’ 
pomelo (Citrus maxima cv. Hongxinmiyou) (Fig. 1C), were selected for 
the experiment. Pomelos with weight of 1.2–1.5 kg and 80 % maturity 
(’Red honey’ pomelo: yellow peel with slight green coloration and sol
uble solids content of 10–11 ◦Brix; ’Shatian’ pomelo: yellow-green peel, 
firm mesocarp texture, and a soluble solids content of 9–10 ◦Brix) were 
purchased from local supermarket (latitude 34.17 ◦N, longitude 108.04 
◦E). All fruit samples were sourced from the same batch. All samples 
were stored at 20 ± 1 ◦C and 60–70 % relative humidity for no more 
than 24 h before testing to preserve freshness and minimize moisture 
variation in the peel. To remove surface dust and other debris, the fruit 
peels were wiped clean using a damp paper towel. Each pomelo was then 
cut along its equatorial direction into rectangular pieces measuring 
40 × 25 mm. The prepared pomelo peel samples were placed on the 
fixed plate at the bottom of the impact testing device (Fig. 1B). The inner 
layer of the peel was positioned facing the fixed plate, while the outer 
layer faced the impact probe of the force gauge. This placement was 
designed to simulate the protective role of the pomelo peel in resisting 
sudden external impacts when surrounding the fruit pulp. After turning 
on the digital force gauge by pressing the "Power" button, the gauge was 
positioned 30 cm above a rigid surface and released to fall freely along 
the slide rail, striking the surface of the pomelo peel sample. The force 
gauge automatically recorded the peak impact force during the drop.
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2.1.3. Mechanical properties of pomelo pericarp
A fresh pomelo was carefully cut open using a sharp fruit knife, and 

the pulp was completely removed, leaving only the peel. To ensure 
consistent sample dimensions for mechanical testing, the outer and 
inner layers of the pomelo peel were carefully trimmed away, retaining 
only the middle layer. The middle peel was then cut into rectangular 
samples with a length-to-width ratio of 6:1. For uniformity across all test 
samples, each specimen was further trimmed to standardized di
mensions of 4 × 24 mm. The prepared middle peel samples were 
securely clamped between the upper and lower plates of a texture 
analyzer (Universal TA, Shanghai Tengba Instrument Technology Co., 
Ltd., China). The initial gap between the upper and lower tensile fixtures 
was set to 20 mm, and the tensile speed was maintained at 1 mm s− 1. 
After configuring the testing parameters, the tensile test was conducted, 
with the computer recording the force-displacement data in real time 
throughout the experiment. The mechanical properties of the pomelo 
peel, including fracture stress (σy), fracture strain (εy), and elastic 
modulus (E), were calculated by Eqs. (1), (2), and (3) (Yang et al., 2024). 

σy =
Fmax

A
(1) 

εy =
ΔL
L

(2) 

E =
σy

εy
(3) 

where, σy - fracture stress, MPa; Fmax - elastic peak force, N; A - cross- 
sectional area, mm2; εy - fracture strain, -; ΔL - change in sample 
length before and after test, mm; L - initial length of sample, mm; E - 
modulus of elasticity, MPa.

2.1.4. Microstructure characterization of pomelo peel
(1) Observation of pomelo peel structure using safranin-fast green 

staining method
Pomelo peel samples were cut into approximately 0.5 cm³ cubes 

using an R35 blade. The tissue samples were fixed in a 5 % formalin- 
acetic acid-ethanol (FAA) solution for 48 h. Following fixation, the 
samples were embedded in paraffin. The embedded pomelo peel sam
ples were sectioned into 2 μm-thick slices using a microtome (RM2016, 
Leica Instruments Co., Ltd., Shanghai, China). The prepared sections 
were stained in safranin dye for 1.5 h, followed by an 8 s differentiation 
step in ethanol. The sections were then immersed in a fast green stain for 
60 s and subsequently treated with absolute ethanol and xylene for 
5 min each. Finally, the stained sections were examined, and their 
morphological characteristics were captured using a microscope (CI-S, 
Nikon, Japan) (Chen et al., 2021).

(2) The pomelo peel structure was observed by electron microscope
Using a sharp blade, the pomelo peel samples prepared in Section 

2.1.2 were cut into 2 mm pieces then placed in a clean Petri dish. The 
Petri dish containing the samples was promptly placed at the center of 
an XY-axis precision stage, which had been pre-fixed above the light 
source of a Phenix XTL-165-VT stereomicroscope (Phenix Optical Co., 
Ltd., China). To capture the entire upper surface (equatorial cross- 
section) of the pomelo peel samples, the X-axis knob was rotated to 
move the stage left and right, while the Y-axis knob was adjusted to 
move the stage forward and backward. The microscopic features of the 
sample surface were continuously recorded using an MC-D500U/TP 
digital camera module (Liu et al., 2020).

(3) Extraction and scanning electron microscopy (SEM) observation 
of pomelo mesocarp fiber structure

Extraction of pomelo mesocarp fiber structure: Fresh pomelo meso
carp from ’Red honey’ pomelo was cut into 2 × 2 mm block samples 
using a sharp blade. The prepared mesocarp samples were placed in a 
beaker, and a 2 % sodium hypochlorite solution was adjusted to pH 4.6 
using hydrochloric acid. This solution was then added to the beaker 

containing the pomelo mesocarp samples. The mixture was subjected to 
an oil bath at 100 ◦C for 6 h to remove lignin. Following the oil bath 
treatment, the samples were immersed in a solution of deionized water 
and industrial ethanol (1:1 v/v) to wash away residual sodium hypo
chlorite and other chemicals. Next, the samples were soaked in an 8 % 
sodium hydroxide (NaOH) solution and subjected to an oil bath at 80 ◦C 
for 8 h to remove hemicellulose. Afterward, the samples were trans
ferred to a deionized water and ethanol solution (1:1 v/v) to eliminate 
excess NaOH and other residues. The cleaned samples were then 
centrifuged at 10742 g for 10 min. The resulting residue was dried in a 
30 ◦C oven to remove any remaining moisture, yielding pomelo meso
carp fiber powder (Gao et al., 2023).

Scanning electron microscopy (SEM) (TM3000, Hitachi, Japan) 
observation of pomelo mesocarp fiber structure: The obtained pomelo 
mesocarp fiber powder was affixed to a circular SEM sample stage using 
conductive adhesive tape. The sample was then placed in a vacuum 
sputter coater and coated with gold at 1 mA for 10 min. After sputter 
coating, the prepared sample was transferred to the SEM vacuum 
chamber. Image brightness, magnification, and other parameters were 
adjusted to capture clear images of the fiber structure using the scanning 
electron microscope.

2.2. Assessment of apple impact resistance using pomelo peel wrapping

To evaluate the impact resistance of apples wrapped in pomelo peel, 
five fresh apples and five fresh pomelos of uniform size, shape, and 
without mechanical damage were selected. Prior to wrapping, the 
weight of each apple (m) was recorded. The fresh pomelos were peeled, 
and the separated pomelo peels were used to wrap the apples. Trans
parent adhesive tape was employed to secure the peel around each apple 
(Fig. 1D). Once wrapped, the samples were subjected to free-fall drop 
tests from a consistent height onto a hard, rigid surface (Fig. 1F). 
Additionally, five unwrapped apples were tested under identical con
ditions as a control group (An et al., 2022). Both the wrapped and 
unwrapped apples were positioned at a fixed height above the rigid 
surface. The drop height at which visible damage occurred was recor
ded. The instantaneous velocity (v), impact energy (P), and maximum 
impact force (F) upon contact with the rigid surface were calculated 
using Eqs. (4), (5), and (6), respectively. The impact energy (P) was used 
as the primary indicator of the apple’s resistance to impact-induced 
damage. 

v2 = 2gh (4) 

P = mv (5) 

F = mg (6) 

where, v - instantaneous velocity, m s− 1; g - acceleration of gravity, 
9.8 m s− 2; h - drop height, m; P - impact energy, kg m s− 1; F - impact 
force, N.

2.3. Assessment of apple resistance to vibration-induced damage with 
pomelo peel wrapping

To evaluate the vibration resistance of apples wrapped in pomelo 
peel, 20 wrapped apples were evenly distributed into four PET bags, 
with five apples in each bag. One of these bags served as the control 
group and was not subjected to vibration testing. The remaining three 
bags were individually placed on a vibration test platform (Qingdao 
Rongle Technology Information Service Co., Ltd., Qingdao, China) and 
subjected to continuous vibration at a frequency of 3.5 Hz for 2 h 
(Dagdelen and Aday, 2021; Zhang et al., 2023). In addition, an elec
tronic apple (7602A8, Martin Lishman Ltd, UK) was wrapped in pomelo 
peel and used to measure the maximum acceleration (amax) experienced 
during vibration (Fig. 1E). Following the vibration test, the apples were 
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immediately inspected for damage, and the maximum impact force 
(Fmax) was calculated using Eq. (7). The maximum impact force expe
rienced during vibration was used as the key indicator of the apples’ 
resistance to vibration-induced damage. 

Fmax = mamax (7) 

where, Fmax - the maximum vibration force of apple, N; m - apple mass, 
kg; amax - the maximum acceleration experienced by the apple during 
vibration, g.

2.4. Establishment of a bionic model for pomelo mesocarp tissue blocks 
and evaluation of its damage resistance performance

2.4.1. Measurement of pomelo mesocarp cell and intercellular pore 
dimensions

A micrometer (range: 1 mm; precision: 0.01 mm) was placed at the 
center of the microscope stage. The microscope’s focus knob was 
adjusted to ensure the micrometer scale was aligned with the center of 
the microscope’s field of view and clearly visible. Images of the pomelo 
peel structure obtained from Section 2.1.4 were imported into the image 
analysis software "Phenix". The software’s calibration function was used 
to set the measurement scale, with the micrometer scale serving as the 
reference standard. The dimensions of the pomelo mesocarp cells and 
intercellular pores were measured using this calibrated scale. For each 
cell and intercellular pore, the major and minor axes were identified and 
measured. The major axis was defined as the longest diameter passing 
through the center of the cell or pore, while the minor axis 1 was defined 
as the shortest diameter in the same plane. Additionally, the side view’s 
minor axis (minor axis 2) was considered equivalent to minor axis 1, i.e., 
minor axis 1 = minor axis 2 (Zhang et al., 2022). The measured di
mensions of pomelo mesocarp cells and intercellular pores are presented 
in Table 1.

2.4.2. Establishment of a composite tissue block model for pomelo mesocarp 
cells and intercellular pores

First, based on the dimensional parameters of pomelo mesocarp cells 
and intercellular pores obtained in Section 2.4.1, several independent 
models of pomelo mesocarp cells and intercellular pores were con
structed using SolidWorks software (2022, Dassault Systèmes Americas 
Corp., USA). These independent models were then imported into EDEM 
software (2022, Dassault Systèmes Americas Corp., USA). Within EDEM, 
suitable solid particles were selected from the software’s particle shape 
library to automatically calculate and fill the independent models. The 
filled particle shapes were required to match the dimensions and ge
ometry of the imported models. If discrepancies occurred, adjustments 

were made by modifying the particle radius and spatial coordinates to 
improve the fit between the particles and the original models. The 
density, elastic modulus, and Poisson’s ratio of the cell and intercellular 
pore models were defined as 1.265 g cm-³ , 900 MPa, and 0.28, respec
tively (Yang et al., 2022a). Next, a cubic box (3 mm × 3 mm × 3 mm) 
was created in the software to generate the composite pomelo mesocarp 
tissue block model. The box size was adjustable to accommodate varying 
experimental parameters and was designed to aggregate and form a 
square block composed of multi-sized particles. A static virtual square 
(3 mm × 3 mm) was created on the upper plane of the cubic box and 
designated as the particle generator. The particle generation time was 
set to 0.0002 s. To simulate the interactions between adjacent cells and 
intercellular pore particles within the composite tissue block model, the 
static friction coefficient and dynamic friction coefficient were set to 0.3 
(Yang et al., 2022a). The Hertz-Mindlin with Bonding contact model was 
employed to define bonding interactions between neighboring cell 
particles, representing the cohesive behavior of the pomelo mesocarp 
tissue block structure (Shaikh et al., 2021).

2.4.3. Impact resistance analysis of the composite model of pomelo 
mesocarp cells and intercellular pores

A cylindrical object with a diameter of 0.6 mm was created on the 
upper plane of the established 3D pomelo mesocarp model to simulate 
vertical downward motion. The total operation time of the cylinder was 
set to 0.001 s, and the initial height between the cylinder and the tissue 
block model was defined as 0.3 mm. During the simulation, the cylinder 
was allowed to fall freely under gravitational acceleration (9.8 m s-²). 
After completing the setup, the simulation was initiated to analyze the 
impact resistance of the model. From the simulation results, the impact 
force-time relationship data were extracted. The model’s impact resis
tance capability was represented by the time span (Δt) from the moment 
the cylinder contacted the tissue block model to the moment the tissue 
block experienced the maximum force. A Box-Behnken central com
posite design in Design-Expert software was employed to design the 
experiment, with size, porosity, and velocity as the investigated factors. 
The experimental factor design table is shown in Table 2.

2.5. Data analysis

Analysis of variance and regression were performed using Design- 
Expert software, version 22.0 (IBM Inc., Chicago, IL, USA). Using 
Origin software, 2018 version (Origin Laboratories, Ltd., Northampton 
City, MA, USA) and GraphPad Prism software, Version 9.0 (GraphPad 
software Inc., San Diego, CA, USA) graphing.

3. Results and discussion

3.1. Analysis of impact damage resistance of pomelo peel

Fig. 2 illustrated the impact resistance capabilities of ’Shatian’ 
pomelo and ’Red honey’ pomelo peels. The peel thickness was measured 
before and after impact testing. As shown in Fig. 2A, the average peel 
thicknesses of ’Shatian’ pomelo and ’Red honey’ pomelo before impact 
were 9.55 mm and 3.97 mm, respectively. After impact, their average 
peel thickness was reduced to 2.26 mm and 1.34 mm, respectively, with 
a significant difference observed between the two varieties post-impact. 
The maximum force recorded by the force gauge during its drop onto the 
pomelo peels was defined as the indicator of impact resistance. The 

Table 1 
Cell and intercellular pore size of pericarp in pomelo.

No. Major axis (mm) Minor axis 1 (mm) Minor axis 2 (mm)

1 0.14 0.14 0.14
2 0.14 0.06 0.06
3 0.14 0.03 0.03
4 0.07 0.14 0.14
5 0.07 0.06 0.06
6 0.07 0.03 0.03
7 0.03 0.14 0.14
8 0.03 0.06 0.06
9 0.03 0.03 0.03
j1 0.35 0.33 0.33
j2 0.35 0.16 0.16
j3 0.19 0.33 0.33
j4 0.19 0.16 0.16
j5 0.19 0.07 0.07
j6 0.08 0.33 0.33
j7 0.08 0.16 0.16

Note: In the table, 1–9 indicates the cell size, and j1-j7 indicates the size of the 
intercellular pores.

Table 2 
Test factors and their respective levels.

Factors Level

S: Size/mm3 3 4 5
P: Poriness /% 25 35 45
V: Velocity / m s− 1 2 4 6
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Fig. 2. The impact damage resistance of ’Shatian’ pomelo and ’Red honey’ pomelo peel. (A): Mechanical parameters of two kinds of pomelo peel after impact, 
thickness (mm), impact force (N), and εy (-); (B): Surface damage patterns of two kinds of pomelo peel after impact.

Fig. 3. Microstructure of pomelo peel at different magnifications. (A): Scanned images of pomelo peel cross-sections after safranin-fast green staining; (B): 
Microstructural images of pomelo peel observed under scale bars of 200 μm; (C): SEM images of delignified and hemicellulose-removed middle pomelo peel with 
scale bars of 500 μm and 200 μm.
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maximum impact forces for ’Shatian’ pomelo and ’Red honey’ pomelo 
peels were 104.87 N and 116.53 N, respectively. These results indicate 
that, under the same drop height, the ’Shatian’ pomelo peel experienced 
less impact force compared to the ’Red honey’ pomelo peel. The relative 
strain values for ’Shatian’ pomelo and ’Red honey’ pomelo peels were 
0.76 and 0.66, respectively. This suggests that the ’Red honey’ pomelo 
peel exhibits superior energy dissipation characteristics, ductility, and 
flexibility under impact stress (Jentzsch et al., 2022). From the 
post-impact surface damage morphology shown in Fig. 2B, the ’Shatian’ 
pomelo peel exhibited less visible damage compared to the ’Red honey’ 
pomelo peel. This may be attributed to the greater thickness of the 
’Shatian’ pomelo peel, as thicker peels are generally more effective in 
dispersing impact forces (Thielen et al., 2013). These findings suggest 
that ’Shatian’ pomelo peels primarily rely on their thickness to dissipate 
impact forces, while ’Red honey’ pomelo peels utilize elastic deforma
tion for energy absorption. The superior flexibility of ’Red honey’ 
pomelo peels offers an advantage in environments requiring deforma
tion and recovery. Consequently, for applications involving complex 
shipping and handling conditions, ’Red honey’ pomelo peels may be a 
more suitable material for subsequent studies.

3.2. Microstructure of ’Red honey’ pomelo peel

Fig. 3 presented the microscopic images of pomelo peel observed 
under different magnifications. As shown in Figure 3A1, at a scale of 200 
μm, the cells located near the oil glands in the outer peel are elliptical in 
shape and tightly packed. Moving farther from the oil glands, the peel 
cells gradually transition from an elliptical to a more circular shape, 
with a noticeable decrease in cell packing density. As depicted in 
Figures 3A2 and 3A3, both mesocarp and inner peel cells exhibit irreg
ular elliptical shapes with relatively loose arrangements, characterized 
by numerous intercellular pore structures. The mesocarp cell arrange
ment is less compact compared to the inner peel cell arrangement. Under 
scale bars of 200 μm with electron microscope Figure 3B1 illustrates that 
the outer peel cells exhibit a distinctly denser structure. In contrast, 
Figures 3B2 and 3B3 showed that mesocarp and inner peel cells display a 
more open, reticulated arrangement, with the mesocarp structure being 
less compact than that of the inner peel. Following chemical treatments 
to remove lignin and hemicellulose, Figures 3C1 and 3C2 revealed that 
the mesocarp cell arrangement adopts a more intricate reticulated 
structure, with more pronounced size variations in the intercellular 
pores. The strong interfacial interactions induced by hydrogen bonding 
enable the mesocarp and outer peel layers to bond tightly together, 
providing a protective barrier that helps mitigate mechanical damage to 
the fruit pulp (Feng et al., 2025). Additionally, the removal of lignin and 
hemicellulose further exposes the porous structure between mesocarp 
cells, resulting in a highly porous, loose network that effectively absorbs 

impact energy (Lazarus et al., 2023). In combination with the impact 
resistance and strain performance of ’Red honey’ pomelo peel, a dense 
outer epidermis and a porous of ’Red honey’ pomelo peel, reticulated 
mesocarp synergistically confer both stiffness and energy dissipation 
capacity. Despite its reduced thickness, the peel exhibits higher impact 
force tolerance and elastic modulus, suggesting that its internal archi
tecture, rather than bulk alone, governs its macroscopic protective 
performance. This structure–function integration underscores the peel’s 
potential as a lightweight, deformable, and biodegradable material for 
next-generation bioinspired packaging.

3.3. The ability to resist vibration damage of the apple wrapped in the peel 
of the ’Red honey’ pomelo

As shown in Fig. 4A, the mechanical properties of two protective 
materials—pomelo peel and foam mesh sleeve—were compared in 
terms of stress (σy), strain (εy), and elastic modulus (E). For the ’Red 
Honey’ pomelo peel, the measured values were 0.27 MPa for σy, 0.25 for 
εy, and 1.10 MPa for E. In contrast, the foam mesh sleeve exhibited a σy 
of 0.28 MPa, an εy of 0.50, and an E of 0.57 MPa. While the yield stress 
values of the two materials were comparable, the pomelo peel demon
strated a significantly higher elastic modulus, indicating superior stiff
ness and resistance to stress-induced deformation. Although the foam 
mesh sleeve showed greater strain at yield, its lower elastic modulus 
suggests a softer structure with reduced rigidity and support capacity 
compared to pomelo peel. These findings highlight the mechanical ad
vantages of pomelo peel, supporting its potential as a bioinspired ma
terial for developing sustainable and biodegradable packaging 
alternatives that offer enhanced protection for perishable goods.

Fig. 4B presents a comparison of the vibration resistance levels of 
fresh apples with and without pomelo peel wrapping. Under identical 
vibration conditions, as expected, apples wrapped in pomelo peel 
experienced lower vibrational forces than unwrapped apples. Addi
tionally, the distribution range of vibrational forces was wider for 
unwrapped apples, indicating that they were more susceptible to me
chanical damage. Following prolonged vibration exposure, the surface 
of apples wrapped in pomelo peel remained intact, whereas the 
unwrapped apples showed severe tissue damage. The surface area of 
damaged unwrapped apples exceeded 95 %, with visible juice leakage 
from the affected areas. These findings demonstrate that pomelo peel 
wrapping provided substantial protection for apples, mitigating physical 
impact and reducing the extent of mechanical damage during trans
portation. The reduced vibrational force experienced by wrapped apples 
can be attributed to the mesocarp’s ability to uniformly absorb and 
distribute impact forces. Similar results were reported in a study on 
sustainable pomegranate packaging, where unwrapped pomegranates 
exhibited comparable vulnerability to mechanical damage (Mukama 

Fig. 4. Mechanical properties of ’Red honey’ pomelo peel and vibration resistance of apples wrapped in pomelo peel. (A): Mechanical properties of ’Red honey’ 
pomelo peel, σy (MPa), εy (-), and E (MPa) represent stress, strain, and elastic modulus, respectively; (B): Vibration resistance of apples wrapped in pomelo peel.
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et al., 2024).

3.4. The ability of fresh apples wrapped in the peel of the red pomelo to 
resist falling damage

Table 3 presents the drop impact resistance of apples wrapped in 
pomelo peel. The results show that apples wrapped in pomelo peel 
sustained significantly less damage compared to unwrapped apples 
during the drop test. The drop height at which damage first appeared 
was 3.2 ± 0.14 m for apples wrapped in pomelo peel, whereas 
unwrapped apples sustained damage at a significantly lower drop height 
of only 0.11 ± 0.02 m. This result highlights the protective effect of the 
pomelo peel on apples during impact events. The instantaneous velocity 
and impact energy recorded for apples wrapped in pomelo peel were 
7.92 ± 0.17 m s− 1 and 3.96 ± 0.09 kg m s− 1, respectively, while these 
values were significantly reduced for unwrapped apples, reaching only 
1.51 ± 0.11 m s− 1 and 0.34 ± 0.02 kg m s− 1, respectively. Regarding 
maximum impact force, apples wrapped in pomelo peel experienced a 
force of 4.90 ± 0.00 N, compared to 2.25 ± 0.00 N for unwrapped ap
ples. The increased instantaneous velocity and impact energy observed 
in wrapped apples can be attributed to their greater mass, resulting from 
the additional weight of the pomelo peel. A study by Li et al. (2023b)
reported that when Fuji apples were dropped from a height of 0.2 m 
onto a steel substrate, the resulting bruise area was approximately 
275 mm², and the bruise size increased as the drop height increased. 
Similarly, in static compression tests, Liu et al. (2022) found that Fuji 
apples subjected to a 2.3 mm downward compression after initial con
tact with a compression plate experienced elastic deformation without 
sustaining any damage. According to Słupska et al. (2021), a 3 mm thick 
polyethylene foam layer effectively protected apples from bruising when 
dropped from a height of 50 mm. The soft tissue structure of the pomelo 
mesocarp resembles foam material, demonstrating excellent energy 
absorption properties that help disperse impact energy during falls.

3.5. Verification of accuracy of discrete element model of fruit peel tissue 
block in ’Red honey’ pomelo

Fig. 5A presents the established structural model of the pomelo 
mesocarp, demonstrating the individual cells and intercellular pore 
structures in the pomelo mesocarp model are distinctly defined, effec
tively representing the structural characteristics of the pomelo meso
carp. The red box highlights prominent pore structures within the model 
material. The simulated compression force-deformation results for the 
mesocarp tissue block, alongside the corresponding experimental data, 
are shown in Fig. 5B. The percentage deformation of the mesocarp tissue 
block is defined as the ratio of the upper plate’s downward displacement 
to the initial height of the pomelo mesocarp discrete element model, 
expressed as a percentage. As shown in Fig. 5B, both the simulated 
compression force in the discrete element model and the measured force 
in the experimental compression test exhibited a similar trend, 
increasing gradually and non-linearly with increasing percentage 
deformation. The simulated compression force curve closely aligned 
with the experimental data range (represented by the shaded pink re
gion), with the upper plate compression force increasing from 0 N to 
1.37 N. This consistency between the simulation and experimental re
sults validates the reliability of the established pomelo mesocarp 
discrete element model shown in Fig. 5A. Consequently, this validated 
discrete element model can be effectively employed to predict the 
impact resistance of real pomelo mesocarp tissue. This aligns with 
findings reported by Li et al. (2023a), who successfully developed a 
tomato mesocarp tissue block model using a discrete element method 
based on tomato cell dimensions, which accurately predicted the rela
tionship between mesocarp elastic modulus and cell turgor pressure.

Table 3 
The ability of fresh apples wrapped in the peel of the red pomelo to resist falling damage.

Apple package situation Mass /g Fall height with damage /m Instantaneous velocity / m s− 1 Impact momentum/ kg m s− 1 Maximum impact force /N

Wrapped in pomelo peel 504.66 ± 7.13a 3.2 ± 0.14a 7.92 ± 0.17a 3.96 ± 0.09a 4.90 ± 0.00a

Unwrapped 236.93 ± 5.27b 0.11 ± 0.02b 1.51 ± 0.11b 0.34 ± 0.02b 2.25 ± 0.00b

Note: Different lowercase letters indicate significance, the significance level is 0.05.

Fig. 5. Compression resistance of the pomelo mesocarp discrete element model. (A): Discrete element model of the pomelo mesocarp block; (B): Compression force- 
deformation percentage curves from both experimental data and model simulation. The pink-shaded area represents the B-spline error band (mean ± standard 
deviation) of the compression force measured in three tests when the mesocarp block deformation reached 20 %.
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3.6. Impact resistance analysis of fruit peel tissue block with discrete 
element model

3.6.1. Effects of porosity, loading velocity and size on the damage resistance 
of tissue block models

Fig. 6 presents the impact resistance analysis of the pomelo mesocarp 
tissue block models. As shown in Fig. 6A, when the porosity and loading 
velocity were set at 25 % and 2 m s− 1, respectively, the maximum 
impact force and corresponding time for tissue block size with di
mensions of 3 mm³ , 4 mm³ , and 5 mm³ were 0.13 N and 0.25 ms, 
respectively. Notably, the time interval from the moment of initial force 
application to peak force did not exhibit significant differences among 
the three sizes. As illustrated in Fig. 6B, when the porosity and loading 
velocity were increased to 35 % and 4 m s− 1, respectively, the maximum 
impact force for models of different block sizes followed a similar trend 
to that observed in Fig. 6A. However, as depicted in Fig. 6C, this trend 
changed when the porosity and loading velocity were increased to 45 % 

and 6 m s− 1, respectively. Specifically, the tissue block model with a size 
of 4 mm³ exhibited a shorter time interval from force application to peak 
force. This deviation may be attributed to the random arrangement of 
particles during model generation, where a higher concentration of solid 
particles localized at the central region increased the material’s local 
density, resulting in a more compact internal structure and consequently 
a shorter time interval.

Fig. 6D shows that when the porosity and block size were set at 25 % 
and 3 mm³, respectively, the time intervals for tissue blocks subjected to 
loading velocity of 2 m s− 1, 4 m s− 1, and 6 m s− 1 varied significantly, 
with considerable differences between them. Fig. 6E (porosity 35 %, 
block size 4 mm³) and Fig. 6F (porosity 45 %, block size 6 mm³) both 
exhibit trends consistent with Fig. 6A, indicating that when porosity and 
block size remain constant, loading velocity has a significant influence 
on impact resistance. Higher loading velocity resulted in shorter time 
intervals from force application to peak force, demonstrating that faster 
loading velocity enhanced the material’s resistance to impact damage.

Fig. 6. Impact resistance of the pomelo mesocarp model blocks; S represents the model block size, V denotes the loading velocity, and P indicates the porosity; The 
horizontal axis shows the time (T) corresponding to the maximum impact force experienced by the model block. (A-C): Impact resistance of model blocks with 
varying sizes under porosity and loading velocity conditions of 25 % and 2 m s− 1, 35 % and 4 m s− 1, and 45 % and 6 m s− 1, respectively; (D-F): Impact resistance of 
model blocks with varying loading velocity under porosity and size conditions of 25 % and 3 mm³, 35 % and 4 mm³, and 45 % and 5 mm³ , respectively; (G-I): Impact 
resistance of model blocks with varying porosities under loading velocity and size conditions of 2 m s− 1 and 3 mm³ , 4 m s− 1 and 4 mm³, and 6 m s− 1 and 5 mm³, 
respectively.

J. Yu et al.                                                                                                                                                                                                                                       Food Packaging and Shelf Life 52 (2025) 101644 

9 



Fig. 6G shows that when the loading velocity and block size were set 
at 2 m s− 1 and 3 mm³, respectively, models with porosities of 25 %, 
35 %, and 45 % displayed notable differences in their respective time 
intervals. Fig. 6H (loading velocity 4 m s− 1, block size 4 mm³) and 
Fig. 6I (loading velocity 6 m s− 1, block size 5 mm³) reveal similar trends, 
reinforcing the observation that when loading velocity and block size 
are fixed, porosity significantly affects impact resistance. Models with 
lower porosity exhibited shorter time intervals from force application to 
peak force, indicating stronger resistance to damage. In contrast, higher 
porosity weakened the material’s overall strength, significantly 
reducing its load-bearing capacity. This reduction is attributed to 
decreased particle contact and increased stress concentration effects at 
higher porosity levels, as reported by (Li et al., 2019). These results 
indicate that a faster loading velocity corresponds to shorter time in
tervals to peak force, reflecting an improved impact resistance. Addi
tionally, lower-porosity models demonstrated superior resistance to 
impact damage, whereas higher porosity compromised materials 
strength by reducing their structural integrity and increasing suscepti
bility to stress concentration effects.

3.6.2. Prediction of damage resistance of pomelo pericarp
The pomelo pericarp model in Section 3.5 was used to establish a 

mathematical model to predict the damage resistance of real pomelo 
pericarp. The experimental design and results of this model are 

presented in Table 4. A multiple regression analysis was conducted using 
Design-Expert software, resulting in the following predictive regression 
equation: Y = 0.43639–0.01590 S + (2.82E-004) P + (9.2825E-003) V - 
(1.2475E-003) SP + (1.56676E-018) SV - (3.7625E-004) PV + 0.01854 
S2 + (1.1015E-004) P2 - (1.6275E-003) V2, in the equation, S, V and P 
respectively represent the block size (S), loading velocity (V) and 
porosity (P). The analysis of variance (ANOVA) results (Table 5) indi
cated that the model was statistically significant (P < 0.05) with an 
insignificant lack-of-fit term (P > 0.05), confirming the model’s validity. 
The coefficient of determination (R² = 0.9003) showed that the model 
explained 90.03 % of the variance, demonstrating a strong fit and high 
reliability. Thus, this regression model effectively predicts the impact 
resistance of the simulated tissue block. Based on the F-value compari
sons in Table 5, the relative influence of the factors on impact resistance 
was determined to follow the order: loading velocity (V) > porosity (P) 
> block size (S). Using the predictive equation, the calculated impact 
resistance of the tissue block model was 0.1766 ms, while the experi
mentally measured value was 0.1700 ms, yielding a relative error of 
3.88 %. The close agreement between the predicted and actual values 
further supports the model’s strong predictive capability. These findings 
align with the study by Zhang et al. (2019), which employed finite 
element modeling to construct a multilayer honeycomb structure based 
on the microstructure of pomelo peel. Their results showed that the 
multilayer honeycomb structure exhibited 2.5 times higher resistance to 
compressive stress compared to a conventional honeycomb structure. 
This consistency reinforces the crucial role of microstructural charac
teristics in cushioning performance. The established mathematical 
model offers valuable insights for developing bio-inspired pomelo peel 
packaging materials for practical applications. To further improve pre
diction accuracy, future studies could consider incorporating additional 
microstructural parameters such as cell wall thickness, pore 
morphology, and heterogeneity of porosity.

4. Conclusion

This study revealed that the impact resistance of pomelo peel is 
closely related to its thickness and microstructure. The peel thickness of 
’Shatian’ pomelo and ’Red honey’ pomelo was measured at 9.55 mm 
and 3.97 mm, respectively. Under identical impact conditions, the cor
responding impact forces experienced by the peels were 104.87 N and 
116.53 N, with corresponding strains of 0.76 and 0.66, respectively. The 
dense outer epidermis and porous, reticulated mesocarp of the ’Red 
Honey’ pomelo peel work synergistically to provide both stiffness and 
energy dissipation. Despite its relatively thin profile, the peel demon
strates superior impact tolerance and a higher elastic modulus, 

Table 4 
Response surface test scheme and results.

No. S /mm3 P /% V / m s− 1 Y /ms

1 3 35 2 0.2501
2 4 35 4 0.21
3 3 35 6 0.19
4 3 45 4 0.28
5 5 35 6 0.17
6 5 25 4 0.2001
7 4 35 4 0.2001
8 3 25 4 0.2001
9 4 35 4 0.19
10 4 35 4 0.2
11 4 45 6 0.1599
12 4 35 4 0.19
13 5 45 4 0.2301
14 4 25 6 0.17
15 5 35 2 0.2301
16 4 45 2 0.2501
17 4 25 2 0.2301

Note: S, P, V, and Y in the table indicate tissue block size, porosity, loading 
velocity, and damage resistance, respectively.

Table 5 
Analysis of variance and significance test of regression equation.

Source Sum of squares df Mean square F value p-value Significance

Model 0.015 9 1.662E− 003 7.02 0.0088 significant
S 1.010E− 003 1 1.010E− 003 4.27 0.0776 ​
P 1.794E− 003 1 1.794E− 003 7.58 0.0283 *
V 9.146E− 003 1 9.146E− 003 38.66 0.0004 **
SP 6.225E− 004 1 6.225E− 004 2.63 0.1488 ​
SV 0.000 1 0.000 0.000 1.0000 ​
PV 2.265E− 004 1 2.265E− 004 0.96 0.3604 ​
S2 1.447E− 003 1 1.447E− 003 6.12 0.0426 *
P2 5.109E− 004 1 5.109E− 004 2.16 0.1851 ​
V2 1.784E− 004 1 1.784E− 004 0.75 0.4139 ​
Residual 1.656E− 003 7 2.366E− 004 ​
Lack of fit 1.376E− 003 3 4.585E− 004 6.54 0.0506 ​
Pure error 2.804E− 004 4 7.010E− 005 ​
Cor total 0.017 16 ​ ​

R2= 0.9003
Y prediction = 0.1766; Y actual= 0.1700

Note: S, P, V, and Y in the table indicate tissue block size, porosity, loading velocity, and damage resistance, respectively. Asterisks denote statistical significance of the 
differences (* = P < 0.05, ** = P < 0.01).
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indicating that its protective performance is primarily dictated by in
ternal architecture rather than bulk. This structure–function synergy 
highlights the peel’s potential as a lightweight, deformable, and biode
gradable material for next-generation bioinspired packaging solutions. 
The discrete element model (DEM) established to simulate the mesocarp 
structure (with R²= 0.9003) demonstrated strong predictive accuracy, 
with pomelo peel impact resistance prediction of 0.1766 ms. The pri
mary factors influencing the impact resistance of the mesocarp model 
were loading velocity (V) > porosity (P) > block size (S). Simulation 
results demonstrated that mesocarp cells and their porous structure 
could effectively deform and absorb energy during impact, further 
confirming that apples wrapped in pomelo peel exhibited enhanced 
protection during storage and transportation. Our findings inspire a 
multilayer cushion design that mimics the peel’s hierarchical structure, 
combining a rigid outer layer with a porous mesocarp-like layer for 
synergistic load resistance and energy dissipation. Future cushioning 
materials can be designed by mimicking the peel’s porous and deform
able architecture to achieve efficient energy absorption and mechanical 
protection. These results may facilitate the development of stable, 
biodegradable, and scalable cushioning materials for fruit trans
portation and other sustainable packaging applications.
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