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ABSTRACT

This work explores the development of biodegradable laminar composite foams for cushioning applications. The
focus lies on overcoming the inherent brittleness of starch foams by incorporating various paper types as rein-
forcement. Tapioca starch and glutinous starch were blended in varying ratios (100:0–0:100) to optimize the base
material’s properties. The morphology, density, flexural strength, and impact strength of these starch blends were
evaluated. The results revealed a trade-off between impact strength and density, with increasing glutinous starch
content favoring impact resistance but also leading to higher density. The optimal ratio of tapioca to glutinous
starch for achieving maximum flexural strength and modulus was determined to be 60:40. The flexural strength
of the composite material at this ratio reached a peak value of 5.3 ± 0.6 MPa, significantly surpassing the flexural
strength of pure tapioca foam, which was measured to be 3.5 ± 0.4 MPa. Building on this foundation, novel lami-
nar composite foams were fabricated using the 60:40 starch blend reinforced with mulberry paper, kraft paper,
and newsprint paper. To enhance the interfacial adhesion between the starch matrix and paper reinforcement,
a silane coupling agent was employed at a 10 wt% loading on the paper. The incorporation of paper reinforcement
into starch foams was found to enhance their mechanical properties. Specifically, flexural strength values
increased from 5.3 ± 0.6 MPa for the unreinforced starch foam to 6.8 ± 0.6 MPa, 8.1 ± 0.9 MPa, and 7.4 ±
0.1 MPa when reinforced with mulberry paper, kraft paper, and newsprint paper, respectively. Notably, kraft paper
reinforcement led to the most enhancements in flexural strength, flexural modulus, and impact strength. This
research paves the way for developing sustainable cushioning materials with competitive mechanical properties
using bio-based resources like starch and paper.
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1 Introduction

The ever-growing e-commerce industry, particularly amplified by the COVID-19 pandemic, has led to a
dramatic increase in the demand for packaging materials. While foam cushioning remains popular due to its
lightweight nature, flexibility, and shock absorption properties, its dependence on non-biodegradable
materials raises significant environmental concerns. Starch, a renewable and biodegradable biopolymer
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derived from abundant crops such as tapioca, corn, and rice, offers a promising alternative to petroleum-
based packaging materials [1–3]. It is readily available, affordable, and possesses biodegradability,
aligning perfectly with the growing demand for eco-friendly materials. Various starches, including
tapioca, corn, and glutinous rice, can be used to produce biodegradable foams [4–6]. Their properties
vary based on amylose, amylopectin, and lipid content. Tapioca starch is commonly used due to its
availability and cost-effectiveness [7–9], but it often lacks flexibility and water resistance. Blending
glutinous rice starch, known for its superior flexibility and toughness [4], with tapioca starch can enhance
the mechanical properties of starch foams, making them more suitable for impact-resistant applications,
by optimizing the blend ratio.

To enhance the mechanical properties of starch foams, especially for impact-resistant applications,
biodegradable reinforcements like natural fibers can be incorporated [10–12]. Laminar composites,
formed by layering these fibers, offer advantages such as low density, lightweight, and versatility [13].
Natural sheet-like materials, such as corn husks [14], plant leaves [15], and papers [16], can be used as
reinforcements in starch foams. By strategically aligning these materials within the foam structure, the
mechanical properties can be tailored to meet specific requirements.

Paper, a readily available and a product of renewable resource, can effectively reinforce starch foams
[17–19]. Its high cellulose content provides strength and stiffness, addressing the brittleness of starch.
The porous structure of paper facilitates strong adhesion with the starch matrix. Surface treatments can
further enhance interfacial compatibility [20]. Mulberry paper, known for its strength and tear resistance,
is a promising reinforcement option [21]. Kraft paper offers superior strength, toughness, and water
resistance [22]. Newsprint paper, although less resistant to moisture and tearing, can still improve
mechanical properties when used as a reinforcement [23]. Both kraft paper and newsprint paper benefit
from a more ordered fiber alignment due to their machine production, enhancing their overall mechanical
properties.

Laminar composites of starch foams and paper offer enhanced water resistance due to several
mechanisms. Paper acts as a physical barrier, limiting water penetration. Additionally, improved
interfacial adhesion between starch and paper and reduced porosity contribute to moisture resistance
[14,24]. The lignin content of paper, a natural antimicrobial agent, further enhances resistance to mold
and insects [25]. These combined properties make starch-paper composites suitable for applications
requiring durability and resistance to biological degradation.

To push the boundaries of starch foams and develop novel laminar composites with paper reinforcement,
this research comprehensively investigates two critical factors: the blending ratio of tapioca starch and
glutinous starch, and the type of paper reinforcement employed. These two components are determined to
play pivotal roles in determining the overall mechanical properties and performance of the composite
material. By carefully adjusting the blend ratio of tapioca and glutinous starches, a balance between
processability, strength, and flexibility is sought. Additionally, the selection of appropriate paper
reinforcements is crucial. Three distinct paper types—mulberry, kraft, and newsprint—were chosen for
their varying properties. By comparing the performance of these three paper types, the most effective
reinforcement option for achieving the desired mechanical properties in the starch-paper composite is
identified, ultimately pushing the boundaries of starch foam technology and creating innovative
sustainable cushioning material solutions.

2 Experimental Methods

2.1 Materials
Tapioca starch and glutinous starch were obtained from commercial sources in Thailand. Gaur gum and

magnesium stearate were purchased from Chemipan Corporation Co., Ltd. (Bangkok, Thailand).
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Tetraethoxysilane (TEOS) was obtained from Merck. Analytical reagent grade (AR) acetic acid, chloroform,
and ethanol were procured from RCI Labscan Co. Ltd. (Bangkok, Thailand). Mulberry paper, kraft paper,
and newsprint paper with thicknesses of 0.22, 0.09, and 0.14 mm, respectively, were purchased from a
local vendor in Thailand.

2.2 Preparation of Tapioca Starch/Glutinous Starch Blend Foams
Tapioca starch and glutinous starch were dried at 105°C for 24 h before use. Tapioca starch, glutinous

starch, guar gum (1 wt% based on dry starch weight), and magnesium stearate (2 wt% based on dry starch
weight) were first thoroughly dry-blended using a kitchen-aid mixer [14]. Distilled water was then gradually
added to the dry mixture, and the entire composition was mixed for an additional 20 min to ensure
homogeneity. The specific formulations for each sample are presented in Table 1. For the preparation of
tapioca starch/glutinous starch blend foams, a hot-press molding technique was employed. The mixed
starch composition was placed in a mold cavity and subjected to a pressing force of 100 kgf/cm2 at a
temperature of 160°C on the upper platen and 165°C on the lower platen for a holding time of 5 min.
This process facilitates the formation of the desired starch blend foams.

2.3 Preparation of Blended Starch/Paper Laminate Composite Foams
Tapioca starch, glutinous starch, guar gum (1 wt%), and magnesium stearate (2 wt%) were dry-blended

and mixed with water for homogeneity. The tapioca/glutinous starch ratio was optimized based on
mechanical properties for cushioning applications.

The investigated papers, including mulberry paper, kraft paper, and newsprint paper, were used in their
as-received condition. To enhance interfacial adhesion between the paper and starch matrix, some paper
samples were subjected to a silane coupling agent treatment. These TEOS-treated papers were prepared
by coating them with a 10 wt% TEOS solution prepared by dissolving TEOS in a 30% ethanol solution.
Following the coating process, the TEOS-treated papers were air-dried for 24 h before further use.

The composite starch foams were fabricated using a compression molding technique. Molds conforming
to ASTMD790-03 standards for flexural property and impact testing were employed. These molds possessed
dimensions of 14.5 mm in width and 120 mm in length. The specific construction details of these composite
foams are illustrated in Fig. 1a. The starch batter was sandwiched between layers of TEOS-treated paper as
see in Fig. 1b. The mold was then subjected to a temperature of 160°C, a pressure of 100 bar, and a holding
time of 5 min. This process facilitated the formation of the desired starch/paper laminate composite foams.

2.4 Characterization of Starch Blends and Composite Foams
The viscosity of tapioca starch/glutinous starch blend batters was measured using a rotational viscometer

(TA.XT Plus) at room temperature. The density of both the starch blend foams and the final starch/paper

Table 1: Composition of tapioca starch/glutinous starch blends for foaming

Composition Content (%)

Tapioca starch 100 90 80 70 60 50 0

Glutinous starch 0 10 20 30 40 50 100

Guar gum 1 1 1 1 1 1 1

Magnesium stearate 2 2 2 2 2 2 2

Distilled water 150 150 150 150 150 150 150
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laminate composites were determined using a Density Determination Kit with chloroform at room
temperature. To characterize the morphological features of the foams and composites, scanning electron
microscopy (SEM) was employed using a JEOL JSM-6610 LV instrument. Samples were prepared by
coating their surfaces and fractured cross-sections (obtained after flexural testing) with a thin layer of
gold to enhance electrical conductivity and improve image quality. SEM analysis was conducted at an
accelerating voltage of 10 kV to obtain high-resolution images of the microstructure.

To establish a baseline for mechanical testing, starch foam samples and their composites were
conditioned in a desiccator for 24 h. Flexural strength was measured using a three-point bending method
on a Universal testing machine (LLOYD Instruments LR50K) according to ASTM D 790-03 standards,
with a maximum load of 5 kN and a crosshead speed of 2 mm/min. The impact strength of notched
composite foams was evaluated using cantilever beam (Izod-type) impact machine following the ASTM
D256 standard. A milling machine was employed to create notches in the cross-section of each starch
foam specimen. These notches adhered to the specifications outlined in ASTM D256, with a depth of
4.8 mm and a radius of 0.25 mm. Each sample was tested three times to obtain an average value.

3 Results and Discussion

3.1 Tapioca Starch/Glutinous Starch Blend Foams
Table 2 presents the viscosity of the tapioca starch/glutinous starch blend batters, along with

observations from visual inspection, SEM micrographs of the skin and fracture surfaces, and density of
the foams prepared with different blend ratios.

Table 2: Viscosity of tapioca starch/glutinous starch blend batter, visual inspection, SEMmicrograph of skin
and fracture surface and density of tapioca starch/glutinous starch blend foams with different blend ratio

Starch blend
ratio

Viscosity
(mm2/s)

Visual
inspection

SEM micrograph* Density
(g/cm3)

Skin surface (50X) Fracture surface (25X)

100:0 8875 0.29 ± 0.03

(Continued)

Figure 1: (a) The construction of blended starch/paper laminate composite foams and (b) Paper orientation
in mold
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Table 2 (continued)

Starch blend
ratio

Viscosity
(mm2/s)

Visual
inspection

SEM micrograph* Density
(g/cm3)

Skin surface (50X) Fracture surface (25X)

90:10 15,372 0.30 ± 0.04

80:20 18,276 0.31 ± 0.02

70:30 20,690 0.33 ± 0.09

60:40 31,942 0.35 ± 0.03

50:50 95,648 0.42 ± 0.01

0:100 292,210 0.72 ± 0.18

Note: *All SEM micrographs were acquired at an accelerating voltage of 10 kV. The magnification used for imaging the skin surface
was 50X, with a scale bar of 500 μm. For the fracture surface, a magnification of 25X was used, and the scale bar was set to 1 mm.
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The impact of varying tapioca starch/glutinous starch ratios on starch batter viscosity was investigated.
Tapioca starch (100:0) exhibited a significantly lower viscosity (8874.9 mm2/s) compared to glutinous starch
(0:100) (292, 210.0 mm2/s). This difference can be ascribed to the lower amylose content (17%) and higher
amylopectin content (83%) in tapioca starch compared to the 100% amylopectin content in glutinous starch.
As a result, tapioca starch has a lower molecular weight, aligning with the principle that amylopectin, with a
molecular weight approximately 100 times that of amylose [13], contributes to higher viscosity. Introducing
glutinous starch into the blends (90:10, 80:20, 70:30, 60:40, and 50:50) progressively increased viscosity,
corroborating the findings of Saeleaw et al. [4], who observed a similar viscosity increase with increasing
glutinous starch content. The significant increase in viscosity observed when tapioca starch is blended
with glutinous starch, even at ambient temperature, can be attributed to the unique structural properties of
amylopectin, a major component of starch. Amylopectin molecules have a highly branched structure,
forming a three-dimensional network when dispersed in water. This network structure effectively traps
water molecules, resulting in increased viscosity. Glutinous starch is particularly rich in amylopectin
compared to tapioca starch. Consequently, when glutinous starch is added to a tapioca starch slurry, the
amylopectin molecules from both starches interact to form an even more extensive and robust network.
This denser network enhances the ability of the slurry to trap water, leading to a substantial increase in
viscosity. The formation of this three-dimensional network is facilitated by the numerous hydroxyl groups
present in amylopectin molecules. These hydroxyl groups can form hydrogen bonds with water molecules
and with each other, contributing to the stability and strength of the network. Additionally, the degree of
polymerization and the distribution of branch points in amylopectin molecules can influence the extent of
network formation and, consequently, the viscosity of the slurry.

Tapioca starch foams (100:0), glutinous starch foam (0:100) and starch/glutinous starch blends (90:10,
80:20, 70:30, 60:40, and 50:50) were prepared using hot compression molding at 160°C, 100 bar for 5 min.
As shown in Table 2, tapioca starch foams (100:0) and blends up to 50:50 exhibited aesthetically pleasing,
smooth, and glossy surfaces with minimal collapse. However, increasing glutinous starch content beyond
50% led to a more yellowish hue, increased collapse, and a rougher surface texture. This can be
attributed to the high amylopectin content [26] and inherent viscosity of glutinous starch, which hinders
foam cell expansion and results in thicker cell walls and potential collapse.

The formation of pores on the foam skin surface in contact with the mold during compression molding is
influenced by various factors. These factors include non-uniform water evaporation, mold pressure, adhesion
between the foam and mold, and mold properties. The viscosity of the starch slurry significantly affects pore
formation, with higher viscosity leading to smaller and more numerous pores. Additionally, the shrinkage of
the foam during cooling can cause non-uniform pore sizes due to uneven contraction. Other factors such as
temperature, pressure, type of starch, and additives can also impact pore size and distribution. The skin
surface morphology of starch foams, as characterized by pore structure, is significantly influenced by the
starch composition. The pore structure of foams produced from tapioca starch, glutinous starch, and their
blends exhibits distinct characteristics. Tapioca starch foams (100:0) generally possess a fine and shallow
pore structure, while glutinous starch foams (0:100) tend to have larger and deeper pores. Glutinous
starch, with its higher amylopectin content, forms a weaker gel network during cooling, leading to more
significant foam collapse and larger pore formation. Conversely, tapioca starch, having a higher amylose
content, forms a stronger gel network, resulting in smaller and shallower pores. As the proportion of
glutinous starch in the blends increases, the foam’s pore structure gradually shifts from a fine and shallow
pore network (characteristic of tapioca starch) to a larger and deeper pore network (characteristic of
glutinous starch), suggesting a greater degree of foam collapse during cooling.

Cross-sectional analysis (Table 2) revealed distinct cell morphologies across core and edge regions. The
core of tapioca starch foam (100:0) displayed a dominant open-cell structure with large, interconnected voids
and thin cell walls, facilitating air passage and indicating good expansion. In contrast, glutinous starch foam
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(0:100) exhibited a less expansive core with a similar open-cell structure but thicker cell walls. The edge
regions of both foams displayed a combination of closed-cell and open-cell structures. These closed cells
had denser walls and a compressed appearance, suggesting limited airflow. Interestingly, the open cells in
the edge regions exhibited thinner walls compared to those in the core. As the glutinous starch content in
the blends increased (from 0% to 50%), a gradual shift occurred. The thickness of the closed-cell region
at the edges progressively increased, while the open-cell core became thinner. This transition reflects the
reduced foam expansion and potential collapse associated with higher glutinous starch content, likely due
to its influence on starch-water interactions during foaming. The increased viscosity of the starch slurry
with higher glutinous starch content also played a significant role in shaping the foam structure. A more
viscous slurry may have hindered bubble nucleation and growth, leading to fewer and larger cells,
especially in the core region. Additionally, the higher viscosity could have reduced the mobility of the
starch molecules, limiting their ability to form a continuous network and resulting in thicker cell walls [26].

The density of starch foams composed of various ratios of tapioca starch and glutinous starch is
presented in Table 2. It was found that the tapioca starch foam (100:0) exhibited the lowest density at
0.291 g/cm3, while the glutinous starch foam (0:100) had the highest density at 0.724 g/cm3. The density
of the blended foams increased proportionally with the increasing content of glutinous starch. This
observation is consistent with the morphological analysis. As the content of glutinous starch increased,
the cell walls of the foam cells became thicker, particularly in the glutinous starch foam, which exhibited
the thickest cell walls and a denser cellular structure. Consequently, the blended foams demonstrated
higher densities with increasing amounts of glutinous starch.

The impact of blending tapioca starch with glutinous starch on the mechanical properties of the resulting
foams was investigated. Fig. 2 presents the data on flexural strength, flexural modulus, strain at break, and
impact strength.

Figure 2: Flexural properties and impact strength of tapioca starch/glutinous starch blend foams with
different blend ratio, (a) Flexural strength (b) Strain at break (c) Flexural modulus, and (d) Impact strength
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The mechanical properties of starch foams, particularly flexural modulus and impact strength are
influenced by their cellular structure and amylopectin content. Glutinous starch, with its higher
amylopectin content, exhibits superior mechanical properties compared to tapioca starch. The amylopectin
molecules likely form a stronger network within the foam matrix, enhancing its flexibility and toughness
[27], leading to improved performance. These findings highlight the importance of starch composition in
tailoring the mechanical properties of starch-based foams.

The incorporation of glutinous starch into tapioca starch foam (10%–40% glutinous starch) significantly
enhanced its flexural strength and modulus. This improvement can be attributed to both structural changes
and increased molecular interactions. The addition of glutinous starch led to a denser foam with thicker cell
walls, providing greater resistance to bending and improving overall structural integrity. Additionally, the
higher amylopectin content in glutinous starch facilitated stronger intermolecular interactions within the
foam matrix, creating a more robust network. This enhanced network structure contributed to increased
flexural strength and modulus, while the relatively constant flexural strain suggests that the foam’s ability
to absorb energy and dissipate stress remained largely unchanged. However, further increases in glutinous
starch content beyond 40% led to a decline in these mechanical properties. The excessive viscosity of the
blend may have hindered the formation of a uniform and well-connected cellular structure, potentially
resulting in defects such as larger pores and uneven cell wall thickness. Moreover, the high amylopectin
content might have led to excessive crosslinking, reducing the flexibility of the foam matrix and
compromising its mechanical performance.

The Izod impact test revealed a clear dependence of impact resistance on starch type. Tapioca starch,
with its open structure, resulted in foams with lower resistance due to easier energy propagation.
Conversely, glutinous starch formed denser foams with superior impact resistance. The denser
amylopectin network effectively absorbs and dissipates impact energy, aligning with previous research by
Machado et al. [28] and Salgado et al. [29] who reported a positive correlation between foam density and
impact resistance (80% original). Interestingly, blending tapioca and glutinous starches (10%–50%
glutinous starch) resulted in a gradual increase in impact resistance, mirroring the behavior of pure
starches. This aligns with Saeleaw and Schleining’s work [4] on crackers, where higher glutinous starch
content increased impact resistance.

Among various blend ratios, tapioca starch-glutinous starch foam with a 60:40 ratio emerged as the most
promising candidate for composite material development. This blend exhibited superior flexural strength and
modulus compared to other ratios, despite having a lower impact strength than pure glutinous starch foam
and 50:50 blend foam. Its superior shape retention, resistance to collapse, and lower density compared to
the 50:50 blend makes it ideal for packaging applications. Therefore, the 60:40 blend was deemed the
most suitable for further development.

3.2 Tapioca Starch/Glutinous Starch Blended Starch/Paper Laminate Composite Foams
This research is centered on developing tapioca starch/glutinous starch blended starch/paper laminate

composite foams as cushioning materials. Since water resistance is not a primary concern for this
application, the focus of this study will be on the composite morphology and mechanical properties.
However, given previous research indicating that laminating starch foams with sheet-like materials can
enhance water resistance [24], we will pay close attention to the composite structure to potentially
achieve unexpected improvements in this area, while prioritizing the desired cushioning properties.

To enhance the interfacial adhesion between starch and corn husk layers in composite foams,
tetraethoxysilane (TEOS) can be used as a coupling agent. Previous studies have shown that TEOS
treatment can significantly improve the mechanical properties of starch/corn husk laminate composites
[30]. In this study, TEOS was applied to paper layers used as reinforcements in tapioca starch/glutinous
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starch blended foam composites. This treatment aims to strengthen the bond between the starch matrix and
the paper reinforcement, potentially improving the overall mechanical performance of the composite foams.

Table 3 presents visual inspection, SEM micrographs of surface morphology and fracture surfaces, and
the density data for these composites. Visual inspection revealed excellent color retention for all paper types
during molding. Notably, mulberry paper retained its white color, ideal for aesthetics. Kraft and newsprint
papers also showed minimal degradation (brown and gray, respectively). Formability varied: thicker
mulberry paper (0.22 mm) with loose fibers displayed excellent formability but a textured surface.
Thinner kraft (0.09 mm) and newsprint (0.14 mm) papers, with denser fibers, showed good formability
with slight collapse due to their flexibility under molding pressure.

Table 3: Visual inspection, SEM micrographs of surface morphology, fracture surface, and density of tapioca
starch/glutinous starch/paper laminar composite foams with different types of paper

Paper type Visual
inspection

SEM micrographs* Density
(g/cm3)

Surface morphology
(300X)

Fracture surface (20X)**

Control blended
starch foam

0.35 ± 0.03

Mulberry paper 0.40 ± 0.08

Kraft paper 0.55 ± 0.05

Newsprint paper 0.52 ± 0.06

Note: *All SEMmicrographs were obtained using an accelerating voltage of 10 kV. The magnification for imaging the skin surface of
composites was 300X, with a scale bar of 50 μm. In contrast, the skin surface of control starch foam was imaged at a magnification of
25X, with a scale bar of 1 mm. For the fracture surface, a magnification of 20X was used, and the scale bar was set to 1 mm;
**Numbers in the SEM micrograph correspond to the thickness (μm) of the paper layer in the blended starch composite.
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SEM analysis (details in Table 3) revealed distinct surface characteristics for the composites compared to
the control starch foam. The control foam displayed a smooth surface with small holes, while the composites
mirrored the paper types used. Mulberry paper composites exhibited a textured surface due to their loose,
randomly arranged fibers with significant inter-fiber space. Kraft and newsprint papers, despite a similar
fiber orientation pattern, had denser networks with smaller, fused fibers due to their manufacturing processes.

Both the control foam and composites displayed a gradient in cell morphology across the cross-section.
Smaller closed cells were observed near the surface, transitioning to larger open cells towards the center.
Paper reinforcement significantly impacted this structure. Mulberry paper composites, with their loose
fiber arrangement, allowed for greater vapor permeation and foam expansion, resulting in larger, more
open cells throughout. Conversely, the denser fiber networks of kraft and newsprint papers hindered
vapor diffusion, leading to lower expansion and smaller cells within the composite [14].

As expected for lightweight applications, the un-reinforced starch foam exhibited the lowest density
(0.35 g/cm3). Paper reinforcement increased density: 0.40 g/cm3 for mulberry paper, 0.55 g/cm3 for kraft
paper, and 0.52 g/cm3 for newsprint paper. This aligns with findings by Kaisangsri et al. [12] on starch
composites with fiber reinforcements. Notably, mulberry paper, observed via SEM to have a more open
cell structure, resulted in the lowest density composite due to its ability to facilitate better foam blowing.
Conversely, kraft and newsprint paper, with denser fiber packing (as seen in SEM analysis), led to higher-
density composites.

The mechanical properties of the blended starch/paper laminar composite foams reinforced with
different types of paper are presented in Fig. 3. Fig. 3a–c focuses on the flexural properties, while Fig. 3d
depicts the impact strength.

Figure 3: Flexural properties and impact strength of tapioca starch/glutinous starch/paper laminar
composite foams with different types of paper, (a) Flexural strength (b) Strain at break (c) Flexural
modulus, and (d) Impact strength
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Reinforcement with various paper types significantly enhanced the flexural strength, flexural modulus,
and Izod impact strength of layered composite foams made from a 60:40 blend of tapioca and glutinous
starches. The superior mechanical properties of these laminar composites can be attributed to several
mechanisms. First, the layered structure of the composites allows for effective stress distribution,
preventing catastrophic failure under bending or impact loads. Second, the controlled orientation of fibers
within the paper layers, when aligned with the direction of applied forces, provides enhanced resistance
to bending and impact stresses. Third, the strong interfacial adhesion between the starch matrix and the
paper reinforcements contributes to the overall structural integrity of the composite, preventing
delamination and improving impact resistance. Finally, the synergistic interaction between the starch
matrix and the paper fibers further enhances the mechanical properties, resulting in improved flexural
strength, flexural modulus, and impact strength [31].

This aligns with previous research on starch foam reinforcement using natural materials [12]. All
reinforced composites demonstrated higher impact resistance compared to the unreinforced foam. This
improvement can be attributed to the increased density and smaller cell size of the reinforced foams,
which enhance their ability to absorb energy upon impact. Additionally, the layered structure of the
composites, with paper reinforcements acting as barriers to crack propagation, contributes to the
improved impact resistance. Among the tested papers (mulberry, kraft, and newsprint), kraft paper proved
to be the most effective reinforcement, providing the highest flexural strength, flexural modulus, and
impact strength. This can be attributed to the long, continuous fibers and uniform structure of kraft paper,
resulting from the kraft pulping process [32]. The higher density of the kraft paper reinforcement also
contributed to the improved impact resistance. Interestingly, in flexural properties mulberry paper
exhibited the lowest values, while newsprint paper showed intermediate results. Additionally, the
machine-produced nature of kraft and newsprint papers leads to a better bonding of fibers compared to
handmade mulberry paper. On the other hand, for impact strength mulberry paper exhibited the second-
highest impact strength, followed by newsprint paper. The lower impact strength of newsprint paper can
be attributed to its shorter fiber length and lower density compared to kraft paper. The addition of paper
reinforcement also decreased the flexural strain of the composite foams. This reduction in strain is likely
due to the constraints imposed by the paper layers on the underlying starch foam, limiting its ability to
deform under load.

Fig. 4 showcases the impact behavior of the composites. Newsprint paper composites experienced
complete separation, while kraft paper displayed hinge breaking due to its strong fibers. Mulberry paper
exhibited partial separation potentially due to a combination of fiber resistance and non-uniform
distribution. This aligns with studies on fiber orientation in composites [33], suggesting that fibers
perpendicular to stress contribute more significantly to strength.

(a) (b) (c) (d)

Figure 4: Impact behavior of tapioca starch/glutinous starch/paper laminar composite foams with papers (a)
Control blended starch foam, blended starch composite foam with different types of paper. (b) Mulberry
papers, (c) Kraft papers, and (d) Newsprint papers
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Kraft paper reinforcement offered the most significant improvement in mechanical properties, likely due
to its high fiber strength and dense structure. The dense arrangement of fibers in kraft paper provides a strong
and continuous network, effectively resisting the propagation of cracks and enhancing the overall structural
integrity of the composite. Conversely, mulberry paper, despite having larger fibers, exhibited lower
improvements. This may be attributed to a non-uniform distribution of fibers within the paper, which
could hinder crack propagation and reduce the reinforcement efficiency. Newsprint paper, characterized
by lower strength and potentially weaker adhesion to the starch matrix, showed minimal improvement in
mechanical properties.

The smooth paper surface and low density of tapioca starch/glutinous starch/paper laminate composite
foams make them promising candidates for cushioning electronic devices. Starch-based foams have static-
prevention properties, which is important for protecting electronic devices that are sensitive to static
electricity. The starch foam component provides a soft, shock-absorbing layer, while the paper laminate
offers a smooth, protective surface. The smooth paper surface of these composite foams can help prevent
scratches on delicate electronic components, while the low density can contribute to lighter packaging
and reduced shipping costs. Although these materials may not yet match the performance of traditional
cushioning materials like PE or PS foams, they offer a more sustainable and potentially biodegradable
alternative.

4 Conclusion

In an effort to push the boundaries of renewable starch foams for cushioning applications, this research
investigated the influence of two key factors on novel laminar composite foams: blending ratios of tapioca
and glutinous starch (100:0 to 0:100) and the type of paper reinforcement (mulberry paper, kraft paper, and
newsprint paper). The findings revealed a trade-off between properties, with the 60:40 tapioca starch-
glutinous starch blend identified as the optimal base material for its superior formability, flexural strength,
and modulus. While increasing glutinous starch content enhanced impact resistance, it compromised
formability. Reinforcement with various paper types led to significant improvements in the mechanical
performance of the resulting composites compared to the unreinforced starch foam. Notably, kraft paper
reinforcement yielded the most impressive results, achieving the highest impact resistance and flexural
strength while maintaining cost-effectiveness. Mulberry paper offered the advantage of the lowest density,
while newsprint paper presented the most economical option with comparable properties. Based on these
findings, the 60:40 tapioca starch-glutinous starch blend reinforced with kraft paper emerged as the most
promising candidate for developing a commercially viable shock-absorbing foam. This novel laminar
composite successfully pushes the boundaries of starch foams, offering a sustainable and high-
performance alternative for packaging applications.
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