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Effects of Packaging Films on Quality Changes and Marketability
of Fresh Sparassis Latifolia During Ambient Storage

Ji Weon Choi!”, Nayeong Kwon', Byong-Soo Heo?, Min-Sun Chang', and Jae-Han Cho!

! Postharvest Technology Division, National Institute of Horticultural and Herbal Science, RDA, Wanju 55365, Republic of Korea
2Jeonbuk State Agricultural Research & Extension Services, Iksan 54591, Republic of Korea

Abstract This study evaluated the effects of different packaging films on quality changes and shelf life of fresh Sparas-
sis latifolia during ambient storage. Mushrooms were packaged with PET, OPP, MPP5, and perforated OPP films and
stored for 8 days under ambient conditions. Changes in package headspace gas composition (O, and CO,), weight loss,
physicochemical properties, and quality indices were analyzed. OPP and MPP5 films rapidly established O, con-
centrations close to 0% and high CO, (=16-17%) conditions, while perforated OPP maintained near-atmospheric con-
ditions. These differences significantly affected quality changes. MPP5 showed the lowest weight loss and maintained
overall quality, whereas perforated OPP exhibited rapid deterioration after 4 days. Browning and aroma were identified
as key factors influencing overall quality (r = —0.876 and 0.866, respectively), and overall quality was negatively cor-
related with O, and positively correlated with CO,. These results indicate that MPPS5 is the most effective packaging film
for maintaining quality and extending the shelf life of Sparassis latifolia under ambient storage conditions.

Keywords Sparassis latifolia, packaging film, ambient storage, quality change, shelf life
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Table 1. Characteristics of passive modified atmosphere (MA) packaging films used in this study
. . Thickness Oxygen permeability [Water vapor transmission Perforation
Film Material type (um) (mL/m?-day-atm) rate (g/m?-day) characteristics
PET Polyethylene 380 10,930.264 8.546 None
terephthalate
OPP Oriented polypropylene 30 1,386.490 4.469 None
mpps  [Modified polypropylene 30 5680.231 4.935 None
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Fig. 1. Changes in package headspace O and CO: concentrations of Sparassis latifolia under different packaging films during ambient
storage. Values are expressed as mean =+ standard error (SE). Different letters indicate significant differences among treatments at each
storage day (p <0.05), while the same letters indicate no significant difference.
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Fig. 3. Changes in firmness (A) and soluble solids content (B) of Sparassis latifolia under different packaging films during ambient stor-
age. Values are expressed as mean + standard error (SE). Different letters indicate significant differences among treatments at each stor-
age day (p < 0.05), while the same letters indicate no significant difference.
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Fig. 4. Changes in color parameters (Hunter L*, a*, and b*) of pileus (A—C) and stipe (D-F) of Sparassis latifolia under different pack-
aging films during ambient storage. Values are expressed as mean + standard error (SE). Different letters indicate significant differences
among treatments at each storage day (p < 0.05), while the same letters or ns indicate no significant difference.
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Quality factor r value Interpretation
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0, —0.768 Lower O, associated with better quality
CO, 0.747 Higher CO, associated with better quality
Oft-odor —0.671 Increase in off-odor leads to quality deterioration
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b* (pileus) —0.435 Moderate correlation
SSC —-0.399 Weak to moderate correlation
L* (stipe) 0.272 Weak correlation
a* (stipe) 0.216 Weak correlation
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a* (pileus) 0.159 Weak correlation
Firmness 0.087 Negligible correlation
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Effects of Starch Acetylation on Application of Thermoplastic Starch

as Packaging Material: Degree of substitution, Gelatinization and
Biodegradability

Guyoon Kwon and Seonghyuk Ko*

Department of Packaging, Yonsei University, Wonju 26493, Republic of Korea

Abstract Thermoplastic starch (TPS), despite its environmental advantages, suffers from brittleness and poor pro-
cessability due to extensive hydrogen bonding in native starch. This study aimed to characterize the relationship between
gelatinization behavior and plasticization of acetylated starch and to evaluate the biodegradability of acetylated-TPS (A-
TPS). Native corn starch was acetylated to three different degrees of substitution (DS = 0.020, 0.087, 0.117). FT-IR spec-
tra confirmed successful acetylation with the appearance of C=0 stretching peaks at 1726 cm™, and XRD patterns
showed decreased crystallinity as DS increased. Water solubility and swelling power increased from 4.985% and 4.935 g/
g (Native starch) to 10.054% and 9.983 g/g (DS 0.117) respectively, indicating enhanced water accessibility. Differential
scanning calorimetry revealed a reduction in gelatinization temperature from 71.49°C to 64.80°C and gelatinization
enthalpy from 2.925 J/g to 1.777 J/g. These changes suggest improved plasticizer penetration during thermal processing.
In disintegration tests under home composting conditions, A-TPS (AS 0.117) film showed greatly faster degradation rate
than that of TPS and reached over 90% of degradation within one week. The results indicate that starch acetylation effec-
tively enhances the plasticization level of A-TPS, and its improved biodegradability confirms the potential to broaden the
applicability of A-TPS in sustainable packaging materials.

Keywords Acetylated starch, Thermoplastic starch, Degree of substitution, Gelatinization, Biodegradable plastic

Introduction

Bioplastics are emerging as essential materials for achieving
carbon neutrality in the packaging industry due to their use of
renewable resources, low carbon footprint, and high energy
efficiency). With the increasing interest in bioplastics, starch
is particularly gaining attention as a key resource in the pack-
aging industry due to its abundance and renewability. Ther-
moplastic starch (TPS) is a representative starch-based material
produced by adding plasticizers and heat to starch. During this
process, amylose and amylopectin are separated, and plas-
ticizers penetrate between polymer chains, increasing amor-
phous regions through gelatinization, resulting in a semi-
crystalline thermoplastic material®. TPS is being spotlighted
as a sustainable packaging material due to its high biomass
content, economic viability, and rapid biodegradation rate,
which has been reported to fully degrade within two weeks
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under typical soil conditions (25°C, 55% RH)>. Thanks to
these advantages, TPS is commonly blended with other bio-
degradable polymers in the form of composites. Palai et al.¥
and Pokhrel et al.”) demonstrated that blending TPS with poly-
caprolactone (PCL) or poly(butylene adipate-co-terephthalate)
(PBAT), enhanced the overall biodegradability by more than
eight times. Nonetheless, due to the abundance of hydroxyl
groups in starch, TPS tends to exhibit strong hydrogen bond-
ing, making it difficult for plasticizers to fully penetrate. As a
result, TPS exhibits poor mechanical strength and high brit-
tleness, and tendency for self-aggregation and incompatibility
within composite materials causing serious deterioration in the
overall mechanical properties of the composites.

To address these limitations, chemically modified starches—
such as octenyl succinylated, hydroxypropylated, and acetyl-
ated starch—have been explored, in which hydroxyl groups
are substituted with other functional groups. Among them,
acetylated starch is one of the most commonly used esterified
starches, widely applied in the biomedical, textile, and food
industries. It can be synthesized using acetic anhydride, acetic
acid, or vinyl acetate, typically in the presence of alkaline cat-
alysts such as NaOH, KOH, or Ca(OH),*”. Notably, acetyl-
ation reactions can use not only organic solvents like pyridine
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or dimethyl sulfoxide but also water, making the process envi-
ronmentally friendly. The physicochemical properties of acetyl-
ated starch, including solubility, water absorption, and swelling
power, vary depending on the degree of substitution (DS). The
reduction in hydroxyl groups weakens hydrogen bonding
between amylose and amylopectin chains, while the intro-
duction of acetyl groups increases the intermolecular distance
within the structure. Consequently, starch granules swell more
readily, and amylose leaches out more easily, resulting in
enhanced solubility. The reduction in crystallinity also
increases the amorphous region, allowing greater water
uptake®. Trela et al.” reported that when cassava starch was
acetylated with varied DS values, the swelling power at
70°C—within the gelatinization range—increased with DS up
to 0.2. Such changes can improve the plasticization efficiency
during TPS processing by promoting plasticizer penetration,
thus reducing brittleness and aggregation, and enhancing the
usability of TPS in packaging applications.

In this study, physicochemical properties, gelatinization
behavior and the plasticization effects of acetylated starches
with varying DS were investigated, focusing primarily on
starch-level characterization to establish fundamental struc-
tural mechanisms. Acetylated-TPS (A-TPS) films were pre-
pared to examine how chemical modification of starch molecules
influences the degradation performance. Ultimately, these
findings demonstrate the great potential of acetylated starch to
overcome the limitations of conventional starch-based mate-
rials and enhance its applicability as an eco-friendly packaging
material.

Materials & Methods

1. Materials

Food-grade starch was provided by Samyang Corporation
(Comn starch, Seoul, Republic of korea). Acetic anhydride
(ACS reagent, 98.0+%) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Phenolphthalein (2% solution in 95%
ethanol), sodium hydroxide pellets (98%), sodium hydroxide
solution (0.5N standardize solution), hydrochloric acid solu-
tion (0.5N standardize solution), glycerol (ACS reagent,
99.5+%), and other reagents used for characterization were
obtained from Thermo Fisher Scientific (Waltham, MA,
USA).

2. Starch acetylation

The starch suspension was prepared by stirring 100 g of
corn starch in 225 mL of DI water at 600 rpm for 30 minutes.
While maintaining stirring at the same speed, the pH of the
suspension was adjusted to 8.0 by adding 3.0% (w/w) NaOH
solution. Acetic anhydride was then added dropwise in
amounts of 2 g, 10 g, and 20 g at constant pH range of 8.0-
8.4. After the complete addition of acetic anhydride, the mix-

ture was stirred for an additional 30 minutes, and the reaction
was terminated by adjusting the pH to 4.5 using 0.5N HCI
solution. The suspension was then centrifuged at 2,000 rpm
for 30 minutes to separate the precipitate from the supernatant.
The recovered precipitate was sequentially washed with water
and 94-96% ethanol followed by centrifugation to remove the
washing solution. The purified precipitate was then dried at
40°C in dry oven and subsequently ground to obtain acetyl-
ated starch powder. The acetyl content and DS of the acetyl-
ated starch were determined by titration analysis. 1.0 g of as-
prepared acetylated starch was mixed with 25 mL of 0.5N
NaOH solution and stirred at 200 rpm for 72 hours. After add-
ing 3-5 drops of 2% phenolphthalein, the mixture was back-
titrated to the endpoint using 0.5N HCl solution, and the acetyl
content and DS were calculated using the following Equations
(1) and (2):

(V,=V,)x 107 x N x 43

Acetyl content (A)= W % 100(%)
O
o 3 162A
Degree of substitution (DS)= (43 %100 (43 - 1) xA]
@

where V| represents the volume of HCI solution used for the
titration of native starch, V, represents the volume of HCIl
solution used for the titration of acetylated starch, N denotes
the normality of the HCI solution, and W refers to the mass of
acetylated starch mixed with the NaOH solution. The acetyl
content and DS for each sample are summarized in Table 1,
where four types of samples were prepared: native starch
(NS), acetylated starch (AS) with DS values of 0.020, 0.087,
and 0.117.

3. Characterization of acetylated starch

The chemical structures of native and acetylated starch were
analyzed using a Fourier-transform infrared spectrometer (FT-
IR) (Spectrum 65, PerkinElmer, Inc., MA, USA). The FT-IR
spectra were measured in attenuated total reflectance (ATR)
mode, with each spectrum obtained by 64 scans in the wav-
enumber range of 400-4000 cm™ at a resolution of 2 cm™.

X-ray diffraction patterns were examined using an X-ray

Table 1. Acetyl content and degree of substitution of as-pre-
pared acetylated starch

Acetic
Samples anhydride Acetyl Degr.ee .Of
(@100 g starch) content (%) | substitution
NS 0 0 0
AS 0.020 2 0.54 0.020
AS 0.087 10 2.26 0.087
AS 0.117 20 3.01 0.117




Vol. 32, No. 2 (2026)

diffractometer (Smart Lab SE, Rigaku, Tokyo, Japan) used a
Cu Ka source (A = 1.54 A) at 2°/min of scanning speed within
a diffraction angle range of 20 =5-35° in room temperature.

To evaluate the accessibility of plasticizers to starch chains
during the preparation of A-TPS from acetylated starch, water
solubility and swelling power were measured. The analysis
was conducted at 70°C, which is the typical gelatinization
temperature of corn starch. The water solubility and swelling
power of the acetylated starch were measured with slight
modifications to the method proposed by Colussi et al.'?. The
mixture of 1.0 g of acetylated starch and 50 mL of DI water
was prepared in a conical tube and heated in a 70°C water bath
for 30 minutes. The conical tube was then cooled to room
temperature and centrifuged at 4,000 rpm for 30 minutes to
separate the precipitate and supernatant. The precipitate was
collected, and the supernatant was dried at 103°C until a con-
stant weight was reached. The weights of both the precipitate
after centrifugation and the dried supernatant were then mea-
sured. Water solubility and swelling power were calculated
using the following Equations (3) and (4):

\V
Water solubility (WS) = Wﬂ' x 100(%) 3)
i
Swelli SP)= —b__ 4
welling power (SP)= Wow, @

where W; represents the mass of acetylated starch mixed with
DI water, W refers to the mass of the dried supernatant, and
W,, denotes the mass of the precipitate after centrifugation.

The thermal behaviors of acetylated starch during the gela-
tinization were assessed using a differential scanning calo-
rimetry (DSC) (Q20, TA Instruments, New Castle, USA). The
mixture of acetylated starch and DI water at a 3:7 ratio (11-12
mg) was sealed in an aluminum pan and stabilized for 1 hour.
The analysis was conducted under a nitrogen atmosphere (50
mL/min), with the temperature range set from 20°C to 100°C
with a heating rate of 10°C/min. The peak temperature (Ty)
and enthalpy (AH,) of gelatinization were determined from
the DSC thermogram.

4. Assessment of disintegration behavior of acetyl-
ated-TPS

To investigate the effect of acetylated starch on the dis-
integration properties of A-TPS, casting films of native and
acetylated starch were prepared as follows; The casting solu-
tion was prepared by adding 8.0 g of acetylated starch and 2.4
g of glycerol to 200 mL of DI water, followed by mixing at
500 rpm for 10 minutes. The solution was heated at 85°C in
water bath with stirring at 600 rpm using an mechanical stirrer
for 30 minutes. Subsequently, the solution was sonicated for 1
minute using an ultrasonic processor (750 W, 20 kHz), com-
pleting the preparation of the casting solution. The casting
solution was cast onto 150 mm diameter petri dishes (55 g per
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dish) and dried in an incubator at 45°C with constant relative
humidity (RH) kept at 50%.

The disintegration of TPS casting films in home compost
was conducted according to ISO 20200:2015 with minor
modification. The synthetic waste was composed of 40% saw-
dust (Oak tree sawdust, Jachyeong Energy Corp., Sejong,
Republic of Korea), 30% alfalfa hay (>14% of protein con-
tent, <20% of cellulose content, Petco, Incheon, Republic of
Korea), 10% starch (Corn starch, Samyang Corp., Seoul,
Republic of Korea), 5% sucrose (ACS reagent, Thermo Fisher
Scientific, Waltham, MA, USA), 4% com-seed oil (CJ Chei-
ljedang, Incheon, Republic of Korea), and 1% urea (ACS
reagent, 99.0-100.5%, Thermo Fisher Scientific, Waltham,
MA, USA). Each material was sieved to ensure a particle size
of <5 mm and dried in a 60°C dry oven for over 12 hours
before being mixed. Distilled water was added to the synthetic
waste to achieve a moisture content of 55%, and any water
loss during the experiment was replenished according to the
standard requirements. The composting container (Polypro-
pylene, 305 mm x 234 mm X 134 mm) with a lid was used for
this study, and circular holes with diameter of 5 mm were
drilled on both side walls of the container, 65 mm above the
bottom. TPS film samples, cut into 25 mm x 25 mm pieces,
were fixed in stainless steel mesh and buried in the prepared
synthetic waste. The degradation was carried out in a humidity
chamber at 25°C, 50% RH for 4 weeks. Each week, samples
were retrieved, and their appearances were assessed visually
and taken photos.

Results & Discussion

1. Chemical structure

Figure 1 shows the FT-IR spectra of native and acetylated
starch with varying DS. Compared to native starch, acetylated
starch exhibits the transformation of hydroxyl groups linked to
carbon rings into acetyl groups. The FT-IR spectra of acetylated
starch reveal the emergence of a new peak at 1726 cm’,
attributed to the C=0 bonds present in the acetyl groups. The
intensity of this peak increases with higher DS, and the peak
around 1240 cm’!, corresponding to the C-O stretching vibra-
tions, is also observed. Meanwhile, the intensity of the peak at
3294 cm corresponding to the O-H stretching vibrations
decreased due to the lower hydroxyl group content in A-TPS.
Similarly, the peak at 1640 cm™ associated with the O-H
bending vibrations of water molecules also reduced”!". Diop

et al1l?

stated that this peak originates from tightly bound
water. It is inferred that the substitution of hydroxyl groups
with acetyl groups in acetylated starch reduces the opportunity

for water molecules to interact with the starch structure.

2. Crystalline structure
Figure 2. XRD spectra of native and acetylated starch.
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Fig. 1. FT-IR spectra of native and acetylated starch.

The changes in the crystalline structure of starch molecules
with acetylation were analyzed using the XRD technique, and
the diffraction peaks of native and acetylated starch are shown
in Figure 2. Starch granules are semi-crystalline structure
comprising crystalline and amorphous regions. The crystalline
region is formed by the double helices of amylopectin, while
amylose chains and branched segments of amylopectin con-
stitute the amorphous region. Crystalline structure of starch is
classified into the A-type (left-handed parallel-stranded double
helices packed in a monoclinic unit cell) and B-type (left-
handed parallel-stranded double helices packed in a hexagonal
unit cell) depending on the configuration of the double helices.
These structures are typical of cereal (e.g. corn, wheat) starch
and fruit or tuber (e.g. potato, banana) starch, respective-
ly'*!9. The XRD pattern of native starch exhibited charac-
teristic diffraction peaks at 26 around 15.2°, 17.2°, 18°, and
23.2°, which are indicative of the A-type crystalline structure.
Acetylated starch shows a diffraction pattern in which the
intensity of the corresponding peak slightly decreased as the

Intensity (a.u.)

AS 0.087

AS0.117

n L

5 10 15 20 25 30 35
26 (%)

Fig. 2. XRD spectra of native and acetylated starch.

DS increased. Several studies have explained that the acetyl-
ation of starch reduces the number of hydroxyl groups and
weakens the hydrogen bonding between starch molecules due
to the steric hindrance of bulky acetyl groups, leading to a rel-
ative decrease in crystallinity!>!%!". On the other hand, Liu et
al.'® demonstrated that the A-type crystalline structure exhib-
its strong crystallinity, making it resistant to the penetration of
acetic anhydride. As a result, acetylation occurs primarily in
the amorphous regions, and no significant changes in dif-
fraction peaks are observed at low DS.

3. Water solubility and swelling power
Water solubility and swelling power of starch reflect the
interactions between molecular chains in the crystalline and

amorphous regions of starch granules'”

. These properties
were used to explain changes in molecular interactions of
acetylated starch. Figure 3 presents water solubility and swell-
ing power of native and as-prepared acetylated starch. As DS
increased, both properties exhibited a distinct upward trend
with water solubility and swelling power rising from 4.985%

to 10.054% and from 4.935 g/g to 9.983 g/g, respectively,

Fig. 3. Water solubility and swelling power of native and acetylated
starch at 70°C.
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indicating enhanced water accessibility of the acetylated
starch. For swelling power, a statistically significant increase
was observed across all samples. In the case of water sol-
ubility, AS 0.117 was significantly higher than NS and AS
0.020, demonstrating an overall increasing trend as DS
increased. Meanwhile, under the 70°C condition, the samples
with higher DS are speculated to exhibit larger standard devi-
ations due to their high structural sensitivity. Ayucitra et al.>”
reported that the substitution of hydroxyl groups with acetyl
groups induces structural reorganization, which can weaken
the granular structure of starch. Therefore, water permeation
into amorphous regions of the granules is facilitated, and the
leaching of amylose becomes easier, leading to increased
swelling power and water solubility. This behavior is deeply
tied to the inherent amylose/amylopectin ratio of the corn
starch. Although acetylation initially targets the accessible
amorphous regions as established in Figure 2, the resulting
cumulative steric hindrance gradually destabilizes the adjacent
crystalline domains, thereby promoting the leaching of amy-
lose chains. This structural transition aligns with recent lit-
erature emphasizing that the amylose/amylopectin ratio
fundamentally dictates the crystalline disruption and macro-
molecular behavior of starch-based materials®?. These find-
ings show that the reduction in intermolecular forces between
starch molecules and the increase in amorphous regions lower
the energy required to disrupt the strong crystallinity of starch.

4. Thermal properties

Table 2 presents the gelatinization peak temperature (T)
and enthalpy of gelatinization (AH,) for native starch and
acetylated starch. T, of native starch was observed at
71.49°C, while it decreased to 67.97°C for AS 0.087 and fur-
ther to 64.80°C for AS 0.117. Similarly, AH, showed a
decreasing trend with an increase in the DS, declining from
2.925 J/g to 1.777 J/g, as illustrated in Figure 4. Wang et al.??
explained the starch gelatinization process in two major
stages: from 20°C to 60°C, water reversibly binds to starch
molecules while maintaining the molecular structure. Sub-
sequently, between 60°C and 90°C, hydrogen bonds between
starch molecules are disrupted, allowing water molecules to
bind directly with starch molecules, leading to the destruction
of starch granules. Swelling power of starch and intermo-
lecular forces between them are critical factors determining
the gelatinization temperature and enthalpy>>?*. As shown in
Figure 3, the acetylation of starch reduces intermolecular
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Fig. 4. DSC curves of native and acetylated starch during gela-
tinization.

forces and increases amorphous regions, which supports the
reduction in thermal energy required for starch gelatinization.
From a processing perspective, this lower thermal energy
requirement allows for reduced temperatures during extrusion
or compounding, thereby minimizing the risk of starch ther-
mal degradation and offering distinct advantages in produc-
tion. This suggests that the reduced intermolecular force of
acetylated starch allows easier penetration of plasticizers
between molecular chains, potentially resulting in a higher
plasticization effect during A-TPS production. A-TPS with a
high level of plasticization exhibits reduced brittleness, result-
ing in improved flexibility and alleviated aggregation. There-
fore, the effect of acetylation is expected to overcome the
critical drawbacks of conventional TPS.

5. Disintegration of A-TPS casting films in home com-
posting condition

The chemical modification of starch should not adversely
affect the inherent biodegradability of TPS. According to ISO
20200:2015, fragments smaller than 2 mm are considered
completely disintegrated, and Figure 5 shows disintegration of
the samples over a 4-week period. Although all films were ini-
tially clean and transparent, they became increasingly opaque
as degradation progressed. Similar changes during degrada-
tion were also reported by Yap et al.2>, such as surface dulling
and color shifts. TPS and A-TPS (AS 0.020) exhibited similar
disintegration trends, with only small fragments remaining

Table 2. Gelatinization behavior of as-prepared acetylated starch

NS AS 0.020 AS 0.087 AS 0.117
Ty (°C) 71.49 £0.213% 71.57 £ 0.0954 67.97 +0.0538 64.80 = 0.112¢
AHg, (J/g) 2.925+0.119* 2.745 +0.110% 2.625+0.123° 1.777 + 0.058¢

* Values with different superscripts within the same row are significantly different by Duncan's multiple range test (p<0.05).
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Fig. 5. Visual characteristics of TPS and A-TPS casting films
during degradation.

after four weeks. In contrast, A-TPS (AS 0.087) and A-TPS
(AS 0.117), showed a faster disintegration rate. Notably, A-
TPS (AS 0.117) exhibited the most rapid degradation, as a
result, majority of the film disintegrated within just one week.
This behavior is likely attributed to the crystallinity of A-TPS,
which decreases as the DS increases. According to Diaz et
al.?®), polymer chains with lower crystallinity allow enzymes
easier access to their active sites, thereby enhancing bio-
degradation. These results indicate that acetylation does not
compromise the inherent biodegradability of conventional
TPS. On the contrary, the reduced intermolecular forces
caused by the introduction of acetyl groups may positively
influence biodegradation, suggesting the potential for devel-
oping highly biodegradable packaging materials.

Conclusions

This study explored the effect of acetylation on the phys-
icochemical properties of starch for TPS applications. Acetyl-
ation was processed by native corn starch and different
amounts of acetic anhydride (2, 10, and 20 g) were reacted
resulting in DS of 0.020, 0.087, and 0.117. FT-IR analysis
confirmed the successful incorporation of acetyl groups into
the starch molecules. X-ray diffraction patterns revealed a
slight decrease in crystallinity with increasing DS, indicating
that the substitution of hydroxyl groups with bulky acetyl
groups reduced intermolecular interactions. However, since
acetylation occurs primarily in the amorphous regions, no
marked changes in the diffraction peaks were observed. At
70°C, water solubility increased from 4.99% (Native starch) to
10.05% (DS 0.117), and swelling power rose from 4.94 g/g to
9.98 g/g, indicating enhanced water accessibility into the
starch granules. Differential scanning calorimetry revealed a
decline in the gelatinization temperature from 71.49°C to
64.80°C and a reduction in gelatinization enthalpy from
2.93 J/g to 1.78 J/g with increasing DS. These changes demon-

strate that acetylation weakens the hydrogen bonding between
starch chains and facilitates plasticizer penetration, thereby
improving plasticization efficiency during A-TPS formation.
To evaluate the effect of acetylation on the disintegration
behavior of A-TPS, casting films were prepared and subjected
to a four-week home composting test. While the TPS (NS)
and A-TPS (AS 0.020) films showed gradual disintegration
over 3 to 4 weeks, A-TPS films with a AS 0.087 or higher
exhibited accelerated degradation. In particular, the A-TPS
film with a DS of 0.117 showed nearly complete disinte-
gration within just one week, which is likely attributed to the
increased amorphous regions and reduced crystallinity, facil-
itating faster hydrolysis and improved enzyme accessibility.
Overall, this study demonstrates that acetylation of starch
not only enhances its plasticization behavior by modifying its
thermal and water interaction properties but also improves its
degradation performance. Furthermore, the substituted acetyl
groups, even at low levels, are expected to enhance the inter-
facial compatibility of TPS when blended with other com-
mercial hydrophobic biodegradable polymers, such as PCL or
PBAT, which is a key factor for manufacturing flexible com-
posite packaging films. These findings suggest that the appli-
cation of acetylated starch with a controlled DS contributes to
the broader utilization of starch in biodegradable plastics, and
that it is a promising material for sustainable packaging.
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Preparation and Characterization of Chlorine Dioxide-releasing
Antimicrobial and Antifungal Paper-based Sachet Coated with Sodium
Caseinate and Spent Coffee Grounds
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Abstract Chlorine dioxide (ClO2) is widely used for the surface sterilization of fresh foods due to its strong oxidative
capacity and high solubility. In this study, active sachets capable of releasing ClO, were prepared by coating paper with
TEMPO (2,2,6,6-Tetramethylpiperidin-1-oxyl) oxidized spent coffee grounds (TOSCGs) and sodium caseinate (CasNa).
The moisture adsorption properties, chemical structure, morphological properties, and water vapor barrier properties were
evaluated. The result showed that increasing the TOSCGs content strengthened intermolecular interactions, decreased
water vapor permeability and enhanced moisture adsorption capacity under high humidity conditions. Sachet containing
sodium chlorite and citric acid showed effective antibacterial and antifungal activity against E. coli, S. aureus, and A.
niger under both contact and non-contact conditions, and the effect of inhibiting spoilage and extending storage life was
confirmed in actual fresh fruit storage experiments. Therefore, the sachet developed in this study is an eco-friendly active
packaging material using food by-products and will be able to contribute to maintaining the quality of fresh food through
continuous antibacterial function.

Keywords Chlorine dioxide, Active packaging, Paper based packaging , Antimicrobial and antifungal properties
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Table 1. Compositions used for the preparation of (a) TOSCGs powder and (b) pristine CasNa and CasNa/TOSCGs coated papers.

Sample Code (a) Compositions (g)
SCGs D.I Water TEMPO NaBr NaClO Ethanol
TOSCGs 3 100 0.06 0.3 180 30
Sample Code (b) Compositions (g)
CasNa TOSCGs D.I Water
Base paper 0 0 0
Pristine CasNa 10 0 90
CasNa/TOSCGs 0.1% 10 0.1 90
CasNa/TOSCGs 0.3% 10 0.3 90
CasNa/TOSCGs 0.5% 10 0.5 90
CasNa/TOSCGs 1.0% 10 1.0 90
CasNa/TOSCGs 1.5% 10 1.5 90
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Fig. 1. Schematic illustration of the preparation of TOSCGs powders, CasNa/TOSCGs-coated papers, and sachet.
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Table 2. Moisture sorption capacity of TOSCGs compared
to commercial desiccants at different relative humidity level
(25°C).

Moisture sorption (%)
Sample code

10% RH 50% RH 98% RH
Zeolite 2.4 5.0 83
Silica gel 4.7 23.7 31.8
TOSCGs 0.1 2.8 37.7

FHIILE &/ HEMN7| 8 713 O ket U ES

02

.. 101

0

BT TP, 3, TOSCGs dHgo] 7142 9=
A7y F7vske AL gAash 1,240 em'2 1,150
em'F29] ¥ FE C-0 252 YERAH, CasNazt TOSCGs
7ve] AT T o] 2A ez FAS I
3,300 cm™ F2¢] -OH 3= TOSCGs To] Z71a4
5 A7I7F Hedhe 73S YERIET, ©l= CasNadl -
NH”]9} TOSCGs®] -OH % -COOH”17} +224%S 4
o W FrslE AdEnP?), o]zt A= CasNall

T 29k TOSCGse] thd7h ek =24 daate
< Ftemn FYA ] A 54 9 vE A
o= ekt

3. GHigHy EY

YA, Pristine CasNa 2 CasNa/TOSCGs ZHA] FH|
Fejsks 544 gRlsk] 918l SEMAE AL, 2
AIE Fig. 39 YUY 9A= AEZ 02 AfollA
= B wlgdEe gl AarRrt ERlE A
Pristine CasNa ZE XM FHo)| whild F8)Zo0] A
o] gy 7 4 FAER0Y, - v 7)E
o] FA=o] IYFo] UM FAFHA &2 AL <l
g 4 9lth. o]& CasNa 7899 AR} Ax 3 &
7132 e o] AARLRE AYX] g 71Fe] 34
H Aoz A, TOSCGs7F =RE FZHRA M=
TOSCGs®] §Hol F7Istol wet o] mAl7|E ¢} =
7Ie AR e s SRIFEIT ol 71RE TOSCGs?
gF HY WeollX= CasNa mlER] 29 7]E22] HEA
HAUS e 1% A ek =84 718 389A5S

s8] MR = LS ofn|gt) AR TOSCGs

CasNa/'TOSCG 1.5%
CasNa/TOSCGs 1.0% c=0
CasNa/TOSCGs 0.5%

CasNa/TOSCGs 03%

Transmittance% (A.U.)

(CasNa/ TOSCGs 0.1%
Pris tine CasNa
i Avider # N
Lk d n o AR e o L S Amidell
E N B T e
1 1 1
=
4000 3000 1500 1000

Wavenumber(cm™ 1)

Fig. 2. FTIR spectra of the base paper and pristine CasNa and
CasNa/TOSCGs coated papers.
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Fig. 3. SEM images of the surface morphology : (a) base paper, (b) pristine CasNa and (c)-(g) CasNa/TOSCGs coated papers with

increasing TOSCGs content.
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Citric Acid + Sachet using non- Sachet using
NaClO: contact method contact method

Citric Acid NaClO;

24h
E. coli
48 h
24h
S. aureus
48h

Fig. 5. Antimicrobial activities of CasNa/TOSCGs coated paper-based sachets against E. coli and S. aureus under contact and non-con-
tact conditions after 24 and 48 hours.
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Fig. 6. Antifungal activities of CasNa/TOSCGs coated paper-based sachets against A. niger under contact, non-contact and AATCC
30 conditions for 7 days.
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Performance of Korea's Assessment of Circular Usability of Products and
Policy Implications for ESPR Compliance:
Evidence from Packaging Improvement Cases

Seong Moon Cho*

Korea Environmental Industry and Technology Institute

Abstract This study aimed to analyze the operational performance of Korea's assessment of circular usability by
examining original operational data on packaging improvement cases accumulated between 2018 and 2025 and to pro-
pose future directions for improving the program in response to the European Union's Ecodesign for Sustainable Products
Regulation (ESPR). To this end, recommendations for improvement and product information before and after redesign
were analyzed to identify major packaging improvement patterns and their effects on enhancing recyclability. The anal-
ysis covered various packaging categories, including PET beverage and food containers, PET detergent containers, single-
material containers made of PP, PE, and PS, aseptic paper cartons, PSP food trays, and PVC wraps. The results showed
that improvements such as the application of water-soluble adhesives, label-free packaging, conversion to colorless con-
tainers, adoption of single-material packaging, reduction of metal and heterogeneous materials, and lightweighting sig-
nificantly improved recycling efficiency and facilitated the production of high-quality recycled materials. The findings
also demonstrate that the Korea's assessment of circular usability functions not merely as an evaluation scheme but as
an effective policy instrument that encourages voluntary ecodesign and improves resource circularity. Meanwhile, the
ESPR adopts a life-cycle approach by addressing not only recyclability but also durability, repairability, reusability, recy-
cled content, and the Digital Product Passport (DPP). Accordingly, Korea's assessment of circular usability should evolve
beyond a recyclability-oriented framework by strengthening its legal effectiveness, expanding information disclosure,
establishing a DPP-based information management system, enhancing alignment with the ESPR and the Packaging and
Packaging Waste Regulation (PPWR), and harmonizing its assessment framework with international standards.

Keywords Recyclability Assessment, Circular Economy, Packaging, Ecodesign for Sustainable Products Regulation

(ESPR), Ecodesign
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COMSOL-Based Placement Design of Printed Piezoelectric Sensor Labels

for Shock Monitoring in Transport Packaging

Omkar Y. Pawar!, Siyoung Yang”* and Sooman Lim'*

!Graduate School of Flexible and Printable Electronics, LANL-JBNU Engineering Institute-Korea, Jeonbuk National University,

Jeonju 54896, Republic of Korea

’Department of Mineral Resources and Energy Engineering, Research Institute of Energy and Mineral Resources Development,

Jeonbuk National University, Jeonju 54896, Republic of Korea

Abstract Printed piezoelectric sensor labels can convert package deformation into electrical signals, but their response
depends strongly on where the label is attached to the package surface. In this study, a static-equivalent top-impact place-
ment-screening method was constructed for printed PVDF/carbon nitride nanotube (CNNT) piezoelectric sensor labels
on a corrugated transport package. A 200 mm x 120 mm x 100 mm package model was used, and four label regions were
compared: central-edge, adjacent, side, and impact-reference positions, using the domain-averaged von Mises stress. The
directly impacted label served only as a normalization reference, and results were reported as stress-transfer factors and
reference-normalized voltage-equivalent indices rather than measured dynamic voltages. At 40 N, the central-edge, adja-
cent, and side positions reached stress-transfer factors of 0.6953, 0.6034, and 0.2434, respectively. These factors identify
the central-edge region as the most suitable off-impact placement. The framework provides a reproducible way to screen

sensor-label positions before dynamic drop testing and full package validation.

Keywords Printed piezoelectric sensor; PVDF/CNNT; Transport packaging; Static-equivalent analysis; Sensor

placement

Introduction

Transport packaging is designed to reduce mechanical dam-
age during stacking, sorting, loading, delivery, and storage.'"
In parcel delivery, local impact or compression may occur at
only a small region of a package, while the damaged product
can remain visually hidden inside the box. This limitation has
increased interest in smart packaging systems that can record
or indicate handling history. Existing visual indicators and
electronic loggers can provide useful information, but they
may require separate batteries, bulky modules, or additional
attachment processes. Thin printed sensor labels offer a dif-
ferent route because they can be integrated onto the package
surface with limited changes to the package form factor.®)
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Piezoelectric polymer sensors are attractive for such sensor-
label concepts because they can generate an electrical response
from mechanical deformation without an external power
source.”® Poly(vinylidene fluoride), abbreviated as PVDF,
and its composites have been widely studied because their
flexible film geometry is compatible with printed, laminated,
or label-type devices.>'® The piezoelectric response of a
PVDF-based label, however, is not determined by d;; or beta-
phase fraction alone. In package-scale use, the local stress
field at the attachment position also controls the mechanical
input delivered to the sensor. Therefore, a material with good
piezoelectric output can still produce a weak package-level
signal if the label is attached to a low-stress region.

For corrugated transport boxes, sensor placement is not
straightforward.'*'” A directly impacted region gives a high
signal, but the actual impact point is not known before dis-
tribution. A side-wall label may be easy to attach and read, but
it may receive only a small portion of top-impact stress. A
workable sensor-label design therefore needs a screening
method that compares candidate positions using the same
package geometry and loading condition. Finite-element anal-
ysis is useful for this purpose because it can compare stress
transfer at multiple positions before fabrication and drop test-
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ing.'®!” However, finite-element stress should not be directly
reported as measured voltage unless the dynamic loading,
adhesive transfer, sensor layer thickness, electrode geometry,
and time-domain output are validated experimentally.

This study proposes a conservative static-equivalent place-
ment-screening framework for a printed PVDF/carbon nitride
nanotube (CNNT) piezoelectric sensor label on a corrugated
transport package. The sensor material basis was taken from a
previously reported PVDF/CNNT film prepared by direct ink
writing,” while the package-scale analysis was newly orga-
nized around four label positions: central-edge, adjacent, side,
and impact-reference domains. The impact-reference domain
was not treated as a recommended attachment position; it was
used as an internal reference for normalization. The main out-
put of the present work is therefore not a dynamic shock volt-
age, but a reference-normalized voltage-equivalent index
derived from domain-averaged von Mises stress. This framing
allows the simulation data to support placement design while
avoiding claims that require dynamic drop-test evidence.

Materials and Methods

1. Sensor-material basis and calibration separation

The printed sensor label was defined using a PVDF/CNNT
composite film previously reported for piezoelectric energy
conversion.”) In that material system, the CNNT content was
used to tune the phase structure and piezoelectric output of
PVDEF. The 7.5 wt% PVDF/CNNT composition was used as
the material basis in the present placement study because it
provided a higher d;; value than pristine PVDF and a usable
flexible-film form for attachment to package surfaces.

The printed sensor labels were fabricated by the direct ink
writing process reported for the same PVDF/CNNT system.®
The CNNT filler was first obtained by thermal polyconden-
sation of a nitrogen-rich precursor, followed by a structural
transformation of graphitic carbon nitride from a two-dimen-
sional sheet architecture to a one-dimensional nanotube archi-
tecture. A printable composite ink was then prepared by
dissolving PVDF in N,N-dimethylformamide and dispersing
the CNNT filler at 7.5 wt% under stirring and sonication until
a homogeneous ink was obtained. The ink was extruded
through a fine nozzle and deposited layer by layer onto the
substrate by direct ink writing, and the shear flow during
extrusion promoted beta-phase formation and dipole align-
ment so that a separate strong poling step was not required.
After solvent evaporation and mild drying, electrodes were
applied to both faces of the printed film, which was then cut
and packaged into a thin flexible label suitable for attachment
to a package surface. In the present placement study this fab-
ricated PVDF/CNNT label was used only as the sensor-mate-
rial basis, while the package-scale response at each candidate
position was evaluated with the static-equivalent COMSOL

Table 1. Sensor-material information and calibration usage. The
published dynamic output and the static-equivalent package-
scale index are separated to avoid overinterpretation.

Item Value Unit

Pristine PVDF ds; 5.2 pC/N

PVDF/CNNT 7.5 wt% ds, 18.4 pC/N
PVDF/CNNT 7.5 wt% beta-phase 359 %

Published dynamic output under 40 N | ca. 12 v

Reconstructed force-voltage slope 0.2033 V/N

Reconstructed force-voltage intercept 0.2469 \"

Fabricated sensor film size 30 x 30 mm

Fabricated sensor film thickness 0.06 mm
model.

The fabricated PVDF/CNNT sensor film used for label
preparation had dimensions of 30 mm x 30 mm and a thick-
ness of 0.06 mm. This dimension is reported as the fabricated
film size and should be distinguished from the package-scale
sensor-domain definition used in the static-equivalent COM-
SOL model.

The sensor-material values and package-scale indices were
separated in this study. The published dynamic output of ca.
12 V under 40 N was retained as a published sensor-material
output, but it was not used as the static package-scale voltage.
Instead, the present package simulation used the reconstructed
force-voltage relationship only to express a voltage-equivalent
index after stress normalization. This separation is necessary
because the finite-element result in this study is a static-equiv-
alent stress field, whereas the published voltage was obtained
from a dynamic sensor test. These sensor-material values and
their calibration usage are summarized in Table 1.

2. Package geometry and sensor-position design

A corrugated transport package with external dimensions of
200 mm x 120 mm x 100 mm was used as the model geom-
etry. The package was simplified as an equivalent continuum
body in order to focus on package-level stress transfer rather
than flute-scale local buckling.'*'” The top face was loaded
through a square impact pad, and four label regions were
defined on the package surface. The central-edge label was
placed on the top face near the central edge region, the adja-
cent label was placed on the top face away from the direct
impact point, the side label was placed on the side wall, and
the impact-reference label was placed under or near the direct
loading path.

The impact-reference label was included to define the inter-
nal reference level of the package model. This position is
expected to receive the highest local mechanical input under
top loading, but it is not an ordinary placement candidate
because the actual impact point cannot be selected in advance
during parcel distribution. The off-impact positions were
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Tangs: domain-averaged von Mises stress in each sensor region

Fig. 1. Static-equivalent top-impact placement-screening framework for printed piezoelectric sensor labels on a 200 mm x 120 mm
x 100 mm corrugated transport package. The central-edge, adjacent, side, and impact-reference label domains are compared using the
domain-averaged von Mises stress. The impact-reference sensor is used only as a direct-stress reference.

therefore evaluated against the reference position using a
stress-transfer factor. Fig. 1 illustrates the package dimensions,
label locations, top-impact pad, and normalization concept.

3. Static-equivalent structural model and mesh

The structural model was built as a quasi-static top-impact
problem.'329 A vertical load was applied to the top impact
pad and transferred to the package surface. The lower package
support was constrained to prevent rigid-body motion. The
label regions were defined as surface or thin-domain regions
for extracting local domain-averaged stress. The present
model does not include impact duration, acceleration history,
rebound, damping, adhesive viscoelasticity, or nonlinear
crushing of the corrugated board. These assumptions define
the work as a static-equivalent placement-screening study
rather than a complete drop-impact prediction.

Mesh refinement was applied around the impact pad and
label domains because these regions determine the extracted
stress values. The model was used as a structured placement-
screening model, not as an isolated point-stress reading. The
package dimensions, equivalent wall thickness, impact pad

size, package-scale sensor-domain size, boundary condition,
load condition, mesh strategy, and extracted quantity are sum-
marized in Table 2. The retained model geometry and mesh
distribution are shown in Fig. 2.

4. Domain-averaged stress and voltage-equiva-
lent index

The mechanical response at each sensor position was sum-
marized using the domain-averaged von Mises stress.'® For
the i-th label domain, the average stress was defined as the
mean of the von Mises stress over the label region. This
approach avoids the sensitivity of a single point value to mesh
density or local geometric singularities.

The stress-transfer factor was calculated as the ratio of the
domain-averaged stress at a label position to the domain-aver-
aged stress at the impact-reference domain. At a load of 40 N,
the effective load index was calculated as this factor mul-
tiplied by 40 N. The voltage-equivalent index was then cal-
culated as 0.2033 times the effective load index plus 0.2469.
This index should be read as a reference-normalized signal
index, not as a measured voltage under package drop impact.

Table 2. Static-equivalent package model information used in the placement study

Model item

Value

Package dimensions

200 mm x 120 mm x 100 mm

Equivalent model representation

Equivalent corrugated-board continuum

Equivalent wall thickness

2 mm

Impact pad

30 mm x 30 mm square top pad; area = 900 mm

Package-scale sensor domain

20 mm x 20 mm x 0.1 mm thin domain; area = 400 mm

Fabricated sensor film/label size

30 mm x 30 mm x 0.06 mm

Sensor domains

Central-edge, adjacent, side, and impact-reference domains

Boundary condition

Lower support constrained to suppress rigid-body motion

Load condition

Static-equivalent top load of 5, 10, 20, 30, 40, and 45 N

Mesh strategy

Refined around the top pad and sensor domains

Main extracted quantity

Domain-averaged von Mises stress
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Mesh distribution

Fig. 2. COMSOL model configuration retained for reproducibility: (a) package geometry and sensor-domain positions, and (b) mesh
distribution refined around the label domains and impact region. The image documents the geometry and mesh basis of the static-

equivalent placement-screening model.

The index allows different label positions to be compared
under one controlled structural model.

Results and Discussion

1. Placement concept and Fig. 1

Fig. 1 presents the placement-screening concept for the
printed sensor labels on the transport package. The package
dimensions are 200 mm in length, 120 mm in depth, and 100
mm in height, and the figure uses the domain-averaged von
Mises stress as its graphical basis, consistent with the data-
extraction method applied in the Results section.

The figure-driven layout is intentionally simple. The left
panel shows where the four label domains are attached, while
the right panel presents the stress-map concept and the ref-
erence-normalized transfer factor. This organization separates
the physical package geometry from the data-reduction
method. It also clarifies that the impact-reference label is not
proposed as the main product sensor, but is used as the ref-
erence denominator for stress transfer.

2. Load-dependent domain-averaged stress response

The full load-dependent dataset is listed in Table 3 and plot-
ted in Fig. 3. All four sensor regions exhibited nearly pro-
portional increases in domain-averaged von Mises stress as
the applied top load increased from 5 N to 45 N. A linear fit
to each region in Fig. 3 gave a coefficient of determination of
R? = 1.0000, confirming that the simulated response remained
in a linear range under the present static-equivalent conditions.

T T T ¥
Impact reference (R? = 1.0000)
Central-edge (R = 1.0000)
Adjacent (R? = 1.0000)

Side (R? = 1.0000)

3.0

$rnme

25

2.0

Domain-averaged von Mises stress (MPa)

Applied top load (N)

Fig. 3. Load-dependent domain-averaged von Mises stress for
the central-edge, adjacent, side, and impact-reference sensor-
label regions under static-equivalent top loading. Symbols are
the values extracted from Table 3 and the solid lines are linear
fits, giving R? = 1.0000 for all four regions.

ecause the same package geometry and mesh strategy were
used for all label domains, the relative order of the stress
response can be compared directly.

The impact-reference label carried the largest stress at every
load level. At 40 N, the impact-reference domain reached
2.6407 MPa. Among the off-impact candidates, the central-
edge domain recorded the largest value, 1.8362 MPa, fol-
lowed by the adjacent domain at 1.5934 MPa and the side
domain at 0.6428 MPa. The side label therefore received only
a small portion of the top-load stress field, which is consistent

Table 3. Full domain-averaged von Mises stress dataset extracted from each sensor-label region

Load (N) Central-edge (MPa) Adjacent (MPa) Side (MPa) Impact reference (MPa)
5 0.2295 0.1992 0.0804 0.3301
10 0.4591 0.3984 0.1607 0.6602
20 0.9181 0.7967 0.3214 1.3204
30 1.3772 1.1951 0.4821 1.9805
40 1.8362 1.5934 0.6428 2.6407
45 2.0658 1.7926 0.7232 2.9708
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with its position away from the loaded top surface.

3. Reference-normalized response at 40 N

The 40 N load condition was selected for direct comparison
because it corresponds to the force level used in the recon-
structed sensor calibration. Table 4 and Fig. 4 summarize the
stress-transfer factor, effective load index, and voltage-equiv-
alent index at this condition. The central-edge sensor had a
stress-transfer factor of 0.6953, which corresponds to an effec-
tive load index of 27.81 N and a voltage-equivalent index of

COMSOL-Based Placement Design of Printed Piezoelectric Sensor Labels for... 121

5.90 V. The adjacent sensor had a stress-transfer factor of
0.6034, corresponding to 24.14 N and 5.15 V. The side sensor
had a much lower transfer factor of 0.2434, corresponding to
9.74 N and 2.23 V.

The impact-reference position produced 8.38 V as a volt-
age-equivalent index under the same formula. The package-
scale index is lower than the published dynamic output of
approximately 12 V at 40 N because the two values have dif-
ferent meanings. The 12 V value is a dynamic sensor-material
output from the original film test, whereas 8.38 V is a static-

Table 4. Reference-normalized stress transfer and voltage-equivalent index at 40 N. The impact-reference sensor is retained as a ref-

erence and is not treated as an ordinary candidate position.

.. Avg stress at 40 N Effective load index | Voltage-equivalent
Position (MPa) Transfer factor ™) index (V) Role
Central-edge sensor 1.8362 0.6953 27.81 5.90 Best off-impact
candidate
Adjacent sensor 1.5934 0.6034 24.14 5.15 Secondary off-impact
candidate
Side sensor 0.6428 0.2434 9.74 223 Low-response side
position
Impact-reference 2 6407 1.0000 40.00 238 Direct-stress reference
sensor only
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Fig. 4. Domain-averaged sensor-label response under static-equivalent top loading: (a) average von Mises stress versus applied load,
(b) average stress at 40 N, (c) stress-transfer factor relative to the impact-reference domain, and (d) voltage-equivalent index calculated

from the reconstructed force-voltage relation.
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equivalent package-scale index reconstructed through the ref-
erence-normalized stress pathway. This study therefore avoids
the term predicted voltage and uses voltage-equivalent index
to reduce the risk of misinterpretation.

4. Sensor-placement implications for transport pack-
aging

The central-edge position is the most suitable off-impact
candidate under the present model. It is not directly under the
impact pad, yet it retains about 69.5% of the impact-reference
stress at 40 N. This position is useful for label attachment
because it balances mechanical sensitivity and practical place-
ment. The adjacent top-surface position also retains a mean-
ingful portion of the stress field, about 60.3% of the reference
value, and may be used when the central-edge region is not
available because of printing, sealing, barcode, or handling
requirements.

By contrast, the side position is less favorable for detecting
top-impact events because its stress-transfer factor is only
about 24.3% at 40 N. This does not mean that a side-mounted
sensor is useless in every distribution environment. Side-wall
labels may still be suitable for side compression, lateral
impact, or stacking-related deformation. For the specific top-
impact scenario analyzed here, however, the side wall is
mechanically separated from the main top-surface stress field.
A side sensor would therefore require either higher material
sensitivity, a different electrode design, or placement closer to
a structural edge that carries more load.

The results also explain why a direct impact-reference label
should not be interpreted as the recommended sensor position.
The directly loaded region gives the largest response, but par-
cel impacts are spatially uncertain. A real product label must
be attached where it can detect likely deformation events with-
out knowing the exact impact point in advance. For this rea-
son, the reference position is used as a normalization standard,
and the off-impact positions are evaluated as practical can-
didates. This interpretation gives the paper a clear design out-
put: central-edge first, adjacent second, and side only for
different loading scenarios or secondary monitoring.

5. Scope and limits of the static-equivalent index

The proposed index is intentionally limited. It does not
model the time-domain waveform of a package drop, the
acceleration history of a transported product, or the voltage
generated by a complete sensor circuit.'*?% It also does not
include local crushing of the corrugated flute, adhesive-layer
shear lag, electrode resistance, or contact changes between the
product and package wall. These factors can change the abso-
lute voltage measured in a dynamic experiment. The voltage-
equivalent index should therefore be used only to compare
candidate label positions under identical model assumptions.

Even with these limits, the static-equivalent method is use-

ful at the early design stage. Dynamic drop testing of every
label position is costly and time-consuming.'® A finite-ele-
ment screening map can reduce the test matrix by selecting a
smaller number of high-probability positions before sensor
fabrication and packaging trials. For packaging research, this
approach also connects printed electronics to a practical pack-
aging problem: where a sensor label should be attached on a
transport package to obtain a measurable mechanical response.

Conclusions

A static-equivalent top-impact placement-screening frame-
work was prepared for printed PVDF/CNNT piezoelectric
sensor labels on a corrugated transport package. The package
dimensions were fixed at 200 mm x 120 mm x 100 mm, and
four label regions were compared using domain-averaged von
Mises stress. Fig. 1 and the retained COMSOL geometry and
mesh image document the model geometry and data-extraction
basis.

At 40 N, the central-edge, adjacent, and side positions
reached stress-transfer factors of 0.6953, 0.6034, and 0.2434
relative to the impact-reference domain. The corresponding
voltage-equivalent indices were 5.90, 5.15, and 2.23 V. The
central-edge position was therefore selected as the best off-
impact candidate for top-impact placement screening, with the
adjacent top-surface position as a secondary candidate. The
side position gave a lower top-impact response and should be
reserved for other loading directions or secondary monitoring
functions.

The present index is not a substitute for dynamic drop-test
voltage measurement. It is a reproducible screening metric
that can reduce the number of experimental label positions
before full package validation.'® Future work should combine
this static-equivalent placement result with instrumented drop
tests, real printed sensor labels, adhesive-layer characteriza-
tion, and package-product interaction analysis.
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A Review of the Directions for the Korean Distribution Packaging
Management System in Response to Global Distribution
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Abstract  The rapid growth of e-commerce has increased the use of distribution packaging and diversified packaging
types throughout the logistics process. However, the current Korean packaging management system primarily focuses on
product packaging and has limitations in reflecting recent changes in distribution environments. This study reviewed
recent changes in global distribution packaging policies and examined future directions for the domestic distribution pack-
aging management system. Packaging policies in Korea, the European Union, the United States, and China were com-
pared in terms of management scope, evaluation criteria, measurement methods, and management systems. The results
indicate that global packaging policies are expanding from product packaging to distribution and transport packaging
while emphasizing supply chain-based management, packaging optimization, reuse, and circular economy. In contrast, the
Korean packaging management system remains primarily product-oriented and has limitations in accommodating diverse
distribution packaging types and changes in the distribution environment. Based on these findings, this study discusses
future directions for the domestic distribution packaging management system, including the expansion of the management
scope to distribution packaging, the incorporation of distribution packaging characteristics into evaluation criteria and
measurement methods, and the adoption of a supply chain-based management approach. This study provides fundamental
information for establishing future distribution packaging policies and management strategies in Korea.
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Table 1. Major Changes in Packaging Waste Management Policies in Korea®”

Year Major Legislation/Policy

Main Contents

Policy Implications

1986 | Waste Control Act
ment

Establishment of the legal framework for
waste reduction and proper waste manage-

Foundation of waste management
policy

1992 Recycling of Resources

Act on the Promotion of Saving and | Establishment of the legal framework for | Introduction of the resource circula-
resource conservation and recycling

tion policy

Regulation on Standards for Pack-
1993 |aging Materials and Packaging
Methods

Introduction of packaging space ratio and
number of packaging layers regulations

Prevention of excessive packaging

2003

Extended Producer Responsibility | Introduction of producer responsibility for
(EPR) recycling of packaging waste

Expansion of producer responsibility

Standards for Single-use Transport

2024 Packaging

Introduction of management criteria for
packaging space ratio and number of pack-
aging layers for transport packaging

Expansion of packaging management
to transport packaging
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Table 2. Major Management Systems for Packaging Waste in Korea
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Policy Area Major System

Legal Basis

Main Management Criteria

Waste Reduction| Excessive Packaging Regulation

Resource Recycling Act; Packaging | Packaging space ratio, Number of
Standards Regulation

packaging layers

Deposit Refund System for Reus-

Reuse .
able Containers

Resource Recycling Act

Promotion of reusable containers

Extended Producer Responsibility

Recycling (EPR)

Resource Recycling Act

Producer responsibility for recy-
cling

Information | Packaging Material Identification
Provision System

Resource Recycling Act

Mandatory labeling

Material Packaging Material and Structure
Recyclability | Evaluation

Resource Recycling Act

Recyclability assessment

Transport
Packaging

Standards for Single-use Transport
Packaging

Packaging Standards Regulation

Packaging space ratio, Number of
packaging layers

Circular Economy| Circular Economy Policy

Circular Economy Act

Product Circularity

Note: Resource Recycling Act = Act on the Promotion of Saving and Recycling of Resources, Packaging Standards Regulation = Reg-
ulation on Standards for Packaging Materials and Packaging Methods, Circular Economy Act = Act on Promotion of Transition to a

Circular Economy Society
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Table 3. Limitations of Korea’s Packaging Management System'”

Category Current Management System  [Changes in Distribution Environment Major Limitations
Scope of Product packaging-oriented Growth of e-commerce and Limited consideration of the
Regulation regulation transport packaging distribution process
Evaluation Packaging space ratio and Diversification of packaging Limitations of existing
Criteria number of packaging layers types evaluation methods
Management Producer-oriented Expansion of distribution Insufficient supply chain-
Structure management system and logistics processes based management
Policy Waste reduction and Expansion of management Limited integration of
Framework recycling-oriented policy areas policy measures
Policy Focus on waste reduction Increasing demand for reuse Limited circular economy
Objective and recycling and packaging optimization approach
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Table 4. Changes in the EU Packaging Management System Based on PPWR!*!®

Category PPWD-based Management System|PPWR-based Management System Major Changes
. L . . ircul - F i
Policy Objective Waste reduction and recycling Cireu ar economy” bas.ed rom waste re(.iuc.tlor.l to
packaging optimization life-cycle optimization
Scope of . Product packaging Expansion of distribution
P ki R . .
Management roduct packaging — Distribution packaging packaging management

Management Stage

Production and disposal

Design—Production—
Distribution
—Consumption—Disposal

Expansion of life-cycle
management

Packaging minimization

MZ;;%SZZEm Overpacka;%icr;ilﬁlogntrol and and Empty space Strengt};elzrejg;irensérgl?—stage
management

o | Uit | PP e s iy o

T

Information Limited information IDPP-based information management .

Management provision and traceability Data-driven management
Managfzment Producer-oriented Expansion qf .supply chain Expansion of supply chain-
Entity participation based management
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Table 5. Major Characteristics of Packaging Policy Changes in the United States'*!”
Category Conventional Approach Recent Changes Related Regulations and Cases
Management Waste reduction and Exp anston © f producer Colorado HB22-1355,
. responsibility-based e
System recycling California SB54
management
Management Waste-oriented management Expansion to packaging and Colorado HB22-1355
Target paper products
Cost Government and local Expansion of producer cost Colorado HB22-1355,
Responsibility authority responsibility responsibility Oregon SB582
Management Collection and recycling Exp anston to Follectlon— EPR programs
Scope sorting—recycling stages
Distribution Packaging optimization and
Packaging Limited management delivery efficiency Amazon FFP
Management improvement
Supply Chain Expansion of distribution
PPy 0 Limited application and delivery stage Amazon FFP
Perspective
management
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Table 6. Structural Characteristics of Changes in China’s Packaging Policy
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18-25)

Category Conventional Structure Recent Changes Related Regulations and Cases
Management Product packagin Expansion to parcel and Measures for the Administration of
Target packaging e-commerce packaging Mail and Express Packaging

Management Production and disposal Expansion .to distribution and Parcel packaging
Scope delivery stages management system
Distribution Conventional distribution Expansion of platform-based Douyin, cross-border
Structure channels distribution e-commerce
Packaging . . Expansion of parcel packaging |Measures for the Administration of
Management Packaging reduction . .S . .
Approach reduction and standardization Mail and Express Packaging

Circular Economy

Recycling-oriented

Expansion of reusable and

14th Five-Year Plan for Circular

. Economy Development,
System returnable packaging GB/T 43283-2023
Policy . Government regulation- Exp ansion of governmejnt Reusable packaging programs by
Implementation . policy and supply chain - . .
oriented . logistics companies
Structure operation

Policy Direction

Product-oriented

Expansion of supply chain-

Circular economy policy and e-com-|

management based management merce packaging standards
Table 7. Comparison of Major Characteristics of Global Distribution Packaging Policy!'%?Y
Category Korea EU United States China
Policy Background Excessive pgckagmg Circular economy Producer resppns1b1hty E-commerce market
regulation regulation expansion growth

Management Scope

Product packaging

Life-cycle packaging

Producer responsibility | Distribution packaging

Distribution Packaging
Management

Outside management scope|

Transport packaging
management

Platform-based
optimization

Parcel packaging
management

Supply Chain
Perspective

Producer-centered

Supply chain-based

Producer responsibility | Platform participation

Circular Economy
System

Recycling-focused

Reuse and recycling

Recycling-focused Reusable packaging

Operational Structure

Regulatory management

Regulatory management

Government—platform

EPR-based management .
cooperation

Major
Characteristics

Packaging standards and

inspection

Life-cycle optimization

E-commerce-based
packaging management

Producer responsibility and
market mechanisms
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Table 8. Comparison of Management Approaches for Global Distribution Packaging Policies

EM ot 2 gstsl Al

5-25)

Category EU

United States China

Implications for Korea

Product packaging,

Packaging, delivery
packaging, and

Parcel packaging, e- Expansion of

Management transport packaging, commerce management scope
producer . AR
Target and e-commerce i packaging, and to distribution and
ackaging responsibility reusable packaging delivery packaging
P packaging
Packaging Expansion of E-commerce Review of the

minimization and
circular economy

Policy Objective

producer
responsibility and
logistics efficiency

adaptation and parcel
packaging reduction

product-oriented
management system

Packaging . L
Management minimization and Packaging efficiency Packaging reduction Review of the app licability
o . R of space ratio-based
Criteria empty space and recycling and standardization -
S criteria
limitation
Major Tr.ansport . Reflection of diverse
. packaging, grouped . . Parcel packaging and e
Packaging - Delivery packaging . distribution
packaging, and reusable packaging .
Types packaging types

reusable packaging

Evaluation and Design optimization

Supply chain efficiency

Development of

Standard-based evaluation methods

Management and life-cycle and operational management and . .
Approach management management latform operation reflecting distribution
pp £ g p P packaging characteristics
Life-cycl E .
. te-cycle Producer .Xpanfied Expansion of supply
Supply Chain management from e participation of .
. . responsibility-based chain-based
Perspective production to : platforms and
. operation . . management
disposal logistics companies
Circular Economy Expansion of reuse Recycling-oriented ~ [Expansion of reusable and| Review of reuse
System and PCR operation returnable packaging systems
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Table 9. Applicability of Evaluation Criteria and Measurement Methods for Different Types of Distribution Packaging® 2% 27
. L Applicability of . . L
Category Major Characteristics pplicabiity of Measurement Considerations Implications
Evaluation Criteria
Rigid Fixed shape and Hich Easy measurement of Existing criteria
Packaging volume & volume and packaging space applicable
Flexible Deformable and - ConS{d'er compression Review of measurement
Packagin, compressible Limited conditions and shape reproducibility required
ging p deformation P ¥ req
. . i itional . S
Delivery Includes transportation .. Consilder addi tona’ Reflection of distribution
. . Limited packaging and logistics . .
Packaging and delivery processes . environment required
environment
. . . Compl kagi . .
Composite Multi-layer and multi- . omplex packaging Review of evaluation meth-|
. Difficult configuration and volume .
Packaging package structure ods required
measurement
Associated with Consider delivery structure .
E-commerce . . . Supply chain-based
. delivery and supply Limited and packaging use .
Packaging . o e approach required
chain characteristics characteristics

Note: Applicability of evaluation criteria refers to the applicability of the current product packaging-oriented management criteria.
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Table 10. Proposed Directions for Improving the Domestic Distribution Packaging Management System

Cateeo Current Product-oriented Changes in the Proposed Management
gory Management System Distribution Environment Direction
Management Production and sales Expansion of .dlstrlbutlon Expansion of mana_gement scope to transport
Scope and delivery and delivery packaging
Packaging Rigid packaging Expansmn.of ﬂex1bl§ and Reflection of diverse d1§tr}but10n packaging
Type composite packaging characteristics
Evaluation Packaging space ratio and Diversification of Development of evaluatlon. crlte.rla. anc?l
Svstem number of packacing lavers ackaging structures measurement methods reflecting distribution
Y packaging lay packaging packaging
Manage.ment Producer-oriented Expansion of supply chain Estabhshmeqt of a supply chain-based
Entity participation collaborative management system
Operational Product-oriented operation Expans1on. of pl{itformbased Integration of platform and logistics
Structure distribution management
Policy . . Circular economy and logistics [Implementation of a circular economy-oriented
. Packaging reduction . s .
Objective efficiency distribution packaging management system

Note: Distribution packaging includes transport packaging, delivery packaging, and e-commerce packaging.
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Coffee Grounds Reinforced Starch Composites:
Multi-scale Fiber Synergistic Effects and Application Design

Wang Xiaodong and Jang Jung-sik

Department of Innovative Materials Renewable Design, Kookmin University, Seoul, Korea

Abstract This study developed biodegradable starch-based composites from urban organic waste—spent coffee
grounds, waste paper, waste textile fiber, and bamboo fiber—comparing direct use of spent coffee grounds (B3) with car-
bonized biochar (C2) within a single composite system. Six sample groups were prepared; density and water absorption
were measured across all groups, and core specimens were further analyzed by FT-IR, FE-SEM/EDS, TGA/DTG, and
water contact angle (WCA). Density was highest for B3 (0.80 g/cm?®) versus 0.68 g/cm? for C2, reflecting biochar poros-
ity. FE-SEM/EDS showed B3 formed a dense particle-packing structure, while C2 exhibited mechanical interlocking
from biochar's rough, porous surface. FT-IR identified protein-derived Amide II peaks (1539, 1576 cm™) in B3 that dis-
appeared in C2, where an aromatic carbon peak (1335 cm™') emerged, confirming carbonization-induced structural
change. C2 outperformed B3 in all measured mechanical properties, including flexural strength (2.21 vs. 1.24 MPa), ten-
sile strength (1.20 vs. 0.40 MPa), and surface hardness (Shore A 84.0 vs. 55.0). B3's tensile strength (0.40 MPa) was even
lower than the unfilled reference (A2, 0.57 MPa), indicating limited reinforcement from weak interfacial adhesion. The
materials suit packaging boxes, cup sleeve/coaster sets, and storage boxes, via a low-technology, reproducible forming
process using household-scale equipment, with biochar carbonization as a separate high-temperature pre-treatment.

Keywords Starch-based composite, Spent coffee grounds, Biochar, Multi-scale fiber, Biodegradable packaging design
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Table 1. Experimental materials and specifications

o). A, BEAE 4
ot A71E A 1
wsh A 28

3 A 7Pe ) sFoM A-
IHo® AAghute] e xks HME9

1. Nj=
2 A7 AFEE AEE Table 19 L2350 )

2. Ng NZ

21 28 2W X HEE

Z ol 25 AEE Ao, 72t 259 vl
Table 29} 7T},

AR B A ke e 1%—% i?g H71E 24

T 3] £S5 110-120 mLE

mL_“%_lﬂr l-:y.” /\-1 Al o}o}ﬂ\qm)
T JPEEGEE ﬂﬂ) sheke I8 118.5-123.7¢ WY
Yol fAE=S A }MJ%, A1(29.3-31.8 g)-ZE Al
E-HAE ﬂ%m A= Kl RS v, R3]
An A7), vpe] Qx4y7t F7HE] w
2} Fol %ﬂE J 2 qFes 7“%17% Z IFES B
deke Ao stk &, AR I A AE
HER A7AIE Aol o}, Fol ﬁJF At A =94
A s skt

rﬂ

Material Specification/Treatment

Function

S5g AR NEF, SE >98%

712 (Matrix)

Glycerol S5 >99%

7}2~A (Plasticizer)
o EAE NEST B2 222314
A Hx T 2, & FF 7 o]l AR AstA (AF WMEHNZ 944)

o A

4% NaOH &Z2] #2] 24h

g AstA sk AA =4)

4R (H) 1-2cm A9, 60°C A%

e st (shE AA =4)

719 H A7

60°C 7z, 40HA] A&

Biochar 450°C, 2417+ &3} A g

=34 (A3)
=

A (23}

CNF A+ 2 wt%, 273 4-10 nm

= sk (Ad st 3 orAlgd oA

Table 2. Sample formulation (unit: g; paper pulp in wet weight)

Group | Starch | Glycerol | Lecithin |Paper pulp| Bamboo [Waste fiber| Coffee gr.| Biochar | CNFE4F] | Water (mL)
A2 30.15 20.25 2.1 71.2 - - - - - 95
B2 30.98 20.65 2.1 56.3 10 - - - - 95
B3 30.63 20.17 2.11 57.8 - - 10 - - 110
B4 30 20 227 51.5 5 5 5 - - 110
C2 31.8 22.28 2.23 47.1 5 5 5 5 - 120
Cl1 29.3 21.56 24 50.2 5 5 5 - 100g 90

F:A2=71F A&, B2=Fol+tb R, B3=Fo+ANAAY] AU 18), B4=4%F A f ST, C2=Brutol 2.3}

(A4 ¥l 2F), Cl =B4+CNF(#A ZF). CNFE &2
AAINE AoZ BAHEATGD,

N e
Mst MERROR Q8 PR AN 4L F
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22. MZ &3 (8H SOP)

A8 Axe thae 8§97 34 R st EeA)
g /\61—63 .g'_;g(;o‘i:gsﬂl.ﬂd.741)4 7]_ Q_ ;<47]HL_/.1;_J4_ Q_E_
2 AF 7Fssh, nlolexks Abdel ol 2 ©3t
(450°C, 2217 AAEE AA FHlskih

Phase 1— A& &3} (85-90°C, 15-20%): S A&}
B3 Egale] 85-90°ColA 15-20827F 7Hgsh =|&3 0
2 uRisiith ER S e AR Aee
%3 g2 s

Phase 2 - 7}28} (75-85°C, 102): SME(Q20 g/
7¥ete] 107 &3Sl

Phase 3— 453} A2 (70-80°C, 5%): #HAIHQ2 grs
A7rete] 5E7F EFsiGinh A 21578 wer]eh &
T GAAES SAlN Ad AAE AL FHug
(amphiphilic) £3}A) (hydrophobizing agent)Z, &4 A}
<°] 7R (Matrix) FHOE wjgFEo] FH AR E
SEoBN FTES AT
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RS RS Arlel Efsisith B4%H €2 252
A% AFE Vg 2387 #9 EFsI3E C1 25
CNF 24tlS s58jo] o] 2 20 g4 H7kshm 7t
ZF AHSEATHE 100 g, 403).

Phase 5—73% (Molding): EFES 20%x20cm =39l
FoL Beksteiaict

Phase 6— 4= (Pressing): F&|¥o 2
23717 =kt

Phase 7—19HAl A% (60°C, 12A17}): 60°CollA 12417
ZAzsk3d

Phase 8—2THA] X (80°C, 6A17F): 80°CollA 6417
F7F Azx3ITE 20x20em FY V1202 AFsiglon,
A% FAHoM e 207 HE Ag I71E < 12-15em
x12-15cm, 574 4.9-7.9 mm=z SH ATt FE A=
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3. EN BA (Characterization)

3.1. 9% £ (Density Measurement)

ASTM D7925 FaLshs, Aol &+ A4 F7d<l &
Fefsje] Reo] obd WA (@el L 7]
o SAske Al AL FUE 001 ¢3) A

5 RSl S50 AlRe] A9 E FYE 0.01 mm
o] Wule] Al 2E AMgatel S stATHFig 1). 2 A
5ol thsll Aol &5 371 A HelA, Lﬂ‘ﬂ]L %8t
I AN, T Ol AR @E-as-getd-s ek
95 SSholN 2R3l Baghe A]%o}‘zivk
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e W wils ¢
ate }_|l diffen lhw.‘l 5. The reported values represent the average }r\p..n  measurements.

Fig. 1. Measurement of specimen dimensions using a digital
caliper: (a) width, (b) length, and (c) thickness.

o714 pE U (gem?®), M2 & H(g), LS Ho 4 o]l(cm),
WE FHo YHl(ecm), He Ha F7(cm)©|th

3.2. £ & 5% (Water Absorption Test)
2 ASTM D570& 333k 4 "Whje=
AlBoA 5 x5cm Z719] AlHS ATte)
—?‘F Ags SAs A2 F
2(20-25°C)] TFroll &3] HAst] 24717
77114%01 HHO 52 AFXRE 7PEA S
Zﬂ%}‘ﬁv}. o] ZA3kellA Al F2HE 2
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o}‘ziﬁ}.

a}
9]
5 ok(Wo)—E 3]'93\‘:]'.

a&
o
[UZ oZi

> 30
F' (e oWE U oo

NS ﬂllo F_\Ju N
o 1-4

ol 1% .\LN o
=
i
A&
;%

93&

WA(%) = (W, = W,) / W,x 100 @)

3.3. YN EY ZEF (Mechanical Properties)
71AE B4L w38 (Flexural), 7 (Tensile), T H=
(Hardness) Al 7HA 2 FHEste] S48 578 A8 A2
(1), B3219AA7] AF), C22(wtoleahe] 3158
siom, Alge FH HEE AokoR Qla) T A
Al 7138 o] Zs3it
3 7=} #3 2E#H2S= ASTM D790-20072 AL
sted 33 w3 AEAEA 2| 52mm)eE S
A2 A E= Aol =t 57 Al Aol P eE A
A g glo] SAHlA AlLsiiom, B3-2¢F C2-2¢0 thal
Z} 3709 Al (n=3)S AH3IHTH
g EAEAUSKE, T, REYS, AAE)
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oA =AU A2, B3-2, C2-2 Al 25 EFol| ths
7z 50, SN, 0ol AlEE Ao, Pt EE
el Al SR o] AREsith
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3.4. OM 3T BN (Microstructure Analysis — FE-SEM)

AT A WS FARIAAR A (FE-SEM, Hitachi
SU8700ys AR&ste] #ZHelqiTh AlHL BIHEA 7=
olBE wlE(Pt) AW Az F 7k A% 3.0 kV, 2HE A
2] 72-7.9 mm Z7)4 UD(+LD) AZ71E AR&3te] x100,
x500, x2,000, x5,000 ¥j&= HZsFATt T3k YRR} 7]
Ao shet 248 WA 8 duA] Sk XA 3
H(EDS)C.Z HH-4(Map sum spectrum) 2 A2 (Point
analysisys a5ttt B3 Algolxe #An #77] YA
A A9 A A3, C2 AFolA= vlolxle] oy
4 Tz 7IAA e 29E TR SEsTh

35 MM 23 24 (FTIR)
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71) 24E FASATHAEEE: KS M 0024: 2017). A
E= A Qlo] 2 ¥ (bulk piece) HEHE AR 7]l
9]F] 5912, ATR(Attenuated Total Reflectance)d &2
ZAaich 34 W9l= °F 4000-650 cm ATk 34 AR
= B39} 2ol oA = sisiTh e Aeke s <l
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6. 93T 2 (Thermogravimetric Analysis, TGA)
Az BAS TA Instruments TGA Q5000(V3.17 Build

Group A (Reference)

0
ot
1

o

Group B (Coffee Grounds Composites)

Kb
(]

3|

A

=

Fl
Nl

265y o-&319tk. A2, B3-2, (22 A& 7} 69mgS WF
Mol ol AAN,) F71(AEF 7k 30 mL/min, W=
7k 20 mL/min)3toll Al 52 &% 10°C/mine 2 2
(~33°CpllA 410°C7HA] S48t PREEEHH DTG %/°C)
< A 71Este] 7} el dAle] Ao w8 S 2k
£ gRlskairt.

3.7. 88 &% (Water Contact Angle Measurement)

W A F37FE Y8 AF HE7ZH(Water Contact
Angle, WCA)Z 338H HE7F SAH7IE o &3 A<
H(sessile drop method)2Z2 =431t} 72 Al EHol &
o] 2F(¢F 3-5 ub)yE AHstste] A - JFE X
AREstal ks sl 850 WCAR st 7t
Boll sl 43] o)} S5t BH+EFHUAE A=)

> o

an 9 23

1.3 X ¥

AAE Alge] 2lA Fig. 291 Zth AIRES Hietel
wet i A Zols vebllt

A2 71% AEE 9% IS mlen, B2e tiv A
F2 Qe 7S vepith. 758 de B3gk €29 B
gk 212k Jjololtt. B3 A3 A7A7R ol 24S )
B i, C2F vl AR <lEl A2 3|delM Hee v

BRI o2& AV Aol AR AR 'k} AE]e] =g

Group C (Biomold Composites)

Reference (neat TPS)
M=5273g | p=0.72g/m’

Low-density fiber
M=6408g | p=0.50g/cm’

High filler content
M=8534g | p =0.66g/cm’

Biomold addition
M=9797g | p=0.66g/cm’

Direct addition of coffee grounds

Direct addition of coffee grounds

M=9085g | p =083 g/em’ M=7738g | p =076 g/cm’

CNF reinforcement
M=9028g | p=0.70g/cm*

Biomold addition
M=9878g | p = 0.69 g/cm®

Fig. 2. Appearance of fabricated composite specimens for each sample group.
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Table 3. Density measurement results of composite specimens
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Sample Mass M (g) |Length L (cm)| Width W (cm) | Thickness H (cm)| Volume V (cm®) | Density p (g/cm’)
A2 52.73 12.19 12.38 0.49 73.56 0.72
B2 64.08 14.76 14.83 0.58 126.98 0.50
B3-1 90.85 12.38 11.85 0.75 109.31 0.83
B3-2 77.38 12.63 12.50 0.64 101.21 0.76
B4 85.34 14.13 13.79 0.66 129.20 0.66
C2-1 97.97 13.60 13.73 0.79 148.27 0.66
C2-2 98.78 13.67 13.62 0.77 144.05 0.69
Cl 90.28 13.35 13.51 0.72 129.22 0.70
F: Aol vnle 33, FAE 8 24 Hagh Ux B9 050-0.83 glem® (A5 A3 AR B AFH MY 05-12 glom’
of &) =10,
2 zpolE AlZHA o R HolF= HEgt S olt B4= T 2, g5l oA FAE mA 7)Ee] JA WS AR
T AR QI S, C12 CNFO| 5402 Ql8) Ath3] Ao wltt eyt ol vy FRE FE3he ket
o2 gk A e 7ol FrE A9 7IAH B el sAA dFE v
RE XNEE= A% 3 9oF 10-15%2] £5& ngloH, e Aoz IIHNHETE 27 =) B4 2HFS 0.66
= 371 9% 13-17em x 13-17 ecm, 71 5-9mm HY glem®, Cl ZEE 0.70 glem’2 7+ 3¢ D=2 Yehl
Ak B39k €2 2&2 77 0¥ ARt AlddS A ok AR em A TFe Tl wEt 2=ot wslele A
H AFson, 7+ s B 43E o3 A7 vE T I £ dMen, 53 FXAe 54 & AR
ol Az 349 A3l ASHIAUT vs &35} Aol EAse] dxd font JFE v

2. 2%

Table 32 ASTM D7NE
3 7 AES] WE A%E e,

A2

0.50 g/em’=. 7}
frof o] Bzmo| vy 2o 71
5% <L B3 ZF°lth. B3-13 B3-2&
glem’E, B 0.80 glem’e] WEE B A A8 T

B WEE Yepith ol A AR} A6 Alle]

71E NEE

o R

EY (Density Properﬁes)

—/6‘]— Z] Eo]: xﬂ Z

Jepied, ol

7z}

Nom =3

0.72 g/em’e] WEE BT} B2 1H5S

A ko WL

by A

I3k AoE Halth F

0.833 0.76
7V

311

2e Felsirt,

Z4+ & EY (Water Absorption Properties)
Table 4 7} ALLA &8 34 23 esisith(Fig
2] A% ol WH3lE Jepd Zlolt) g

13). Fig. 4= 3
%Oﬂ o1 F

L0295

BAS A

2~ 0O O
e

B2(89.8%) > C1(79.3%) > B3-2(64.3%) > A2(61.1%) > C2-2(45.0%)
>B4(42.5%)2] A2 YERT

A2 71ET-E 61.1%2]

>~
FreEs

UERLOw, 2447 3

A F AR 449 B WY S 4 s} kel

T °
g EHoR SRl BIARE AN RO )4 87} xw—(TPsH Ws=gol shelsiict B2
o) wbd €2 2FS Hd 0.68 g/em’E B3WT tha B (E}M-r Af = F7heE 89.8%% XM] NE AL &
UEE BT ol wloleate] v ol ZIAE Al TES UrE‘r‘iiD}. ol by el X4 wHa A
Table 4. Water absorption measurement results of composite specimens
Sample Dry weight Wo (g) Wet weight W, (g) WA (%)
A2 7.92 12.76 61.1
B2 6.98 13.25 89.8
B3-1 — — —
B3-2 11.22 18.43 64.3
B4 12.14 17.30 42.5
C2-1 — — —
C2-2 15.26 22.12 45.0
Cl 12.04 21.59 79.3
FB32 2 22 WY 1gH BE AdolH Fre AUd BEE g3A0% AEe AR @A ddstel Ag st
ATk B3-1 % C2-12 A= AdA AS(R= vla)goznt A= e F48 SYde A S
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B Group A: Reference (Neat TPS)
B Group B: Direct Filler Addition
B Group C: Biomold Compasites

5

B9.5%

:a;u_u-:d 79.3%

Observed

61.1% A2 Reference (61.1%)

-19.3%
45.0% €2 BY)

‘Water Absorption (WA, %)
g § 8 8§ 8 83 §8 3 § 3§
L f

A2 B2 Bi-2 L] (=] €22
{Reference) (Wood Fiber) (Coffee Grounds) ~ (Mubti-Scale Composite)  (CNF Reinforced) (Biomold)

Comparison of water absorption after 24 h of water immersion.

The contribution of the identification label to water uptake (0.2 g) was corrected for all specimens (n=1 per group).
Specimens B3-1 and C2-1 were excluded due to failure in flexural strength tests.

Fig. 3. Water absorption rates (WA, %) of composite specimens (modified ASTM D570): A2 61.1%, B2 89.8%, B3-2 64.3%, B4
42.5%, C1 79.3%, C2-2 45.0%.

Bl WA < 50% (Good Water Rosistance) Bl WA = 50-75% (Modorate) [l WA > 75% (Poor Water Resistance)

Comparison of Specimen Appearance Before and After Water Absorption Test (ASTM D570, 24 h Water Immersion) ASTM D570
water absorption test after 24 h of complete immersion.

The water absorbed by the identification label (0.2 g) was corrected for all specimens.

WO denotes the initial dry mass, W1 the mass after immersion, and WA the water absorption percentage.

Fig. 4. Appearance of B3-2 and C2-2 specimens before and after 24-hour immersion.

1A ARl FgE ol i o A= 283 4% ek C2 Al A F 59 BN E Fef W
2 A o] 7P A W HEE fASITh

B3-2(AH A7l AR H7he FFEL 643%=E B4t =AY A B3AIR)E 42.5%=2 JA A8 F
A2(61.1%) tH] 2+ =4 Yebsth ole 79 7%]711714 HA &S JERTh Y=(CNF) Hlo| A2 (Fo] Hx):
YA ER 0 Q| Aol A SR FLE R L @A) BAARA AN L] {7 4 Bk
Aoz 2% Aye ddEn®, v 220kt 3 o7 FFE& TR BPANE O FE AE A=}
7he] FFES 45.0%= B3-2 ™Ml 19.3%p Sokth o= A Zog STt CI(CNF B4y 79.3%9
Hlo]@ake] ws} AAolx A e WIS w7 =& e Ueillen, HAsEA 22 ONF 4t 4

227k Alsle] ARG SR HEE AAlsp] EoR  HZE SR A9 5&S ANl JoE FRE. AR 7]

jatad)
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B BEARS e A R gyl A 9 AMe EEW
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4. T ™ EY (Mechanical Properties)
2 AFre I vwwl A2(71E), B3-2(AFA
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ddE ZAs B

olddl AE ol F EAAY B} wAYUZ xjolo

71218k}, vlo] XK C2)E B3} oA FAW thg W

(mechanical interlocking;

N s D

714 FA7F S xe 71E

AlM Z1AH 3=

A7) A A, Coo0teleAt AhE o Y 5 e TR URE UFskse) BeYoR REUE &

X(ASTM D790), <14 54, W 7%= (Shore A)S =4

ST o A2 Al %"d/‘éo] =oF 33 =g Al A 2] 731
o AR AXE] ofH ] = Aldelx= Al9lst olt}. °ol&

QI AT AAajsiglon, ofdl Wt w9 Al B3- AAH 2

29} C2-2 F & thaixut S=3E

41. 58 EY (Flexural Properties) How 1 Ze
#8 542 ASTM D790-20078 sl 33 9 < W=
ANBEA 28 2 mmpes S, 2 ARG The) e},
A(n=3)& AR, RS % ] A7 712l
olFetdrtA 1 A=k s wigt sidol ", 34 4 4.2. ¢l
SRz Table S(apll eIsHsic. 4 BHe
A2 Al FAPOR Qe J7] AlE AXTE E7Fsst o, ﬂl 1A

o] A9]. TB32 Al #12 319 FAeA g 7o)
2HE)%] kol EB AHE B Al #3-#4% EB 4H= 715
(4.42, 8.03 MPa) —n=2 B 6.22+2.55MPa.

B3-29] HYIE(ctM) Ho-S 1.24+0.11 MPa(n=3), C2-2
£ 221£043MPa(n=3)2 =% o], C2-27} B3 28T}t
| O+ 78.2% l‘i%\?_ -TLU]71—1:E‘ 1,].5].1)‘]0}\1:]. :Lzﬂ =R = {—HA
(EB)?] 739 C2-2= it 24.11+£9.99 MPa(n=3)Z A&

Fon, B3-2= I AlH F AlA

AHEA] ot siF A9 EB AFEol 7L, v

I BAE E3Eh,

C2-2 671¢] A1
A HEHoR o] A%
4 Hse

P AR E=

(ot

¥ EA (Tensile Properties)

TSR BAIE 7| (UTM)S o]-8-3led =431

Zo] 25mm ZZANA A2 S/H, B3-2 57H,
= N¥ ﬂ"iﬂr s Hskes Al

AzHo=z za-3h, A
Aol Z710] 20l 24 2sksle) X
o} BEsl By A15e

ol 244 FE-SEM #zZojA gkels
o7 B9 F2(G.64 Fx)et dXsk= A
ol skeg Bk W Wy 1kl AA 4
HAZHA] des AW 5 A ot vk
ATF. A3 AA7S A A7F B32E ¢

HZgo] Adoz ok S&Ex

149 714 7 A

i:irﬁ

io] = 7—1_& OH/H

Z3IATHAI R 71 HaAol F5
e PAEA] egtot, A% W4 ASTM
D638 Alge] AwkAel Salrg 9488 Ay} FU.
=74 A3+ Table 5(b)ell A&ttt

A2 0.57+0.15 MPa, B3-2 0.40+0.15
MPa, C2-2 1204048 MPaZ YEPTH Gx o3} &

#1014 A F7ko] 2] B3-2& A2 tH] 29.8% 2 JAFAEE HIoH, o]

= AT A7) YA} F1Agle] AR AR BEow 9

A AH g34olu EBE AEs] B 6224255 3 BAAE ol SEAFHOE MEseS AR

MPa(n=2)5 {Att. C2-2 AlA 7¢

1.95~2.70 MPa)e] iz oz & e Ao ALgg AJH
o] 2712l 2 = d(Specl: d=4.92mm; Spec2,3: d=
541 mm)elA AFHEA] b, FU oHd(Spec2,” W]

FYYE WEGM:  ole 338 F54E

Table 5(a). Bending test results (ASTM D790-2007, span 52 mm, n=3)

A7KB3-22] AR = A9} 3.64
FE-SEM & Azels R31sic) wiH C2-25 A2 TiH]
110.5%, B3-2 ti¥] 200% =< AA4=

197 EE Lhelol, vl
oate] BElE TRy TRk AAsh A9 A g

Sample @ FxF7 (mm) A =98 PIM (N) | #9745 ofM (MPa) | w3 R &2 EB (MPa)
A2 — — —

B3-2 |#1: 10.46 x 6.08 / #3,4: 10.72x 5.43|  6.05 (B, n=3) 1.24£0.11 6.22+2.55 (n=2)
C2-2 |#1: 10.25%4.92 / #2,3: 10.77x5.41| 813 (B, n=3) 221£043 24.11+9.99

Table 5(b). Tensile test results (mean

+ standard deviation)

Sample n Hdsts (N) NAQAE (MPa) |AFEEZ 2 (MPa) AXE (%)
A2 5 17.14 + 2.69 0.57+0.15 18.0+ 4.0 3247
B3-2 5 21.92 +8.51 0.40 £ 0.15 20.0 £ 13.0 37+ 10
C2-2 6 64.11 + 16.31 1.20 + 0.48 24.0+12.0 2+6
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Fdo=N A 54S A TS ARSIt
Qg REZHAE A2 18.0+4.0 MPa, B3-2 20.0+13.0

MPa, C2-2 24.0+ 12.0 MPaZ 24 =0}, Q7T 7Aaka}
YA C2-27) 7P Be S veRiTh oyt B3-29)
C2-2= EZFAA}L Aoz 7 A 7+ Azt A8}
o, ol XA Bxo FRH Bgdd 719sks Jlow
bR =N

olgd Axte HAMH
A 2 H3 5
b gE ol ol T
W HE EAE Bt &

ARk H3 H7E Alele Al
7t Aol | Btsl A& B3l ¥|24h a3l B
Az 288 F S-S HoFe o= 5

FFI
( r _\(l
-
lo,
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M BHEE A vs B3 A Snse Fa8
A%H 277} A,

4.3. M HET (Surface Hardness, Shore A)
ZZ=+= Shore A FZUIEE AREst] 7+ Al89] 5

-
3EFH

(a) Flexural Strength Comparison
(ASTM D790, n = 3, Mean % SD)

Mg 4% BHaks ARESISATHASTM D2240 =78 €
2 2g). 34 Z¥= Table 50l HeRH viek o] A2
380+23, B3-2 55.0+3.3, C2-2 84.0+5.1(Shore A)E, A2
<B32<(2-2 &£o8 AR} 57}6]»‘: 732 B

AE M (A2<B3-2<C22)E AAAE £A(B3-2<
A2<C2-2)8t AAIBHA =t A=A B3-2(0.40
MPa)7} A2(0.57 MPa)=t} w2 whH W
2(55.0)7F A2(38.0)2Tt =4 YERNTE o=

UAPE A H2Y Fow A A YRS
BoaM e, A2} Ao S ez Qlsj A ﬁfﬂiﬂ =
52 4 A ¢“]E% 77171 wiEeltt,
o1 FIAYEE= A

E =i 0—‘—‘——

E N

¥ poleate] wekdt At
-2 skt ot 2-2004 939] o)dzk(outlier)o] 1
7N #EEo] FEANES.1YE tha FA AEE oM, o

(b) Tensile Strength Comparison
(Mean £ SD,n=5, 5, 6)

s 2.00 4
vs B3-2
3.0 4 +78.2% 1.75 1 1.20
= 221 5 1504 +110.5%
£ 25 &
= s
4 At 125
£
o 2.0 4 =
é 5 1.00 4 A2 (Reference}:
@ LS 1.24 % 0.57 MPa
- Y 0.75
g p
= ]
z 104 [ i -
Eu ﬁ 0.50 -19.3%
{C2vs B3) |
03 0.25 4 =
0.0 0.00
B3-2 C2-2 -2 C2-2
{Coffee Grounds) {Biomaold) (Reference) {Coffee Grounds) (Biochar)
(¢) Tensile Modulus Comparison (d) Shore A Hardness Comparison
45 - (Mean + SD) 100 - (Shore A, Mean £ SD, n = 5)
40 4 = i
= <
A 35 g 801
3 T s
o 3o :
w v
= 55.0
: 24.0 60 4
§ 2 20.0 g
S X
3 20 3 W 38.0
= = 3 0 ey
o I5 f=s
2 o
F 8
5 g 21|
54 [ |
0 S| 0 |
A2 B3-2 C2-2 B3-2 C2-2
(Reference) (Coffee Grounds) (Biochar) {Reference) (Coffee Grounds) Biochan
Flexural strength: n = 3 (B3-2, C2-2), A2 not measured | Tensile properties: mean £ SD (n=5, 5,6) | Surface hardness: mean £ 5D (n = 5)

Fig. 5. Comprehensive comparison of mechanical properties and surface hardness.

Table 5(c). Surface hardness measurement results (Shore A, mean + SD)

Sample A2 (71ET)

B3-2 (AFHA A7) C2-2 (¥}o] 2.2}

7% (Shore A) 38.0+£2.3 (n=5)

55.0+3.3 (n=5) 84.0+5.1 (n=5)
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(a) B3-2 Flexural Load-Displacement Curve (b) C2-2 Flexural Load-Displacement Curve
[Specimen #4] opy = 1.30 MPa (Ez = 8.03 MPa) [Specimen #1] oy = 2.70 MPa (Eg = 34.98 MPa)
[n =3, Mean opy = 1.24 + 0.11 MPa] [n = 3, Mean ap; = 2.21 + 0.43 MPa]
6.73 Maximum 10
Displacement = 3.684 mm g4
6.50 Load = 6.316 N
e ——_ Maximum
e 8 A Displacement = 6.234 mm
i g ] Load = 8.550 N
= 6.00 1 e
< < 67
L] 5.75 E .
5.50
50 i) \
525 Carbon-fiber break point
a 34 Displacement = 0.063 mm
s00 L . . . . i i . . 5 Load = '-064 N : : : :
0.0 0.5 1.0 1.5 20 25 3.0 35 4.0 0 2 4 [ 8 10 12
Displacement (mm) Displacement (mm)
(¢) Representative Flexural Stress—Strain Curves (Individual Specimen with Mean Value Closest to Group Mean)
= 121 —— B32(Coffee Grounds)
§ |, lc22 (Biochar)
-]
g 0.8 4
n 0.6
5 0.4 1
]
= 2
0.0 T T T T T
0 10 20 30 40 50
Strain, € (%)
(a) B3: Specimen #4 (o = 1.30 MPa, 1 = 3, Mean = 1.24 MPa); (b) C2: Specimen #1 (Estimated £y under flevural loading: 1 Ey calculated based on displacensent at proportional limit = 4,92 mem);
(€) oy = FIA, = AL/25 mm.
Fig. 6. Load-deformation curves from bending and tensile tests.
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fodom F9 Ao A, ARwel EA A . T
o
7= . - =
T A2'B325 R Aleglen, ©3t Al Fdd 0 |
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5. 8% A EAM (FT-IR Analysis)

B3 ¥ (2 A8 W3 FLIR &~HEZS Fig 79
BRIt F AR B A7 AE(TPS) 711 54
S 935 FEHeE YEPITE 3289 em! H2e] B

& v3E AR $4P1(-0H) 2 FEAIE 712A19)
adshe, 2921~2925 cm 9] e |
171(-CH,-)¢] C-H A% %2 Yehdth 1743 cm o]

2 d=3= YAagle] ol aE ZHC=0)l 71918k,
(1200~950 cm™)€] 1150, 1103, 1077, 1018 cm™!
TS A 59 FEIAtel= A3H(C-0-C) ¥ C-0
%S YeERIY 19, B3 A8l E 15391 em™ 2
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P o
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Fig. 7. FT-IR spectra of B3 and C2 composite specimens (spec-
tral curves digitized from raw instrument data; peak positions
per KTR Test Report No. TBK-2026-006263/006264, KS M
0024:2017).

576.1 cm™'A] Amide 11 ¥ C=N Z#H FT57} 712
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Wavenumber

(em™)

B3 Transmittance

%)

Interpretation

3289-3290 ~71% ~62% O-H stretching vibration Hydroxyl groups from starch and glycerol
2921-2925 ~75% ~T74% C-H stretching vibration Methylene groups

2851.8 ~80% — Saturated C-H stretching % Characteristic peak of B3: fatty acid chains

1743.0 ~91% ~90% C=0 stretching (ester) Ester bonds derived from lecithin

1651 / 1644 ~92% ~85% O-H bending / absorbed H20 / C=0  Bound water and carbonyl absorption

1576.1 ~92% — Amide Il / C=N vibration % Characteristic peak of B3: protein-related structure
1539.1 ~87% — Amide 11 (N-H bending) #* Characteristic peak of B3: protein-related structure
1335.3 - ~72% Aromatic C~H in-plane bending 4 Characteristic peak of C2: biochar carbon structure
1240-1416 Medium Medium C-H bending / C-0-C vibration Starch backbone

1150 ~73% ~60% C-0-C stretching (glycosidic linkage)  Starch fingerprint region (stronger in C2)

1103 ~65% ~50% C-0-C stretching Starch fingerprint region

1077 ~48% ~40% C-0-H bending / C-0 stretching Starch fingerprint region

1018 / 1017 ~35% ~17% C-O stretching (major peak) Principal starch absorption (more pronounced in C2)
999.2 - ~20% C-0 vibration (ether linkage) @ Characteristic peak of C2: carbonized mineral structure
924 ~T75% ~66% C-0-C bending a-1,4-glycosidic linkage

757-862 Medium Medium C-H out-of-plane bending Skeletal vibration

% B3-specific peak (coffee grounds characteristic)

@ C2-specific peak (biochar characteristic)

:oé

AR RO N-H 78 2%
A3 A7he B3] sehy 54
T

w3l 2851.8cm™'e] 371 C-H

O, Az H7A7| 7}
shelsl= 247 At A BoME 1539/1576 cm'o] whia #A#H w37}
= A9 AA7] AF

oy Mo

Fig. 8. FE-SEM images of B3 specimen: (a) x500, (b) x2,000, (c) x5,000.
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6. 0N ZE BN (FE-SEM Analysis)

B3 AlE9] Auj&(x100-x500) #Z AzKFig. 8, 10),
ol Hxz et AT AA7] YA7E AR 714 el A
2 938 BExE Af vEST F3U EENeH, g
Holl= M- <l¥(fiber pull-out)el 23+ Fs3 E3%H
7180] T #AETE x2,000 vl&olM = 7147 vlwA

ZlEo] A em FH F um F719] HA]
o] Eakxlo] QAT x5,000 HiEoME 7]

gelgk 4 98l o= B3 1
S U=EF 0.80 g/em’)S L}

Fig. 9. FE-SEM images of C2 specimen: (a) %500, (b) x2,000, (c) x5,000.

Fig. 10. Overview FE-SEM images of B3 (left) and C2 (right) specimens at x100.



148

ehdl Aol dAsh, A AZA7|7F AR Aol F5E &

FHoz 25 BIANLE AU

SR,

S NEEL

C2 A BdAM= B3¢ Fslo] s vt 33
HAH(Fig. 9). x500 vl&olA] vlo] x| fagh A

S A} sl 2T 7IAE VIEEE B

e,

%2,000

Mol E BFAE W) vloleat A%t 27 714

g‘_]{r‘lﬂ %%E]Oi Azl FHLS 3 /\-13}03\1;}. _Eg]
oA B}o] 9z} U} FHL §]r J}ﬂoﬂl\-]

I:L:

x5,000 ¥i&
A= q;.x% .

7R F9 S vEplen, AR 717t ol AR 59

o, o

kT
rO

Xl

gl

EDS #4442 F3f 2

ot g

¥

-

s ek Zom ddEe

]

a9

ZAzlolH, Table 8= YA+ L 7|4 Ge

=50, 29 Hlo]2a} URKSpect)llA =

Hol|
1535t 71414 A n(mechamcal interlocking) &35 &
g Zlo] #AFEAUTE. o]elgh npo] Qx| v A%
TEE C2 5] B3xETh W Wi (FF 0.68 glem’)
Aozt T Fe& 9 7AA 54 Al
HAJA A7 Hok

g5 da 2L

=1

AegRog Hr)
SIATh Table 7= ZF AlE°] WE4(Map sum spectrum)
A Afolnt.

HEA A3, B39 713 YAH(Spec2)el A&
wt%, Si 2.72 Wt% 5 A AA7] §2 7] A8l A

g4

Ca 5.88

N —@-%}:
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Sample |C (Wt%)|O (Wt%)[Si (Wt%)

Ca / K (Wt%)

B3 HEA| 5022 | 4745 0.28

Ca 2.05
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7. 85T 24 (TGA/DTG Analysis)

Al Alge] TGA/DTG A4S Fig. 119, &
SZH ]S Table 9°]] 741’40]—9113]- RE NEE 2
7104 7 DA disl A5 TEAoE YER
A(~100-220°Cy= &7 i ‘;4 2TAE 7}&1]4
Eajoll sigatm, 264 (~230-380°C)= A& 7|2 Fa
g s},

A2 7] 285.6°ColA ©Y F2 DTG ¥=(0.72
%/°CYs YeRfo], AF A E7kavd o] w3l AsS

AT, 100°CoM 2] &7 F3H(97.2%)°] Al AlE F 7}
A ol 27] 4@ g el ekt

AbstA et B3-2(713 A7A7] AH H7he 177.6°C0A A HA
Table 8. EDS point analysis results (Wt%) of B3 and C2 specimens

Meas. point Region C o Others

B3-Spec2 A3 JA 60.33 30.73 Si 2.72, Ca 5.88 In 0.33

B3-Spec3 71 A 67.02 29.98 Mg 0.63, K 0.73, Ca 1.29, Si 0.24, Na 0.11

B3-Spec4 71 A 65.07 32.72 Ca 221

C2-SpecS 71 A 63.57 35.62 K 0.22, Ca 0.59

C2-Spec6 nlo] @ 2} YA} 73.42 25.70 K 0.48, Ca 0.41

C2-Spec7 271 I8 4R 36.62 38.34  [Si 13.64, Al15.59,K 4.59, Fe 0.35, Ca 0.48, Na 0.22, Mg 0.17

Table 9. Key TGA/DTG parameters of A2, B3-2, and C2-2 specimens

Parameter A2 B3-2 C2-2
Ts% (°C) 129.7 128.7 134.2
Ti% (°C) 161.6 153.9 157.2
Ts% (°C) 284.0 290.3 289.2

DTG peak(s) (°C) 186, 286 178, 291, 336 179, 284, 330
Residue at 409°C (%) 16.81 18.29 23.12
W at 100°C (%) 97.2 96.3 96.8
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Fig. 11. TGA and DTG curves of A2, B3-2, and C2-2 specimens (TGA Q5000, 10°C/min, N, atmosphere).
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(Water Contact Angle Analysis)
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Table 10. Water contact angle (WCA) of composite specimens (sessile drop, n>4)

Sample n WCA Left (°) WCA Right (°) WCA mean (°)
A2 4 68.7+15.6 64.9+13.2 66.8 £ 14.4
B3-2 8 90.3+11.7 92.1+11.0 912+11.2
C2-2 7 76.9+15.1 76.5+14.2 76.7+ 14.4
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Fig. 12. Representative water contact angle (WCA) images of composite specimens: (a) A2, (b) B3-2, (c) C2-2. For each group, the
individual measurement closest to the group mean was selected as representative (A2: 61.4° of mean 66.8° + 14.4°, n=4; B3-2: 91.2°
of mean 91.2°+11.2°, n=8; C2-2: 77.5° of mean 76.7° £ 14.4°, n=17).
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Table 11. Material property-product matching analysis
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Formulation Key properties Suitable product Core advantages
. : 3
B3 High density 0'80, g/em Cup sleeve & coaster set Low cost, coffee-brown aesthetic
(excellent packing)
Low WA (45.0%), . . High strength, self-supporting single layer,
2 highest flexural/tensile/hardness Packaging/gift box premium matte black
o — : - : : —
B4 Lowest WA (42.5%); B4 skin . Modular storage box Lightweight stiff sandwich, low WA, cir
recycled corrugated core composite cular economy
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Table 12. Static structural (FEA) validation summary of the three product designs (Autodesk Fusion 360, Static Stress)

Product Material input (measured) Load case Min. SF |Max. stress (MPa)| Max. disp. (mm)
_ 3 p i
Packaging box (C2) p=0.68 glom’, E=24 MPa, 39 N vertical 15.0 0.145 3.10
oy=2.21 MPa, UTS=1.20 MPa (lid, stacking)
_ 3 po i i
Cup sleeve + p=0.76 g/cm’, E=20 MPa, Gravity + 15 .N gip 593 0384 0.99
coaster (B3) oy=1.24 MPa, UTS=0.40 MPa + 5 N weight
Storage box B — 25 N ical
B4 design; B3 property|  P~0-76 glem’, E=20 MPa, vertica 104.6 0.012 0.011
proxy") oy=1.24 MPa, UTS=0.40 MPa | (stored content)
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™, 5
o] FLFE A Tmm)Te R GiE=y
TZE Vs e, W 5
Mol gH e SRt |, 7]

A ek stellM o] 722 B
213, Autodesk Fusion 3602] 73
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gunow AFs
]

52 (Static Stress)

2.21 MPa

FIER A8
%H(bonded contact)
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Fig. 13. Packaging/gift box (C2 formulation) rendering: open state showing the single-layer body and internal compartment divider.



152 ols

Product 1. Packaging Box {C2 Slngle Layer)

(3) Internal Structure (Divider Thic

(5) Usage Examples

@) Front View (Closed)

(@) Side Cross-Section (Wall Thickness 7 mm)

25cm

(@) Exterior Colors / Finishes (C2 Material)

S

Fig. 14. Packaging box (C2) design specifications: closed front view, side cross-section (7 mm wall thickness), internal layout (3 mm
divider), exterior color and texture options, and application scenarios.
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Fig. 15. Static structural FEA of the packaging box (C2), 39 N stacking load on the closed lid, bonded box-lid assembly: (a) safety

factor, (b) Mises equivalent stress, (c) displacement.
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Cup Sleeve + Coaster (B3)

2cm 24cm
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Fig. 16. Cup sleeve and coaster set (B3 formulation) design: sleeve flat pattern (24 x 8 cm), coaster (@ 10 cm), and coaster cross-section detail.
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(c) Displacement

Fig. 18. Static structural FEA of the cup sleeve and coaster (B3), combined gravity + 15 N grip force + 5 N vertical load: (a) safety

factor, (b) Mises equivalent stress, (c) displacement.
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Fig. 19. Modular storage box (B4 composite formulation) design: three-module set (S/M/L), 45° internal lattice ribs, and composite
cross-section (B4 skin 2-3 mm + recycled corrugated core 3-4 mm).
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(a) Safety factor (b) Mises stress
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(c) Displacement

Fig. 20. Static structural FEA of the modular storage box (B4 design; B3 measured properties applied as a conservative proxy), 25 N
load on the interior base: (a) safety factor, (b) Mises equivalent stress, (c) displacement.
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Growth and Postharvest Quality Characteristics of Cucumber
(Cucumis sativus L.) as Affected by Cultivation Method and
Postharvest Film Packaging: Analysis of Preharvest and
Postharvest Factors and Modeling via a Moderated Mediation Model

Jung-Soo Lee*

National Institute of Horticultural & Herbal Science, Rural Development Administration, WanJu, 58500, Korea

Abstract This study investigated the effects of cultivation method (open-field vs. greenhouse cultivation) and post-
harvest film packaging on quality changes in cucumbers during storage at 10°C. At harvest, open-field-grown cucumbers
had greater fruit weight and length, as well as higher firmness and chlorophyll content, whereas greenhouse-grown
cucumbers had higher flesh moisture content. These results indicated that preharvest cultivation conditions affected fruit
growth and initial quality characteristics. During storage, the effects of cultivation method on firmness and chlorophyll
content persisted to some extent, whereas fresh weight loss was more strongly affected by film packaging, indicating that
postharvest treatment could modify quality characteristics formed before harvest. Similarly, changes in moisture content
during storage were more strongly affected by film packaging than by cultivation method, with greater changes observed
in non-packaged cucumbers. Moderated mediation analysis showed that postharvest film packaging (P) moderated the
pathway through which initial quality characteristics (H), formed by preharvest cultivation method (C), affected cumu-
lative quality changes (Y, AUC) during storage. Based on these findings, this study proposes the concept of “Variation
in quality and morphology across pre- and post-harvest stages,” termed SuHyoung Variation, to describe the continuous
changes in quality characteristics initially formed before harvest as they are subsequently modified by postharvest factors
such as packaging and storage conditions. In conclusion, these results demonstrate the importance of linking preharvest
cultivation conditions with postharvest management to maintain cucumber quality and marketability during storage.

Keywords Cucumber, Storage temperature, Film packaging, Marketability
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Fig. 1. “Veteran’ cucumber grown under differnt cultural methods in Korea. (A) ‘Veteran’ cucumber on open field culture; (B) ‘Veteran’

cucumber on plastic house culture.

Fig. 2. Different packaging types of cucumber in plastic box with or without inner PE(polyethylene) film. (C) ‘Veteran’ cucumber in
unpackaged plastic box; (D) ‘Veteran’ cucumber in plastic box with PE film packaging.
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Table 1. Growth parameters of ‘Veteran’ cucumber as affected by cultural methods

Fruit Soluble [Fruit firmness (N

Fruit color

. Moisture Hue [Total chlor
Cultural i | heish i solids rent angle | ophyll
conten
method? | Weight | height | width H coneeng | gin | fresh o L a* b . 0
© | @ | e | opiy (%) ©) | (ugmL)
Oifllmf;leeld 2479 | 25.1 37.1 29 | 404 | 246 | 958 | 592 | —162 | 304 | 1181 | 235

Plastic house

194.8 22.5 34.3 2.9 33.7
culture

22.2 96.6 64.7 | -157 | 294 117.6 11.4

T-test * *ok NS NS *

* NS NS NS NS *

DRefer to Fig. 1 for cultural method.
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Fig. 3. Change in fresh weight loss of cucumber cultivar, ‘Vet-
eran’ as affected by cultural method and film packaging at
10°C. a-cSmall letters mean values with different superscript
letters within storage times are significantly different by Dun-
can’s multiple range test at p <0.05. ns, not significant at P >
0.05. Data represent the mean = SD of 5 replications. Some bars
are not shown when masked by symbol. 1)Treatment com-
binations based on the cultural methods and film packaging
types shown in Figs. 1 and 2 are as follows: A+C, open-field
cultivation without film packaging; A+D, open-field cultivation
with PE film packaging; B+C, greenhouse cultivation without
film packaging; and B+D, greenhouse cultivation with PE film
packaging.

EEFo] 78 S oAlste] BAFTE wsks Al
o2 xolm, 3 Auyge] wE
Bih= 24 o8 o] A YIS wobx dske Ao
2 HRlth HEHE Qo] A% 2197l F27F A oA
8.8~12.4%°] AAFH Tavt Vet v, 2534 ﬂﬁ]
oAl 0.7~22% FLo2 W THAagS HHo A% 2

Aol = WA 7ke] Wlol7}F AXA] XHOH w2 dAg 74
S Hes] s of#finh. Q0] FER Aol <
3 FHE 540 A 2Tlolw S WIAARE, 24T}

e 58 A2 2slo] Age] AYLFE FA Wl

r

2 932 vA AAFYe] WalE s Joz uel
o B0E A9 F0) AAET WEE A4 W fUER



Vol. 32, No. 2 (2026)

2 (unit cooler)ollX] A= 3719 S714A= Q&) AlF
HHA AT S FEEAR Q] ARE s
o] BATE A7t WEOF— ZAog dA Yrp &2
ATolM BATFE Hske 2 el e 27 A
ot FEF IF i%bﬂili I3t FEEAS oAt
S8 Folz} gHHoIM, FF FA Wl % o]
= "holE AL JAMEHE Aew veRdt) sk A
A Wske 2 At g5 27 of ol wet
P& Weko, A2 Aee Aol dAglol A
& z271 *M]wﬂ Hago] W FEoE fAENeH, A
A 21940 FERRT AAZF BT} AN, A%
% AAEY weks FE AP $95 28Xy
)

Sl

o] A A 78 Al AT A= T2 2
lojA|gk, 8% 27 Aol o3l AT Tago] A
Jee W Zow g 4= Ut ol & Al ¥
AE 2 X0 35 x4 e AEE B3 A 5
JEe o}l HalE $ e AL HolFo] 88 A5 #
Z71ES AQAIskE Aol Y G837 AEALE FAskE H)
30l Aoz FHorHrh
3. 0o B

Qo] e 3

A 28 Apgel dge] A%
= Ao Yepdth wHw o]
S73el) olg o] A% 27135
I Golelshl fASE RO ekstort, Art
7 ool we) SEFe] TR A% wolX Bk
B A7 AN WP o] A9 A AN
o w7 e A0 elstor], 7 A% Tl £
o]

J

mkﬁl ofN

[e5

A &E 3L AT Fig. 4014 e <
Aol wet =2 A o)zt =gt
ANOZ AdAfule] 337 NEUF =4 Jepgon, =
717ke] Zd3tel wheh mAAu) Qo) A7 7Ll
2 FEg A7t 39.6~37.7 No& Zhasi Hdxlxoz
stetsle ZAES Wl v, AR Qole ¥R F¥
A7t 324~32.5 NO& 58 259} H=d 425
R, AHA] 7F W Kol A% 271 ol rﬂﬂlokﬂ w]m]skA|

BT Y SRS AASE FYE B, 3

PH DY) 3
o o o

ol

= Wshs A0 2404 Iv) BY SRR FuE A
Fo| Zassha, A% Uel WE F7k9} AE kel $H
Aol AT Teke At A7 2 E4ol s
She Zlo= Ueld Yok, ¥ 2A1E B8 2ole] )
S R 3 s S ARG o o

QO[ ABHELHO = 2p ST e

st 22 AN0] Ofph Z A H]il . 161

Fig. 4. Change in pericarp firmness of cucumber cultivar,
“Veteran’ as affected by cultural method and film packaging at
10°C. *®Small letters mean values with different superscript
letters within storage times are significantly different by
Duncan’s multiple range test at p < 0.05. ns, not significant at
P > 0.05. Data represent the mean + SD of 5 replications.
Some bars are not shown when masked by symbol. "Treatment
combinations based on the cultural methods and film
packaging types shown in Figs. 1 and 2 are as follows: A+C,
open-field cultivation without film packaging; A+D, open-
field cultivation with PE film packaging; B+C, greenhouse
cultivation without film packaging; and B+D, greenhouse
cultivation with PE film packaging.
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Fig. 5. Change in flesh firmness of the cucumber cultivar, ‘Veteran’
as affected by cultural method and film packaging at 10°C. *®
Small letters mean values with different superscript letters within
storage times are significantly different by Duncan’s multiple
range test at p<0.05. ns, not significant at P>0.05. Data
represent the mean + SD of 5 replications. Some bars are not
shown when masked by symbol. DTreatment combinations based
on the cultural methods and film packaging types shown in Figs.
1 and 2 are as follows: A+C, open-field cultivation without film
packaging; A+D, open-field cultivation with PE film packaging;
B+C, greenhouse cultivation without film packaging; and B+D,
greenhouse cultivation with PE film packaging.
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Fig. 6. Change in moisture content of cucumber cultivar, ‘Veteran’
as affected by cultural method and film packaging at 10°C. *®
Small letters mean values with different superscript letters within
storage times are significantly different by Duncan’s multiple
range test at p <0.05. ns, not significant at P>0.05. Data
represent the mean + SD of 5 replications. Some bars are not
shown when masked by symbol. PTreatment combinations based
on the cultural methods and film packaging types shown in Figs.
1 and 2 are as follows: A+C, open-field cultivation without film
packaging; A+D, open-field cultivation with PE film packaging;
B+C, greenhouse cultivation without film packaging; and B+D,
greenhouse cultivation with PE film packaging.
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Fig. 7. Change in SSC(soluble solid content) of cucumber cultivar,
“Veteran’ as affected by cultural method and film packaging at 10°C.
#bSmall letters mean values with different superscript letters within
storage times are significantly different by Duncan’s multiple range
test at p < 0.05. ns, not significant at P > 0.05. Data represent the
mean + SD of 5 replications. Some bars are not shown when masked
by symbol. Treatment combinations based on the cultural methods
and film packaging types shown in Figs. 1 and 2 are as follows:
A+C, open-field cultivation without film packaging; A+D, open-
field cultivation with PE film packaging; B+C, greenhouse culti-
vation without film packaging; and B+D, greenhouse cultivation
with PE film packaging.
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Fig. 8. Change in hue angle of cucumber cultivar, ‘Veteran’ as
affected by cultural method and film packaging at 10°C. &
Small letters mean values with different superscript letters within
storage times are significantly different by Duncan’s multiple range
test at p < 0.05. ns, not significant at P > 0.05. Data represent the
mean = SD of 5 replications. Some bars are not shown when
masked by symbol. PTreatment combinations based on the cultural
methods and film packaging types shown in Figs. 1 and 2 are as
follows: A+C, open-field cultivation without film packaging; A+D,
open-field cultivation with PE film packaging; B+C, greenhouse
cultivation without film packaging; and B+D, greenhouse
cultivation with PE film packaging.
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Fig. 9. Change in total chlorophyll content of cucumber cultivar,
“Veteran’ as affected by cultural method and film packaging at
10°C. **Small letters mean values with different superscript letters
within storage times are significantly different by Duncan’s
multiple range test at p < 0.05. ns, not significant at P> (0.05. Data
represent the mean + SD of 5 replications. Some bars are not
shown when masked by symbol. DTreatment combinations based
on the cultural methods and film packaging types shown in Figs.
1 and 2 are as follows: A+C, open-field cultivation without film
packaging; A+D, open-field cultivation with PE film packaging;
B+C, greenhouse cultivation without film packaging; and B+D,
greenhouse cultivation with PE film packaging.
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Fig. 10. Change in general appearance of cucumber cultivar,
“Veteran’ as affected by cultural method and film packaging at
10°C. ns, not significant at P > 0.05. Data represent the mean
+ SD of 5 replications. Some bars are not shown when
masked by symbol. "Treatment combinations based on the
cultural methods and film packaging types shown in Figs. 1
and 2 are as follows: A+C, open-field cultivation without film
packaging; A+D, open-field cultivation with PE film packaging;
B+C, greenhouse cultivation without film packaging; and
B+D, greenhouse cultivation with PE film packaging.
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Fig. 11. Outside appearance of ‘Veteran’ by cultural method and film packaging at 10°C. VRefer to Fig. 1 and Fig.2 for cultural method
and film packaging types. "Treatment combinations based on the cultural methods and film packaging types shown in Figs. 1 and 2
are as follows: A+C, open-field cultivation without film packaging; A+D, open-field cultivation with PE film packaging; B+C, green-
house cultivation without film packaging; and B+D, greenhouse cultivation with PE film packaging.
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Moderated Mediation Model of Cucumber Storage Quality
Affected by Cultivation Method and Film Packaging

This study examined how preharvest cultivation methods (C) affect storage quality
evaluated by cumulative quality indicators (Y, AUC) through initial harvest quality (H),
and how postharvest film packaging (P) moderates the postharvest relationship.

QO AHHIEHON Ih= TpAL ST} Sate HE

Hypotheses

H1: Cultivation method affects harvest quality indicators.

H2: Harvest quality indicators (H) are associated with
cumulative quality (Y).

H3: Cubltivation method affects cumulative quality {Y)
indirectly through harvest quality .

H3
R e = e i H4: Postharvest film packaging has a direct effect on the
! = =3 L, [ cumulative quality.
™\
Cultivation Harvest Quality Cumulative Change in H5: Postharvest film packaging moderates the relationship
Method (C) H1 (H) H2 Storage Quality (Y) between harvest quality (H) and cumulative quality (Y} .
T + Fresh weight —‘h (AUC)
M.--_d + Firmness : = Fresh weight loss
* Chi il 1 * Firmness change o :
Open field = 1 oePD! ] Conditional Indirect Effect
i * Hue angle 1 = Chlorophyll change
L Greenhouse = 0 | H5 | * Appearance change ) * [Ep.y (Nopackaging) = ay x fy
\ J < -
i
1

—— Direct effect

===» Indirect (mediated) effect
— Direct effect (moderator)
=== Moderating effect

J .

Film packaging = 1
No packaging = 0 |

Postharvest Packaging (P)

For the

analysis, the
C = 1 for open field and 0 for greenhouse; P = 1 for film packaging and 0 for no packaging.

* IEp.; (Film packaging) = a; x (B3 + f)

Matte: Storage quality () was quantified as the area under the
curve (AUC) of quality changes (fresh weight loss, firmness,
«chiorophyll content, and appearance) during 28 days of storage
a10°C.

variable (C, cultivation method) and the moderator (P, film packaging) were dichotomized as follows:
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Fig. 12. Proposed moderated mediation model illustrating the relationships among cultivation method, harvest quality, postharvest film
packaging, and cumulative storage quality expressed as area under the curve (AUC).
The following hypotheses guide the model:
H1: Cultivation method has a significant effect on the major indicators of harvest quality (a,).
H2: Major indicators of harvest quality (H) are significantly associated with the cumulative quality change during storage ().
H3: Cultivation method indirectly affects the cumulative quality change during storage (Y, AUC) through the major indicators of har-
vest quality (o, %Ps).
H4: Postharvest film packaging has a direct effect on the cumulative quality change during storage (B,).
HS5: Postharvest film packaging moderates the relationship between initial harvest quality (H) and cumulative quality change during

storage (By).
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Guideline for Authors

Original manuscripts containing new significant results in
the fields of science and technology for packaging, and
not published or not scheduled for publication elsewhere
will be considered for publication of Korean Journal of
Packaging Science and Technology published by Korea
Society of Packaging Science and Technology. Reviews
and manuscripts based on preprints from conferences may
also be accepted. The copyright of the published article
belongs to the author(s). All manuscripts will be refereed
by two or more members of the KOPAST Editorial Board
who make a critical appraisal of the substance and structure
of the paper and recommend whether it should be
published taking into consideration what is already published

in the literature on the subject concerned.

Manuscript Preparation

The manuscript should preferably be submitted by e-mail
or by other electronic copy. Figures and tables should be
supplied on separate pages. KOPAST is published in black
and white, but only if asked by related authors, the relevant
papers may be published in color with the payment of actual

expenses.

English Language

The manuscripts must be written by MS words in good
English, linguistically revised. The font style should be
Time New Roman. Either American or British spelling may
be used, but consistency is desired.

Title, authors and headings
The title must be short but shall contain essential information.
It should not contain abbreviations. Authors' names and
affiliation follow the title.
Headings, sub headings and sub-sub headings should be
written as follows;

Introduction

Materials and Methods

1.

Abstract

The summary at the beginning of the paper should be
informative, not merely indicative. It should state briefly
the purpose of the work, the significant results and conclusions.
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It should be no more than 200 words. Abbreviations

and acronyms should be avoided.

Keywords
Keywords should be given to help abstracting services
to classify the paper.

Address(es) of the author(s)
Addresses (including corresponding author's e-mail) at the
time of the publication are given for each author in a

footnote.

Introduction
State scope of the problem investigated, review of pertinent
literature, method of investigation, and the aim of the

work.

Materials and Methods
Give full details of all the experiments, so that they

can be repeated. Results should not be reported here.

Results and Discussion

Representative data shall be presented. Methods shall
not be described here. Discuss principles and relationships,
pointing out exceptions. Show agreement with published
research work. The significance of the work or conclusions
should be presented in the end of the discussion or in a
separate section.

Mathematics

The SI system (metric system) shall be used throughout.
Each equation should be set on the separate line and
numbered with square brackets ‘Eq. [X]’. Use arabic
numerals. All mathematical symbols must be explained.
Tables

Wherever tables are mentioned, write ‘Table X’. A
short heading should be provided for each table. Tables
should be consecutively numbered with arabic numerals
like ‘Table X’. Units should preferably be given in
column headings. Use capital letters sparingly.
lllustrations

Wherever figures are mentioned, write ‘Fig(s). X .
Figures should be consecutively numbered with arabic
numerals with a short heading. The lines of the figures,
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large. The minimum resolution of pictures must be 300
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dpi (10cm width). Units should be given on the axes.
Photographs must have good contrast when printed. Magnification
of photomicrographs must be indicated e.g., with a scale

line.

Conclusions
The conclusions of the work should be clearly stated in a

separate section.
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