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Evaluation of Structure and Compressive Properties of
Eco-friendly Cushioning Materials Based on Starch and
Cellulose Types

Hae Min Jo,2 Soo Hyun Lee,? and Ji Young Lee >*

A reinforced eco-friendly cushioning material (ECM) comprising starch
and cellulose material was developed. The ECM was prepared based on
the starch type and cellulose material content; it was compared with
commercial CMs. Different sizes of refined pulp (RP) and microfibrillated
cellulose (MFC) were manufactured from hardwood bleached kraft pulp
via beating and grinding, respectively. Thereafter, amylose-containing
corn starch (CS) or amylopectin-only-containing glutinous rice starch (GS)
was mixed with the manufactured cellulose materials. A slurry comprising
starch and cellulose materials was homogenized for 2 min and lyophilized
to prepare the ECM, after which the structure and strength characteristics
of the prepared ECM were evaluated. The GS-prepared ECM produced a
plate-like internal structure because of its amylopectin content, and
amylose-containing CS exhibited a net-like shape. The cellulose materials
offered support between starches with plate-like or net structure ECMs,
and the pore shape was formed by adding MFC. As the cellulose material
content increased, the strength of the ECM increased compared with that
of the commercial CMs. Thus, ECMs with higher strength than their
commercial counterparts could be manufactured with GS and cellulose
materials.

DOI: 10.15376/biores.18.4.7839-7855

Keywords: Cushioning material; Starch; Amylopectin; Microfibrillated cellulose; Pulp; Loose-fill

Contact information: a: Department of Forest Products; b: Department of Environmental Materials
Science/lALS, Gyeongsang National University, Jinju 52828, Republic of Korea;
* Corresponding author: paperyjy@gnu.ac.kr

INTRODUCTION

Online shopping and delivery services have advanced significantly, and this
progress has increased the importance of packaging technology and product protection. As
consumers increasingly rely on the convenience of online shopping, the role of packaging
in ensuring product safety during transportation has become ever more crucial (Meherishi
et al. 2019; Gao et al. 2021; Debnath et al. 2022). Numerous consumers purchase food and
consumables, as well as fragile items online; however, the values of such items, including
those of electronics and glass, are considerably reduced by even the slightest damage
(Kassim et al. 2023). Therefore, sellers have subscribed to using additional cushioning
materials (CMs) inside packaging boxes to protect their products. CMs are manufactured
in various purpose-dependent forms, ranging from relatively large molded foam to firmly
hold the products in a box to small forms such as loose-fill foams to fill empty spaces
(Nechita and Nastac 2022). The most widely utilized CMs include expanded polystyrene,
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expanded polypropylene, expanded polyethylene (EPE), and expanded polyurethane (Liu
et al. 2021; Li et al. 2022). These materials effectively absorb shocks due to their internal
structures, which comprise numerous pores, as well as their controllable densities based on
the foaming level (Amir et al. 2018; Nechita and Nastac 2022). However, petroleum-based
expanded CMs are difficult to recycle (Tapia-Blacido et al. 2022); thus, they cause
environmental issues at the manufacturing and disposal stages (Liu et al. 2021; Debnath et
al. 2022). During the global shift towards sustainability, with the growth of online
marketing and delivery services, it is crucial to produce eco-friendly CMs (ECMs) to
reduce the utilization of synthetic polymers and ensure a sustainable packaging industry.

The most significant function of CMs is to offer protection to packaged goods
during shipping. Therefore, they must exhibit suitable physical properties to control the
impacts and vibrations that can be transmitted to the product during loading or
transportation. An essential characteristic of cushion materials lies in their ability to
dampen forces, absorb energy, and undergo deformation to minimize or prevent the
transfer of energy or force to the packaged object. To fulfill its intended purpose, a cushion
must possess the capacity to deform and effectively absorb energy. An extremely hard CM
may not adequately absorb shocks of external impacts to the product or cause damage to
the CM. Conversely, an extremely soft CM may be too weak to provide adequate
cushioning properties, potentially failing to provide adequate protection upon small
impacts from walls (floors). Therefore, ECMs must exhibit adequate flexibility and
strength (Kang et al. 2010; Jiang et al. 2022).

Various materials have been proposed as ECMs that can satisfy the suitable
properties of CMs, including polylactic acid composites or polyvinyl alcohol (PVOH)
foams to replace plastic foams (Peelman et al. 2013; Oluwabunmi et al. 2020; Liu et al.
2021). Among the proposed alternative materials, expanded starch foams used in loose-fill
foams have already become commercially available. Starch is the second most abundant
natural polymer on earth; thus, it is a suitable and promising raw material to replace
petroleum-based materials (Adigwe et al. 2022). To supplement the strength of starch
loose-fill foams, adding various synthetic polymers or pre-treating starch have been
proposed (Ghanbari et al. 2018). There have been attempts to improve the strength
properties by diversifying starch raw materials obtained from cassava, potatoes, tapioca,
and waxy corn or by controlling the foaming conditions (Georges et al. 2018; Pachor et al.
2019; Machado et al. 2020). Plasticizers, foam-control agents, and lubricants have been
employed to facilitate extrusion and foaming. They include substances such as PVOH, fatty
acid salts, amine salts, or paraffin wax (Nechita and Nastac 2022; Tapia-Blacido et al.
2022). Therefore, the manufacture of synthetic chemical-free ECMs to meet non-toxic and
environmentally friendly demands is desired.

In this study, high strength ECMs comprising only starch and cellulose were
manufactured. Like starch, cellulose is an environmentally friendly and highly abundant
representative natural resource (Kadokawa et al. 2009; Li et al. 2021; Miranda-Valdez et
al. 2023). To enhance the biodegradability of foamed plastics, ECMs were manufactured
with cellulose material and combined cellulose fibers of different sizes to improve their
strength. The two types of starch were chosen based on their composition and production
guantity. Corn starch (CS) contains both amylose and amylopectin and is one of the most
widely produced grains worldwide. Glutinous rice starch (GS), on the other hand, is
primarily composed of amylopectin, suggesting that when used in the manufacturing of
ECM, it is expected to exhibit different characteristics from corn starch. To manufacture
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starch—cellulose ECMs under optimal conditions, the manufacturing characteristics using
CS and GS were compared. Nanofibrillated cellulose exerts a high strength-improvement
effect when utilized as an additive because of its high aspect ratio and fine fibrils
(Gonzales-Ugarte et al. 2020; Barabanshchikov et al. 2021). Because of the high energy
consumption and manufacturing cost of mechanical processing, this study used pulp fibers
and microfibrillated cellulose (MFC) containing fine fibers (Kargupta et al. 2021; Pradhan
et al. 2022). When manufacturing ECMs using cellulose raw materials and starch, it is
anticipated that they will exhibit distinct structural characteristics, and differences based
on the mixing ratios. Such variations are expected to have an impact on the compressive
strength of ECMs. By selecting a very suitable starch type and adjusting the mixing ratio
of the cellulose raw material, the possibility of replacing commercially available CMs was
evaluated. As a result, we aimed to manufacture environmentally friendly ECMs for
packaging based on the size of cellulose raw materials and the type of starch.

EXPERIMENTAL

Materials

GS and CS were employed for the manufacture of the ECM. The starches were
supplied by Keundeul Food (Jinju, Republic of Korea) as dry powders. A hardwood
bleached kraft pulp (HWBKP), which was supplied by Moorim Paper (Jinju, Republic of
Korea), was used for the laboratory production of refined pulp (RP) and MFC. The starch—
cellulose ECM that was prepared here was compared with the expanded CS (EC) (Fig. 1a)
and EPE (Fig. 1b), which are commercial CMs with densities of approximately 30 kg/m?.

Fig. 1. Images of the commercial CMs (a: EC, b: EPE)

Preparation of the RP and MFC

RP and MFC were produced to prepare the starch—cellulose ECM. To prepare RP,
HwBKP with a 1.57 wt % solid content was soaked in tap water and beaten to Canadian
standard freeness (240 mL CSF) by a laboratory Hollander beater; the final concentration
of RP after beating was 1.44 wt%. MFC was produced by beating and microgrinding,
following the previously reported method (Park et al. 2020). Further, HWBKP was beaten
to 450 mL CSF and diluted to 1.0% consistency for fibrillation. Thereafter, the pulp slurry
with a 1.0 % solid content was fibrillated by a super mass colloider (MKZAG6-2; Masuo
Sangyo Co., Ltd., Kawaguchi, Japan) at 1,500 rpm. Next, the pulp slurry was fed into the
grinder, and the fibrillation was performed once. Figure 2 shows RP and MFC preparation
process.
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Fig. 2. Schematic diagram of RP and MFC preparation

Characterization of RP and MFC

The main properties of the cellulose materials were measured to compare the sizes
of RP and MFC. The average fiber length, fiber width, and fines content of RP were
measured using a fiber length analyzer (FQA-360; OpTest Equipment Inc., Hawkesbury,
Canada). The fiber morphology was observed under an optical microscope (BX51;
Olympus, Tokyo, Japan). Field emission scanning electron microscopy (FE-SEM; JSM-
7610F; JEOL, Tokyo, Japan) was performed to observe the fiber morphology and
fibrillation of MFC. To prepare a sample for FE-SEM imaging, the solvent was exchanged
with ethyl alcohol (95%; Daejung Chemicals & Metals Co., Ltd., Siheung, Republic of
Korea) and n-hexane (95%; Fisher Scientific, Waltham, USA). Before the imaging, sputter
coating was performed using platinum, and the observation conditions included WD 6.0
mm in the solid electrolyte interface (SEI) mode, and the accelerating voltages were set to
5.0 kV. After capturing the FE-SEM images of the MFC, the fiber widths of 200 nanofibers
were separately measured via image analysis using the three-dimensional (3D) image
software (MP-45030TDI; JEOL, Tokyo, Japan).

Manufacture of the Starch—Cellulose ECM

Starch, RP, and MFC were used to manufacture the ECM. Different dosages of RP
and MFC were added to the starch and mixed. The two types of starch (CS and GS) were
individually gelatinized and used to manufacture the ECMs. Applying heat and moisture
to starch granules causes them to swell, and the intermolecular bonds within the starch
molecule break, resulting in the disruption of the crystalline structure (Chakraborty et al.
2022). Gelatinized starch, with its high moisture absorption capacity (Grundas 2003) and
expanded state, is expected to maintain space within when dried. Therefore, to facilitate
the gelatinization of starch, which had been diluted to a concentration of 3.5%, it was stirred
for 30 min in a water bath at 80 °C. During gelatinization, water was added as needed to
replace what was evaporated, maintaining a solids content of 3.5%. The gelatinized starch
was used in the subsequent step while maintaining a temperature of 65 to 70 °C.

To prepare the starch—cellulose ECM, RP or MFC was added up to 30% of the total
dry weight of the ECM, with the remaining composed of starch. The starch and cellulose
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materials were mixed to ensure that the total dry fiber weight and density of ECM were
1.05 g and ~35 kg/m?, respectively. Table 1 details the mixing conditions of starch and
cellulose materials. The starch—cellulose mixture was homogenized for 2 min at 10,000
rpm using a homogenizer (HG-15A; Daihan Scientific, Republic of Korea), after which it
was frozen at —30°C in a mold measuring 20 x 20 x 50 (mm). The frozen sample was
lyophilized at —110°C for 48 h using a freeze dryer (HyperCOOL; Labogene, Lillerod,
Denmark).

Table 1. Conditions for Manufacturing the Starch—Cellulose ECMs

Materials Starch RP MFC Total
(Wt %) (Wt %) (wt %) (Wt %)
RP - 100 -
Starch 100
100 -
90 10
80 20
GS + Cellulose 70 30 -
90 - 10
80 - 20
70 - 30
100 -
100
90 10
80 20
CS + Cellulose 70 30 -
90 - 10
80 - 20
70 - 30
25 5
20 10
GS + RP + MFC 70
10 20
5 25

Morphology of the Starch—Cellulose ECM

The internal structure of the starch—cellulose material-composed ECM was
investigated via SEM (JSM-6380; JEOL, Akishima, Japan). After cutting along the width
direction with a stainless blade (ST-300; DORCO, San Diego, USA), the cross-section was
observed. To prepare the specimen for SEM, sputter coating was performed with platinum,
and the observation conditions were WD 11 mm in the SEI mode, and the accelerating
voltage was 20 kV.

Physical Properties of the Starch—Cellulose ECM

The physical properties of ECMs are key to their ability to protect packaged goods
from external impacts. To evaluate the flexibility and compression resistance of the ECMs,
the compressive stress—strain of those that were manufactured according to the starch type
and RP and MFC contents was measured with a universal strength tester (Universal Tester;
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FRANK-PTI GmbH, Birkenau, Germany). All the fabricated specimens exhibited a size of
15 x 15 x 30 (mm). The force was measured up to a 10-mm strain corresponding to 1/3 of
the length in three repeated tests. The measurement speed was at 10 mm/min, and the
compression test was conducted between two plates used for measuring the ring crush
compressive strength of the paper.

RESULTS AND DISCUSSION

Properties of HWBKP and MFC

Table 2 presents the fiber properties of cellulose materials. HWBKP was
mechanically treated via refining for 70 min using a valley beater. As a result of the refining
treatment, its fiber length and fiber width decreased, and its fines content increased. When
pulp is used as a raw material for paper, its excessive fines content causes issues regarding
dewatering (Seth 2003), although it can maintain the structure ECM during manufacturing.
Figure 3 shows the fiber images and fiber width distributions of RP and MFC. MFC was
divided into microsized fibers after one pass through the microgrinder (Figs. 3d and 3e).

Table 2. Fiber Characteristics of the Cellulose Materials

Canadian standard freeness | Fiber length Fiber width | Fines content
(mL CSF) (mm) (um) (%)
HwBKP 600 0.72 19.1 7.9
RP 240 0.37 18.5 35.1
MFC - - 0.27 -
Refinin (c) Average fiber width
9 =18.5m
(a) HWBKP
T ! ‘l/ v 0 10 20 30 40 50
y /}/ A\ 10om Fiber width (um)
7 4 Z & Average fiber width
/—/‘/ =275 nm
/ 100 pm
Grinding 200 400 600 800 1,000
Fiber width (nm)

Fig. 3. Fiber morphology and fiber width distribution of the cellulose materials (a: HWBKP; b,c:
RP; and d,f: MFC)
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As the fiber length of MFC cannot be readily measured, the sizes of the two
cellulose materials were compared via their fiber width. The average fiber width of MFC
was 0.27 um, and it consisted of fibers with a maximum size of <1 um, while the fiber
width of RP was distributed in the 8 to 50 um range. RP was expected to form a large
structure inside ECM and the fibrillated fiber combined with the starch and MFC.
Considering that MFC contains numerous fine fibrils, the strength of the manufactured
ECM can be increased via hydrogen bonding. Therefore, the two different sizes of cellulose
materials can deliver different performances within the structure of the starch—cellulose
ECM.

Structure of the Starch—Cellulose ECM

Figure 4 shows the SEM images of the internal structure of ECM comprising RP
or starch only. The internal shapes of the ECMs that were manufactured from three types
of raw materials differed in appearance. RP (Fig. 4a) was well-separated into individual
fibers, and the two starch types exhibited completely different appearances (Figs. 4b—4c).
GS comprising amylopectin exhibited a layered-plate shape, whereas CS with a high
amylose content exhibited small and short interconnected structures. These characteristics
of GS suggest the potential for forming an anisotropic structure in ECMs containing GS.
The starch particles swelled and gelatinized when heated, following the penetration of
water (Pither 2003). Generally, starch granules exhibit an oval or polyhedral shape
(Domene-Lopez et al. 2019), although it is assumed that the granules are broken by
homogenization to form a network by exposing the starch molecules. Several studies have
reported that amylopectin and amylose exhibit a large-branched and small linear structure,
respectively (Edwi 2019). Therefore, during the lyophilization of starch, CS with a high
amylose content formed a short and dense network, and GS comprising only amylopectin
formed a larger and wider layered network.
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Fig. 4. SEM images of the ECM based on the utilized raw materials (a: RP, b: CS, c: GS)

Figures 5 and 6 show the internal and external morphologies, respectively, of the
ECMs that were prepared from starch and RP. By mixing RP with starch, the shape of the
bonding structure of ECM differed based on the starch type. GS helped to maintain the
overall structure of the ECM. In Figs. 5a to 5¢c, CS combined with relatively large RP fibers
to form a net structure, while GS formed a plate-like layer that was supported by the RP
fibers (Figs. 5d to 5f). When starch and RP were mixed, the assembly form changed while
maintaining the shape characteristics of each raw material without forming a new internal
structure. The ECMs that were prepared from starch and RP formed a space inside, and a
larger space was produced in the layer structure containing GS than in the network structure
comprising CS. The GS-based ECM generated a large internal space via its plate-like layer
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and RP support; its shape was maintained even with the increasing amount of RP. This
structure can effectively improve flexibility and high strength when deformed by an
external impact. Figure 6 shows the appearance of the starch-and-RP-mixed ECM. The
external morphology differed with the starch type. Compared with the GS-based ECM, the
CS-based one barely maintained its external shape, whereas the CS-based ECM sample
shrank during freezing and drying, the GS-based one maintained its shape.

Fig. 6. External morphology of the ECMs composed of starch and RP

Figures 7 and 8 show the SEM images of the internal and external morphologies,
respectively, of the ECMs that were prepared with starch and MFC. The images exhibited
the internal spaces, although their shapes differed based on the starch type and MFC
content. The network structures of CS and MFC were combined, and a hole was formed in
the ECM that was prepared using 30% MFC (Figs. 7c and 7f). The GS maintained the
plate-like layers just like when it was mixed with RP, and the MFC supported them
between the layers. As the mixing ratio of MFC increased, an additional network was
formed independently to create a wall. The ECM, which was prepared with 30% MFC,
exhibited a noticeable pore morphology, although the size differed based on the starch type;
the hole in the GS-based ECM was larger than that in the CS-based one. By assuming that
all the specimens were fabricated using the same amount of dry fiber weight, the CS-based
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ECM exhibited a higher density. Figure 8 shows the appearance of the MFC-containing
ECM. As the MFC content increased, the shape of the CS-based ECM changed
significantly, and a denser structure was formed inside the ECM (Fig. 7c). An increase in
the bulk of the cushioning material and the formation of the hole structure inside the ECM
can facilitate the absorption of external shocks, ensuring effective cushioning (Meherishi
et al. 2019). Therefore, GS is more suitable than CS for the formation of large hole spaces
inside ECM and maintenance of its external shape. Additionally, the different raw-
material-dependent external and internal shapes influenced the subsequent physical
properties of the materials.

MFC 30 %

CS + MFC

GS + MFC

Fig. 8. External morphologies of the ECMs comprising starch and MFC

Figures 9 and 10 show the internal and external morphologies, respectively, of
the ECMs that were prepared by mixing RP and MFC with GS. Dissimilar to the GS that
facilitated the formation of the plate-like layer, the long RP facilitated the formation of a
network structure, and the GS and MFC formed a plane that connected the fibers between
them, thus filling the holes. The bonding of RP and MFC might have proceeded before that
of starch and the cellulose materials because hydrogen bonding occurs more on the
cellulose chains. As the MFC content increased, additional wall shapes were observed than
individual fiber shapes, and it was possible to generate the shape of the pores and form
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spaces inside the ECM (Figs. 9d and 9e). Although the mixing ratio of GS, RP, and MFC
changed, the external shape was maintained stably (Fig. 10).

Fig. 9. SEM images of the GS ECM based on the RP and MFC contents (a: RP 25% + MFC 5%;
b: RP 20% + MFC 10%; c: RP 10% + MFC 20%); d,e: RP 5% + MFC 25%)

RP 25% + MFC 5% RP 20% + MFC 10%

Fig. 10. External morphologies of ECMs composed of starch, RP, and MFC

Physical Properties of the Starch—Cellulose ECM

The load against deformation was measured (Figs. 11 and 12) to evaluate the
physical properties based on the starch type and mixing ratio. When starch was mixed with
RP or MFC, the strength increased significantly compared with the strength of starch only.
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Fig. 11. Load-displacement curve of ECM containing RP (a: CS + RP, b: GS + RP)
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Fig. 12. Load-displacement curve of the ECM containing MFC (a: CS + MFC, b: GS + MFC)

As confirmed by the SEM image, the cellulose materials connected the network
or plate-shaped structure of starch by supporting its internal structures. Put differently, the
ECM was strengthened by changing the starch structure consisting of lines and planes
formed into a 3D structure. Figures 11a and 12a reveal that the CS-based ECMs were
relatively stiffer than the GS-based ones because the load resistance decreased sharply
above a certain deformation level. This indicated that the CS-based ECM was not flexible
and broke irreversibly over a certain deformation limit (Roberts and Holder 2011; Lee et
al. 2014). Therefore, GS represented a more suitable starch type than CS as a cushioning
material for shock absorption to protect packaged items during delivery.

Figure 13a shows the compressive stress—strain curve based on the starch type and
mixing ratio with the cellulose materials. The strength of the ECM that was prepared by
mixing GS, RP, and MFC was significantly higher than that prepared by mixing RP or
MFC only. These results might be due to the different binding capacities of starch and
cellulose. Starch is similar to cellulose in that it contains repeated glucose units, although
in a different manner. Cellulose comprises B-1,4-glycosidic bonds that allow the linkage
of molecules in a straight line, whereas starch does not (Wang et al. 2020). The o-1,4-
glycosidic bonds in starch complicate its contact with other molecules by forming a loose
helical structure, whereas the straight-chain structure of cellulose allows closer access or
contact with other molecules, thereby easing hydrogen bonding (Shen and Gnanakaran
2009; Altaner et al. 2014; Zhang et al. 2021). Therefore, when the cellulose raw materials
were added to GS together rather than separately, the addition facilitated the formation of
an additional bond between RP and MFC, greatly improving the strength of the ECM. Even
in the SEM image in Fig. 9, when RP or MFC was added to GS simultaneously rather than
separately, the bonding between the cellulose materials was more evident, supporting the
result in Fig. 12a. In the results based on the mixing ratio of RP and MFC (Fig. 13a), as the
ratio of MFC increased, the strength and flexibility increased and decreased, respectively.
As the MFC content of ECM increased, the flexibility decreased because of the increase in
the formed networks between GS and the microfibril, and the internal structure became
denser than that of ECM containing a high amount of RP. Therefore, the strength and
flexibility of ECM can be controlled according to the mixing ratio of RP and MFC.

Figure 13b shows the compressive stress—strain curve of the commercial CMs.
The plastic-based EPE was readily deformed and flexible, whereas EC broke at a certain
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deformation limit. Several types of starch—cellulose ECMs prepared in this study resisted
greater loads than their commercial counterparts without breaking. The ECM composed of
GS, RP, and MFC exhibited a substantial load-bearing capacity, high strength, and a
suitable level of flexibility.

50 A 50 -
(a) -u—-GS+RP25+MFC5 (b) —O-EC
—e—GS + RP 20 + MFC 10 —e—EPE (vertical)
901 ——Gs+RP10+MFC20 401 ——EPE (horizontal)
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g 1 = 301
g 3
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Fig. 13. Load-displacement curves of the ECMs (a: GS + RP + MFC, b: commercial CMs)

The Youngs’ modulus was determined from the slope of the load-displacement
curve and energy absorption from the area under the curve. (Table 3). The slope of the
graph represents stiffness, indicating the resistance to deformation until specimen failure,
while the area under the graph represents the energy absorbed by the specimen (Goodyear
et al. 2011). When GS and CS were used alone, both the slope and area were lower under
all conditions. However, when mixed with cellulose materials, both values increased. A
greater slope in the graph signifies that a large force was detected with minimal
deformation, confirming the production of a rigid ECM. A larger area does not necessarily
imply higher strength or greater flexibility. ECMs based on CS were effective in increasing
internal density, as observed in SEM images and external morphologies. Consequently,
when mixed with different cellulose sources, they exhibited a sharp increase in slope. In
contrast, GS-based ECMs, due to their larger internal pore size and spacing between starch
layers, exhibited relatively more flexibility in compression when subjected to load.

When examining the differences based on cellulose materials, it was observed that
the graph's slope increased more when MFC was mixed compared to RP, resulting in
enhanced stiffness. This effect can be attributed to MFC's smaller size and higher
microfibril content, which led to a denser internal structure when combined with starch, as
illustrated in Figs. 5 and 7. When comparing relative differences based on slope and area,
it is evident that specimens with GS 80% + RP 20% and CS 90% + MFC 10% exhibited
similar areas, but the slope of the GS-based ECM was significantly lower. In such cases
where the energy absorption capabilities of the ECMs were similar, this indicates that the
CS-based ECM had higher stiffness. Additionally, the slope for GS 70% + MFC 30% was
1.92, whereas for CS 70% + RP 30%, the slope was 1.80, with the former having a
considerably larger area. This suggests that while the initial stiffness of the ECMs was
similar, specimens with a lower area tended to fail more rapidly.

Consequently, GS enables the production of ECMs with relatively lower stiffness
compared to CS, yet with higher energy absorption capabilities. From the above results, it
is evident that adjusting the content of starch and cellulose enables the production of ECMs
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with the desired levels of stiffness and energy absorption. Therefore, in this study, it was
possible to manufacture flexible and strong starch—cellulose ECMs with similar qualities
to their commercial counterparts by replacing a part of starch with cellulose and mixing

RP with MFC.

Table 3. Compressive Properties of Starch-Cellulose ECMs

Materials Starch RP MFC Young’s modulus |Absorbed energy
(wt %) (wt %) (wt %) (N/mm?) (N-mm)

100 - - 0.30 10.6

90 10 - 0.37 16.7

80 20 - 0.84 43.8

GS + Cellulose 70 30 - 1.34 63.9
90 - 10 1.12 40.9

80 - 20 1.39 61.6

70 - 30 1.92 95.3

100 - - 0.25 4.3

90 10 - 0.72 10.5

80 20 - 1.46 29.5

CS + Cellulose 70 30 - 1.80 34.1
90 - 10 1.00 61.5
80 - 20 4.58 165.0
70 - 30 13.0 128.3
25 5 5.17 1171
20 10 5.89 138.1

GS + RP + MFC 70

10 20 7.14 145.2
5 25 17.23 214.1

EC 2.16 74.3

Commercial CM EPE (vertical) 0.72 34.8
EPE (horizontal) 0.88 47.5

CONCLUSIONS

1. Eco-friendly cushioning materials (ECMs) prepared using only starch exhibited
different internal structures based on the starch type. Amylose-containing corn starch
(CS) formed a network structure, and the internal spaces in amylopectin-containing
glutinous rice starch (GS) exhibited a plate-like structure.

2. ECMs comprising GS and cellulose materials formed pores via the interaction between
the amylopectin-generated plate-like structure and cellulose-formed supporting
network. Thus, it was possible to produce a strong internal structure while maintaining

the bulk.
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3. ECMs prepared with GS, refined cellulosic pulp (RP), and microfibrillated cellulose
(MFC) were much stronger than that produced by only RP or MFC because of the
improvement of the bonding strength between cellulose materials. This ECM exhibited
higher physical properties than commercial EPE and EC.

4. 1t is possible to manufacture ECM with similar or higher qualities to those of
commercial CMs using different sizes of GS and cellulose materials.
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