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Abstract: Amid global efforts to mitigate carbon emissions and plastic pollution, the fruit packaging industry
urgently seeks renewable and biodegradable alternatives to conventional petroleum-based materials. Although
low-density polyethylene (LDPE) films and polypropylene (PP) trays possess excellent moisture resistance and
structural stability, they lack biodegradability. Conversely, while corrugated cardboard and molded pulp are
biodegradable, their structural integrity significantly degrades under high-humidity conditions, limiting their utility
in cold-chain logistics. This study prepared and evaluated bamboo powder/PBAT/PLA composites for fruit
packaging applications. Four bamboo powder particle sizes (60, 200, 400, and 800 mesh) were investigated
under identical formulation conditions. The results revealed that particle size exerts a significant influence on
the mechanical properties of the composites. Among the experimental groups, the 400-mesh bamboo powder-
reinforced composite exhibited the optimal overall performance, characterized by a tensile strength of 26.30 +
1.30 MPa, elongation at break of 16.20 + 2.00%, flexural strength of 40.10 + 3.10 MPa, flexural modulus of 3.00
+ 0.20 GPa, and impact strength of 13.80 + 1.30 kl/m?. Compared to the 60-mesh group, the 400-mesh
composite showed markedly improved tensile and flexural properties, indicating superior filler dispersion and
interfacial compatibility within the polymer matrix. Based on the material performance data and the structural
requirements for fruit packaging in China and Thailand, a “material parameters—structural functions—application
pathways” framework was established. The analysis indicates that the composite has significant potential for
tray supports and cushioning liners, whereas its application in external packaging structures necessitates further
validation through compression and moisture-resistance testing. This study provides both experimental and

application-oriented support for the development of low-carbon and biodegradable fruit packaging materials.
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1. Introduction display, and cold-chain storage [2]. At the same time,

Driven by the global transition toward low-carbon
development and the urgent need to reduce plastic
pollution, the ecological transformation of packaging
materials has become an important direction in
sustainable industrial innovation [1], [3]. Fruit packaging
is a high-consumption and fast-tumover packaging
category, and it must provide sufficient load-bearing
Capacity, cushioning protection, and environmental

adaptability during transportation, stacking, retail

packaging systems are increasingly expected to reduce

environmental  impact  through  recyclability,
biodegradability, and the use of renewable biomass
resources [3].

At present, petroleum-based plastics such as low-
density polyethylene (LDPE) films and polypropylene
(PP) trays are widely used in fruit packaging because of
their excellent moisture resistance, structural stability,

and preservation performance [1], [2]. However, these
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materials are non-biodegradable and create long-term
environmental burdens after disposal [1]. In contrast,
fiber-based materials such as corrugated cardboard
and molded pulp have clear environmental

advantages because they are recyclable or
biodegradable [4], [11]. Nevertheless, these materials
are sensitive to moisture and may lose structural
integrity under high-humidity or cold-chain conditions
[2], [11]. Therefore, a major challenge in fruit packaging
is to develop materials that can balance mechanical
protection, moisture resistance, and environmental
sustainability [2], [3].

Among renewable biomass resources, bamboo
has attracted increasing attention because of its rapid
growth, wide availability, and high renewability [3], [14].
Bamboo powder can be used as a natural filler in
biodegradable polymer matrices to improve stiffness
and structural  performance  while  reducing
dependence on petroleum-based materials [5], [6],
[7], [8], [12]. Recent studies on bamboo-based or
natural fiber-reinforced composites have mainly
focused on material composition, interfacial
compatibility, and basic mechanical properties [5], [6],
[7], [8], while studies on sustainable packaging have
emphasized biodegradability, environmental trends,
and material substitution [3], [4], [12]. In parallel,
research on fruit packaging has highlighted the need
for structural protection, cushioning performance, and
compatibility with cold-chain logistics [2], [9]. However,
existing studies still show three limitations. First, there
is a lack of systematic comparison of bamboo powder
particle size effects on the overall mechanical
performance of biodegradable composites [5], [6], [7],
[8]. Second, limited research has linked composite test

results directly with the structural requirements of

specific fruit packaging systems [2], [9]. Third, few

studies have integrated material performance,
packaging structure, and application pathways into a
unified analysis for practical packaging design [2], [12].

To address these gaps, this study investigates the
performance  and  application  of  bamboo
powder/PBAT/PLA composites in fruit packaging.
Bamboo powder with particle sizes of 60, 200, 400,
and 800 mesh was incorporated into the same
formulation system, and the effects of particle size on
particle characteristics and mechanical properties
were analyzed. On this basis, representative fruit
packaging cases from China and Thailand were
examined to identify the functional requirements of
different packaging structures, including tray supports,
cushioning liners, and outer packaging components. A
“material parameters—structural functions—application
pathways” framework was then established to
connect composite performance with  packaging
application needs.

The main contributions of this study are as follows.
First, it systematically compares the effects of
bamboo powder particle size on the mechanical
performance of biodegradable composites. Second, it
relates material test results to the functional
requirements of fruit packaging structures. Third, it
proposes application pathways and optimization
directions for using bamboo powder composites in
fruit packaging. Through this combination of material
testing and application analysis, the study provides
experimental and design-oriented support for the
development of low-carbon and biodegradable fruit

packaging materials.
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2. Research Objectives

The primary objectives of this study were to
evaluate  the  performance  of  bamboo
powder/PBAT/PLA composites with diverse bamboo
powder particle sizes and to examine their
applicability in fruit packaging systems. The specific
research objectives were as follows:

2.1 To compare the effects of varying bamboo
powder particle sizes on the physical and mechanical
properties of bamboo powder/PBAT/PLA composites.
2.2 To analyze the correlation between the material
performance of the composites and the functional
requirements of fruit packaging, encompassing load-
bearing and

cushioning  protection,

capacity,
environmental adaptability. 23 To evaluate the
application feasibility and structural compatibility of
bamboo powder composites within representative
fruit packaging components, such as tray supports,
cushioning liners, and outer packaging structures. 2.4
To propose application pathways and optimization
strategies for the implementation of bamboo powder

composites in low-carbon and biodegradable fruit

packaging.

3. Scope of Research

3.1 Content Scope
3.1.1 Packaging Application and Market
Scope This study investigates the contemporary
utilization of fruit packaging materials and structures to
identify practical application requirements  for
bamboo powder-based composites. The scope

encompasses:

1) Analysis of commonly utilized fruit

packaging materials in contemporary markets;

2) Evaluation of representative
packaging structures and their respective performance
characteristics;

3) Investigation of representative fruit
packaging cases to identify the functional limitations
of conventional materials;

4) Analysis of the application potential
of bamboo powder composites within fruit packaging
systems.

3.1.2 Material and Performance Scope This
study focuses on the material characteristics and
performance  of bamboo  powder/PBAT/PLA
composites conceming fruit packaging applications.
The scope includes:

1) Review of existing research on
bamboo powder composites and environmentally
responsible packaging materials;

2) Preparaton and formulation of
bamboo powder/PBAT/PLA composite materials with
varying bamboo powder particle sizes;

3) Characterization of particle size
distribution and the specific surface area of bamboo
powder,

4) Evaluation of the mechanical
properties of the composites following processing and
film formation.

This scope delineates the research
boundaries from both material and application
perspectives. The study concentrates on the effects of
bamboo powder particle size on composite
performance and the correlation between material
properties and fruit packaging requirements. Primary

emphasis is placed on performance testing, structural

matching, and application analysis, rather than on
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large-scale  industrial  production or long-term
commercial validation.

3.2 Research Approach This study examines the
performance  and  application  of  bamboo
powder/PBAT/PLA composites in fruit packaging using
a  “material  parameters—structural  functions—
application pathways” framework. Initially, bamboo
powder of varying particle sizes was incorporated into
a standardized formulation system to evaluate the
influence of particle size on particle characteristics,
interfacial interactions, and mechanical performance.
This step served to identify the particle size range
yielding the most favorable reinforcement effect.

Subsequently, the structural requirements for
fruit packaging were analyzed, encompassing load-
bearing

cushioning performance,

capacity,
compression resistance,  and environmental
adaptability during transportation, stacking, and cold-
chain conditions. Representative fruit packaging cases
from China and Thailand were examined to identify
the primary limitations of conventional packaging
materials, specifically the poor moisture resistance of
fiber-based materials and the environmental impact
of petroleum-based plastics. Finally, the material test
results were aligned with the structural requirements
of diverse fruit packaging components, such as tray
supports, cushioning liners, and outer packaging
structures, to evaluate application feasibility and
propose practical pathways for bamboo powder
composites. This comprehensive approach integrates
material performance evaluation with packaging
application analysis, providing a technical foundation

for developing low-carbon and biodegradable fruit

packaging materials

4. Research Methods

4.1 Research Type and Approach This study
employs a combination of material performance
testing and application-oriented analysis to evaluate
the

potential of bamboo  powder/PBAT/PLA

composites  for fruit packaging. The research
synthesizes material characterization, mechanical
property evaluation, literature review, and market
case analysis. Utilizing the “material parameters—
structural functions—application pathways”
framework, the study examines the effects of bamboo
powder particle size on composite performance and
further correlates the test results with the functional
requirements of fruit packaging, emphasizing structural
protection, cushioning behavior, and environmental
adaptability.  This both

approach  provides

experimental  support and  application-oriented
interpretation for the development of low-carbon and
biodegradable fruit packaging materials.
4.2 Research Steps
4.2.1 Literature Collection and Theoretical
intemational and domestic

Analysis Relevant

literature  on  bamboo powder composites,
biodegradable polymers, environmentally responsible
packaging materials, and fruit packaging systems was
reviewed. This step was conducted to identify the key
material properties required for packaging applications
and to establish the theoretical foundation for
subsequent material evaluation and application
analysis.
422 and

Material Preparation

Performance Parameter Collection Bamboo
powder/PBAT/PLA composites with varying bamboo
powder particle sizes were prepared under identical

formulation conditions. The particle size distribution,
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specific surface area, and mechanical properties of the
composites were then collected and organized for
comparative analysis. Concurrently, the renewable
and biodegradable characteristics of the composite
system were considered to support the
environmental evaluation of the material.

4.2.3 Analysis of Structural Requirements
for Fruit Packaging The functional requirements of
fruit packaging were analyzed from the perspectives
of transportation, stacking, retail display, and cold-
chain storage. Significant emphasis was placed on
load-bearing

compression  resistance,

capacity,
cushioning  performance, and  environmental
adaptability to ensure that the technical demands of
various packaging components could be clearly
identified.

4.2.4 Matching Analysis between Material
Properties and Packaging Requirements The
physical and mechanical properties of the composites
were compared with the structural requirements of
fruit packaging. This matching analysis was conducted
to evaluate the suitability of bamboo powder-based
composites  for various packaging components,
including tray supports, cushioning liners, and outer
packaging structures.

42,5 Application Feasibility Analysis
Utilizing the material performance results and the
structural matching analysis, the application potential
of bamboo powder composites in fruit packaging was
evaluated. This stage focused on mechanical
performance, processing adaptability, environmental
attributes, and practical application limitations to
propose  suitable application pathways for the

material.

4.3 Data Sources and Analytical Methodology
4.3.1 Data Sources The data utilized in this

study were derived from three primary sources. First,
experimental data were obtained from bamboo
powder/PBAT/PLA  composites,  encompassing
formulation composition, particle size distribution,
specific surface area, and mechanical properties.
These data served to evaluate the influence of
bamboo  powder

particle size on composite

performance. Four particle-size  groups  were
investigated under identical formulation conditions;
the detailed formulation design is presented in Table
2. Second, the data comprised representative fruit
packaging cases observed in wholesale and retail
markets in China and Thailand. These cases were
utilized to identify common packaging structures,
material  limitations, and  practical  functional
requirements for fruit packaging applications. Typical
cases included apple, persimmon, mango, and
blueberry packaging systems, reflecting variations in
load-bearing,  cushioning, retail display, and
environmental responsibility requirements. Third, the
data included published academic literature and
industry reports conceming biodegradable materials,
fruit packaging, molded fiber packaging, and bamboo-
based alteratives. These references supported the
interpretation of material performance,
environmental advantages, and application trends in
environmentally responsible packaging.

432 Analytical Methods This study
employs comparative analysis, structural-functional
matching, and application-oriented  evaluation.
Initially, the effects of bamboo powder particle size on
particle characteristics and mechanical properties

were compared across the four experimental groups.
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Subsequently, the test results were aligned with the
functional requirements of fruit packaging structures.
Finally, the feasibility of applying bamboo powder
composites to diverse packaging components was
evaluated by considering structural performance,
processing  characteristics, and  environmental
attributes within the proposed “material parameters—
structural functions—application pathways”
framework. This analytical process was designed to
connect material testing with practical packaging
application analysis.
4.4 Experimental Methods

441 Chemical Properties of Matrix

Materials and Additives To facilitate formulation

design and the selection of processing parameters, the

chemical and thermal properties of the matrix
materials and additives were evaluated. In this

composite  system, poly (butylene adipate-co-
terephthalate) (PBAT) and polylactic acid (PLA) were
utilized as the biodegradable polymer matrix, while
KH570 and ethylene bis-stearamide (EBS) served as
the silane coupling agent and processing additive,
respectively. PBAT primarily contributed flexibility,
whereas PLA provided rigidity and dimensional
stability. KH570 improved interfacial adhesion
between the bamboo powder and the polymer
matrix, and EBS enhanced melt flowability during
processing. The chemical formulas, molecular
weights, glass transition temperatures, and melting

points of these materials are summarized in Table 1.

Table.1: Chemical Properties of Base Materials and Additives

Material Chemical Formula  Molecular Weight (g/mol) Glass Transition Temperature (°C) Melting Point (°C)
PBAT (C,H,0), 25,000-35,000 -30~-20 110-120
PLA (CH,0,), 50,000-200,000 55-65 150-180
KH570 (Silane) CoHpOsSi 236.34 — 217
EBS (stearamide) CaHN,O, 5930 — 140-145
442 Formulation Composition of powder with particle sizes of 60, 200, 400, and 800

Experimental Groups with Varying Particle Sizes
To investigate the influence of bamboo powder
particle size on composite performance, four

experimental groups were established using bamboo

mesh. Across all groups, particle size served as the
solitary variable, while the formulation composition
was maintained constant. The detailed formulation

for each experimental group is presented in Table 2.

Table.2: Formulation Composition of Experimental Groups with Different Bamboo Powder Particle Sizes

Bamboo Powder Particle Bamboo PBAT  PLA KH57 EBS
Group Total mass(kg)
Size (Mesh) Powder (%) (%) (%)  0(%) (%)
1 60 150 250 580 1.0 1.0 1.50
2 200 150 250 580 1.0 1.0 1.50
3 400 150 250 580 1.0 1.0 1.50
4 800 150 250 580 1.0 1.0 1.50
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5. Research Findings and Analysis
5.1 Market Analysis of Fruit Packaging Materials
5.1.1 Common Fruit Packaging Material
Types and Performance Characteristics Common
fruit packaging materials in contemporary markets
primarily consist of petroleum-based plastics and
fiber-based materials. Among these, low-density
polyethylene (LDPE) and polypropylene (PP) are
widely utilized due to their superior toughness, rigidity,
and moisture resistance, rendering them suitable for
plastic bags, fresh-keeping films, and rigid trays.
However, these materials are non-biodegradable and

are associated with a significant environmental burden

following disposal. Conversely, corrugated cardboard
and molded pulp offer distinct environmental
advantages as they are recyclable or biodegradable.
Corrugated cardboard is frequently utilized for outer
packaging due to its compressive strength, whereas
molded pulp is commonly used for fruit trays due to
its cushioning performance. Nevertheless, molded
pulp exhibits poor moisture resistance and tends to
soften under humid conditions, which restricts its
reliability in cold-chain logistics and storage. The
primary characteristics of these common materials are

summarized in Table 3.

Table.3: Comparison of Common Fruit Packaging Materials and Their Performance Characteristics

Material Type Main Key Structural Moisture Environmental Typical Application
Composition Performance Resistance Attributes Forms
Characteristics
Low-Density Petroleum- Good impact Excellent Non-biodegradable; Plastic bags; fresh-
Polyethylene based plastic resistance and high moisture high carbon emissions  keeping films
(LDPE) toughness resistance
Polypropylene Petroleum- Relatively high rigidity ~ Excellent Non-biodegradable Plastic trays
(PP) based plastic and impact resistance  moisture
resistance
Corrugated Pulp filber Good compressive Moderate Recyclable Outer packaging
Cardboard strength moisture boxes
resistance
Molded Pulp Plant fiber Good cushioning Easily absorbs Biodegradable Fruit trays
performance moisture
Overall, existing fruit packaging materials moisture and varied operating conditions. This

continue to exhibit a distinct trade-off between
structural performance and long-term environmental
responsibility. Petroleum-based plastics demonstrate
superior moisture protection and structural stability,
offer enhanced

whereas fiber-based materials

environmental profiles but remain susceptible to

limitation underscores the difficulty in identifying a
singular packaging material that concurrently meets
requirements for protection, moisture resistance, and
environmental responsibility. Figure 1 illustrates
representative examples of these common fruit

packaging materials observed in contemporary market.
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() Corrugated transport carton

(d) Molded pulp tray

Figurel: Representative fruit packaging materials observed in current markets

Source: Field survey conducted by the author.

5.1.2 Analysis of Common Fruit Packaging
Structures and Functional Issues Representative fruit
packaging structures in contemporary markets exhibit
distinct differences based on fruit characteristics,
transport conditions, and retail requirements Apples are
commonly packaged in corrugated cartons combined
with polyethylene (PE) or polypropylene (PP) mesh
sleeves and partition boards This structure is cost-
effective and facilitates stacking; however, it possesses
limited moisture resistance and is susceptible to

deformation under compression during transportation

Persimmons are frequently packed in polyethylene
terephthalate  (PET) clamshell containers, which
provide superior product visibility and display
performance, yet their environmental impact remains
relatively high due to their non-biodegradable nature
Mangoes are often transported in  expanded
polystyrene (EPS) foam boxes, which offer substantial
cushioning protection but are difficult to recycle and
occupy a relatively large volume Blueberries are
typically sold in transparent plastic cups or hinged

containers, which are suitable for retail display but have
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limited structural strength and involve high plastic

consumption The primary characteristics and functional

issues of these common packaging structures are

summarized in Table 4

Table.4: Comparison of Common Fruit Packaging Structures and Functional Issues

Fruit Type  Packaging Material Structural Form

Functional Advantages

Existing Problems

Apple  Corrugated cardboard + Box body + mesh sleeve Low cost; easy stacking

PE/PP mesh sleeve + partition board

Insufficient moisture resistance; easily

deformed under compression

Persimmon PET plastic box Clamshell tray/box

Good product visibility

Non-biodegradable; relatively high

and display performance environmental burden

Mango  EPS foam box Integral cushioned box  Strong cushioning Difficult to recycle; bulky volume
structure performance
Blueberry Transparent plastic cup Clamshell cup-type Convenient for retail Limited structural strength; high plastic
container display consumption

These cases indicate that contemporary fruit
packaging systems continue to encounter a common
challenge: packaging structures that exhibit superior
performance in cushioning, display, or stacking
frequently depend on petroleum-based or non-
recyclable materials, whereas environmentally
responsible alternatives are often constrained by

moisture sensitivity or insufficient structural stability.

Consequently, the development of alternative

materials necessitates not only environmental
benefits but also compatibility with the specific
structural and  functional requirements of fruit
packaging Figure 2 illustrates representative fruit

packaging structures observed in wholesale and retail

markets in China and Thailand.

(a) Apple — Corrugated carton with PE/PP foam net (b) Persimmon — PET clamshell container
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(c) Mango in EPS cushioning box

(d) Blueberry in transparent hinged plastic cup

Figure 2: Representative fruit packaging structures observed in wholesale and retail markets

Source: Field survey conducted by the author

5.2 Regional Development Trends of Bamboo-
Based Packaging Materials Figure 3 ilustrates that
molded fiber packaging activity is primarily concentratedin
the Asia-Padific region, followed by North America and
Europe [13] Although these data do not directly represent
the exact market size of bamboo powder composites,
they provide a valuable reference for understanding
regional development trends in biomass-based packaging
materials Recent studies also indicate that food packaging
materials are gradually shifting from conventional wood
pulp to non-wood biomass fibers, such as bagasse, wheat
straw, and bamboo Alongside improvements in pulping
and thermoformning technologies, this trend underscores
the growing application potential of bamboo-based
materials in fruit packaging However, their actual suitability
necessitates further evaluation in conjunction with
material performance, processing behavior, and packaging

functional requirements.

Other regions

Europe

Asia-Pacific

North America

Figure 3: Regional market share distribution of

molded fiber packaging

5.3 Fabrication and Performance Analysis of
Bamboo Powder Composites
53.1 Bamboo Powder Particle Size
Distribution and Specific Surface Area The particle
size distribution and specific surface area of bamboo
powder are important factors affecting filler dispersion,
interfadial contact, and the mechanical performance of
the composites. As shown in Table 5, the particle size
decreased progressively with increasing mesh number,
while the specific surface area increased accordingly.

For example, the D50 value decreased from 250.0 Im

at 60 mesh to 38.0 m at 400 mesh and 18.0 lm at
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800 mesh, while the specific surface area increased
from 210 m%g to 1820 m%g and 3570 m¥fs,
respectively. These results indicate that finer bamboo
powder provides a larger contact area with the polymer
matrix, which is beneficial for interfacial interaction.
However, the Span value also increased from 0.68 to

1.50 as the particle size became finer, suggesting a

broader particle size distribution and a higher possibility
of agglomeration and processing instability. Therefore,
particle refinement can improve the reinforcement
potential of bamboo powder, but excessively fine
particles may also create dispersion and processing
challenges. The detailed particle size distribution and

specific surface area data are summarized in Table 5.

Table. 5: Statistics on Bamboo Powder Particle Size Distribution and Specific Surface Area

Bamboo powder particle D10(Hm) D50(pim) D90(Hm) Span Specific surface area(m?2/g)
size (mesh)
60 180.0 250.0 350.0 0.68 2.10
200 450 750 120.0 1.00 8.50
400 200 380 65.0 1.18 18.20
800 8.0 18.0 350 1.50 35.70

5.3.2 Mechanical Properties Analysis Figure 4
illustrates that bamboo powder particle size exerted a
significant influence on the mechanical properties of the
composites. The overall performance demonstrated an
upward trend from 60 mesh to 400 mesh, followed by a
decline at 800 mesh. Among the evaluated experimental
groups, the 400-mesh composite exhibited the optimal
overall performance, characterized by a tensile strength of

26.30 + 1.30 MPa, a flexural strength of 40.10 + 3.10 MPa,

and an impact strength of 13.80 + 1.30 kJ/m?. Conversely,
both the 60-mesh and 800-mesh groups displayed inferior
mechanical performance. This result indicates that the
400-mesh bamboo powder provided a superior balance
between filler dispersion and interfacial reinforcement,
whereas excessively coarse or excessively fine particles
proved less effective. These findings provide a technical
foundation for the subsequent evaluation of the material

for fruit packaging applications.

Mechanical Properties of Bamboo Powder Composite Materials at Different Particle Sizes

a0 |

35

W
(=]
1

N
n
1

Mechanical Property Value
N
(=}

-
w

~ —®— Tensile Strength (MPa)
T — —m— Flexural Strength (MPa)
—— —a#— Impact Strength (kJ/m2)

60

200

400

800

Bamboo Powder Particle Size (mesh)

Figure 4: Mechanical Properties of Bamboo Powder Composite Materials at Different Particle Sizes
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5.3.3 Images Related to the Experimental
Process Figure 5 illustrates representative images
depicting the preparation and processing stages of the
bamboo powder composites, encompassing material
handling, masterbatch preparation, and hot-melt film

formation These images provide visual documentation

of the fabrication procedure, demonstrating the
processability of the composite materials under the
designated experimental conditions Nevertheless,
these wvisuals primarily serve as procedural
documentation and do not inherently constitute a

comprehensive validation of packaging performance.

Figure 5: Representative images of bamboo powder composite masterbatch preparation and hot-melt film

formation.

Source: Experimental photographs taken by the author.

6. Conclusions and Discussion

This study examined the performance and
application potential of bamboo powder/PBAT/PLA
composites for fruit packaging and established a
“material parameters—structural functions—application
pathways” framework to align material test results with
packaging requirements. The findings revealed that
bamboo powder particle size exerted a significant
influence on composite performance. Among the
evaluated groups, the 400-mesh bamboo powder
demonstrated the optimal overall mechanical
performance, indicating a more favorable balance
between filler dispersion, interfacial interaction, and
reinforcement efficiency. Based on the material test
results and the structural requirements of
representative fruit packaging systems, the composites

exhibit potential for utilization in tray supports and

cushioning  liners.  These  outcomes  provide
experimental and application-oriented support for the
development of low-carbon and biodegradable fruit
packaging materials. From an application perspective,
the study suggests that bamboo powder composites
both

may offer structural and  environmental

advantages over conventional petroleum-based
materials in specific packaging components.

Utilizing bamboo powder as a renewable biomass
filler can reduce reliance on fossil-based resources,
while the PBAT/PLA matrix provides a biodegradable
foundation. However, the current results should be
interpreted  within the scope of this investigation.
Although the material demonstrated favorable
mechanical performance and fundamental processing
feasibility, the present work did not encompass

prototype compression testing, high-humidity moisture-
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resistance testing, or long-term service validation under

actual  logistics and  cold-chain  conditions.

Consequently, the current conclusions support

preliminary — application  feasibility rather than
comprehensive industrial validation.
Claims  regarding  large-scale  commerdial

implementation should be pursued with caution untit
further engineering verification is finalized. In summary,
this study contributes to the field in three primary ways.
First, it compares the influence of bamboo powder
particle size on the performance of biodegradable
composites under a controlled formulation system.
Second, it correlates material test results with the
structural and functional requirements of fruit packaging
in representative market cases from China and
Thailand. Third, it proposes application pathways for
utilizing bamboo powder composites in fruit packaging
while acknowledging the current boundaries of
validation. These outcomes provide a foundation for
future prototype design, performance testing, and

environmentally responsible packaging development.

7. Recommendations

7.1 Technical Application Recommendations For
practical packaging design, the utilization of bamboo
powder composites should initially focus on
applications with relatively controllable structural
requirements, such as tray supports and cushioning
liners In these applications, the material formulation,
bamboo powder content, and structural geometry
should be adjusted in accordance with fruit
characteristics, packaging forms, and transportation
conditions Significant emphasis should be placed on
the

relationship  between mechanical support,

cushioning  performance, and  processability

Furthermore, the interfacial compatibility between
bamboo powder and the PBAT/PLA matrix should be
continuously optimized to enhance the overall stability
and efficiency of the composite structure Prior to
broader implementation, prototype development and
fundamental engineering validation are recommended.

7.2 Recommendations for Industrialization and
Engineering Implementation Prior to large-scale
commercial utilization, small-batch pilot trials should
be conducted to assess the material under realistic
transportation, stacking, and cold-chain conditions
Specifically, future engineering evaluations should
encompass prototype compression testing, moisture-
resistance testing under high-humidity conditions, and
processing consistency assessments [15] Concurrently,
a preliminary economic comparison with conventional
petroleum-based plastics and fiber-based packaging
materials should be considered to clarify the practical
advantages and current limitations of the composite
system Life Cycle Assessment (LCA) is also
recommended to quantify carbon reduction potential,
resource utilization, and environmental impacts [16]
These procedures are essential for transitioning from
laboratory-scale material evaluation to industrial
decision-making.

7.3 Recommendations for Future Research
Future investigations should further optimize processing
parameters and examine the influence of bamboo
powder content, particle size distribution, and matrix
ratios on composite behavior More importantly, future
work should involve replicated experiments and
statistical validation to clarify the quantitative
relationship between particle size and mechanical
performance Additional studies should also examine

long-term  durability, degradation behavior, and
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functional  stability — within  actual  packaging
environments To better meet the requirements of
fresh-fruit supply chains, subsequent research may
further investigate moisture-barrier enhancement,
structural  prototype design, and the potential
incorporation of active or intelligent packaging functions

for fresh-fruit preservation [10], [17], [18].
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