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Abstract:

lypropylene (PP) is a thermoplastic with
many advantages: mechanical strength,
lightweight, good heat resistance (=120—-140°C),
chemical resistance, and non-toxicity, making it
widely used in medicine, pharmaceuticals, and food
applications such as syringes, test tubes, infusion
tubes, pill and powder containers, bottle caps, jar

lids, etc.

To date, the method of fabricating multilayer
polypropylene  materials  remains  traditional
manual, resulting in poor repeatability and
scalability. In this study, PP-based multilayer
materials using chitosan/gelatin (CS/Gel) binder
were fabricated using a motor-driven fabrication
system (CHITEC). Structures with 8, 16, and 32
layers were successfully fabricated and evaluated
for thickness, wettability, and swelling capacity.

Thickness increases with the number of layers
but exhibits a non-linear and uneven distribution,
with greater accumulation in the central region
due to binder displacement and the influence
of compressive forces. Cold plasma treatment
significantly improves wettability, reducing the
contact angle from 127-129°to 57—61°, indicating a
transition from hydrophobic to hydrophilic surfaces.
Swelling studies show rapid water absorption,
with peak swelling rates of approximately ~270%
(untreated) and ~228% (plasma treated), indicating
improved structural stability after plasma treatment.
This study demonstrates a scalable method for
fabricating PP multilayer materials with tunable
properties for advanced applications.
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1.Introduction

Multilayer polymer materials have attracted
significantattention dueto their versatile applications
in fields such as food packaging, biomedical
devices, filtration, and advanced composites. Their
unique structure, consisting of stacked layers with
tunable thickness and interfacial properties, enables
the design of materials with enhanced mechanical
strength, barrier performance, and functional surface
characteristics (Wenyuan et al., 2023; Godaet al.,
2020; Arif et al., 2019; Wiktoria et al., 2023). In
particular, multilayer systems based on polymer
fibers offer advantages in flexibility, porosity
control, and surface modification, making them
promising candidates for next-generation functional
materials (Holmberg et al., 2021; Terekhov et al.,
2021).

Among synthetic polymers, polypropylene
(PP) is widely used due to its low cost, chemical
resistance, lightweight nature, and excellent

mechanical properties. Nonwoven PP fibers, in
particular, are extensively applied in filtration,
medical textiles, and protective materials (Hossain
et al., 2024). However, the inherent hydrophobicity
and low surface energy of PP limit its interaction
with hydrophilic substances and reduce its
applicability in areas requiring wettability, adhesion,
or functionalization (Yang et al., 2025). Therefore,
the development of effective strategies to assemble
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and modify PP-based multilayer materials remains
an important research challenge.

To overcome these limitations, biopolymer-
based binders such as chitosan and gelatin have
been increasingly explored. Chitosan, a natural
polysaccharide derived from chitin, exhibits
excellent biocompatibility, film-forming ability,
and antimicrobial properties, while gelatin
provides favorable gelation behavior and adhesion
characteristics. The combination of chitosan and
gelatin has been reported to improve mechanical
stability, interfacial bonding, and processing
uniformity in multilayer systems (K. Li et al., 2019,
Hassabo et al., 2022). In our previous work (Do et
al., 2026), multilayer PP materials were successfully
fabricated using a chitosan/gelatin adhesive system
through manual layer-by-layer assembly. Although
this approach demonstrated the feasibility of
producing functional multilayer structures, it suffered
from limitations in reproducibility, uniformity, and
scalability due to manual processing.

To address these challenges, the development of
automated or semi-automated fabrication systems
is essential. Motor-driven systems offer precise
control over material feeding, coating, and winding
processes, enabling consistent layer formation
and improved structural uniformity. Such systems
also allow better control of processing parameters,
including tension, coating thickness, and deposition
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rate, which are critical for achieving reproducible
material properties. However, the application of
motor-driven fabrication techniques for producing
polymer fiber-based multilayer materials remains
limited.

2. Materials and Methods
Chemicals and reagents

Nonwoven polypropylene fibers (PP), analytical-
grade gelatin derived from bovine hide (99.99,
molecular weight: 50,000 Da), and chitosan (>75%
deacetylated, molecular weight: 190,000 Da) were
purchased from PFNonwovens Group (Czech
Republic) and Sigma-Aldrich (USA), respecively.

Equipment

The following instruments were used including
an analytical balance (107, model XA 82/220/2X)
from RADWAG, a thermostatic bath (model KISS
K12) and a heating plate from Huber — Germany,

Peristaltic pump
o
o, ®
\

a tensile testing machine (model Z010) with a data
analysis software for tensile strength and elongation
(testXpert) from ZwickRoell - USA, a Scanning
Electron Microscope (SEM, model S-4800) with
image processing software Imagel] from Hitachi-
Japan, and a digital camera (model VIXIA HF
M3500) from Canon.

A motor-driven multilayer material fabrication
system (CHITEC) was designed, self-fabricated in
CEITEC, and presented in Figure 1. The CHITEC
system consists of: spool 1 (driven by a stepper
motor controlled by a computer) for the PP sheet;
spool 2 for tensioning the PP sheet; a container
holding the hydrogel solution (gelatin); spool 3
for tensioning the PP sheet after passing through
the gelatin solution; and spool 4 (also driven by a
computer-controlled stepper motor) for winding the
gelatin-coated PP sheet to form the multilayer PP
material.

Figure 1. (a) Design of multilayer material fabrication equipment, and (b) equipment

PP/Chitosan/Gelatin multilayer material fabrication

In a previous work (Do et al., 2026), the PP
multilayer fibers were successfully manually
fabricated using a maximized 5% gelatin hydrogel.
To fabricate multilayer materials from PP fibers, a
chitosan/gelatin adhesive solution (PP-CS-Gel) was
maximized as following: a 20% chitosan solution is
first prepared, followed by the preparation of a 20%
chitosan /5% gelatin solution. The fabrication of PP/
Chitosan/Gelatin multilayer materials (PP-CS-Gel)
by the CHITEC equipment using a Chitosan/Gelatin
hydrogel binder (CS-Gel) is carried out according
to the following procedure: Step 1. Winding PP
material onto spool 1: The polymer material is cut
to an appropriate width and wound onto spool 1.
Step 2. Coating the PP material with CS/Gel binder:
A motor-driven system is used to regulate the
rotation speed of the stepper motor driving spool 1,
synchronized with the stepper motor driving spool
2. Spool 1 fed the PP sheet through spool 2 and into
the hydrogel solution container. As the PP sheet
passed through the solution, the hydrogel (gelatin)
binder is coated onto both surfaces of the PP sheet,
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which then moved upward and passed over spool 3.
Step 3. Formation of PP multilayer materials: The
PP sheet coated with hydrogel (gelatin) binder is
pulled upward by spool 4 and wound onto it to form
the first PP layer. The process is continued until the
desired number of layers is achieved.

Stabilization of polymer components in
multilayer materials by cold plasma treatment

The study was conducted according to the
following procedure: Step 1. Cold plasma
preparation: Install the cold plasma reaction sample
holder (Fig 2a). Place the multilayer material
sample made from nonwoven PP fibers onto a glass
plate that separates it from the reaction surface of
the cold plasma sample holder. Step 2. Cold plasma
treatment: Remove oxygen from the reaction
chamber using nitrogen gas, verify with an alcohol
lamp flame, and then gradually replace the nitrogen
with hydrogen gas (Fig 2b). Turn on the plasma
power supply and stabilize the material sample for
30 minutes (Fig 2c¢).
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Figure 2. (a) Cold plasma equipment, (b) De-oxygen in the chamber, and (c) Cold plasma stabilization process

Wettability measurement by the sessile drop method

The contact angle between the sample surface
and a water droplet provides information on
wettability, i.e., the hydrophilic/hydrophobic nature
of the sample. Among the various contact angle
measurement techniques, the sessile drop method
is considered the most effective and is widely
used to evaluate surface wettability. When a liquid
droplet can be easily placed on the sample surface,
the wettability analysis is performed automatically
using dedicated software. The apparatus used for the
sessile drop method is a surface tension measurement
system consisting of a camera and a light source. A
20 pL droplet of distilled water mixed with red food
dye was deposited onto the sample surface. The
contact angle was measured by capturing side-view
images of the droplet on the material surface at time
0 s using a Canon VIXIA HF M500 digital camera.
Measurements were conducted at 21 °C. The

images were then analyzed using image analysis
software to obtain accurate contact angle values.
Each nonwoven polypropylene multilayer sample
with gelatin was measured three times.

Swelling behavior

The swelling properties of multilayer materials
are investigated using the gravimetric method. The
samples are cut into square pieces with an area of
4 cm? (three specimens were prepared from each
sample). The sample was weighed before swelling.
The samples are then immersed in distilled water,
ensuring complete submersion, for swelling at time
intervals of 30 minutes, 1 hour, 3 hours, 5 hours,
and 48 hours. After immersion, the surfaces of the
samples are gently dried using Whatman filter paper.
The samples were then weighed and the swelling
degree was calculated. The percentage swelling
(AG) is calculated using the following equation:

G,_G
= uﬂ)gj
Gy

AG

where: Go: mass of the sample before swelling
(g) and Gi: mass of the sample after swelling (g)

3. Results and Discussion

Adhesive  chitosan/gelatin  mixed solution
preparation and motor-driven fabrication of PP
multilayer materials

The dissolution of food-grade chitosan powder
(up to 30 g) at mass ratios of CS: distilled water
of 30:65, 20:75, and 10:85 showed that at a ratio
of 30:65, the resulting chitosan solution was thick
and highly viscous. At ratios of 20:75 and 10:85,
the solutions were more dilute with lower viscosity,
making them suitable for fabricating multilayer
materials. However, due to the limited solubility of
chitosan in hot water, the chitosan solutions, after
vigorous stirring and standing, exhibited phase
separation. The mass ratio of CS : distilled water of
20:75 (designated as 20% CS solution) was selected
for subsequent experiments to achieve the highest

4

possible CS content in solution. A mixed chitosan/
gelatin (CS-Gel) solution was prepared using the CS
solution at a CS : distilled water ratio of 20:75, with
an overall mass ratio of CS : Gel : water of 20:5:75,
designated as 20% CS / 5% Gel solution. The results
showed that the 20% CS / 5% Gel solution exhibited
mechanical properties (viscosity and adhesion)
comparable to the 20% CS solution, but without
phase separation. The gel-forming property of Gel
improved the uniformity of brush immersion and
coating, resulting in more even application of the
solution onto the material surface.

Usingthe CHITEC equipment, three PP multilayer
materials based on nonwoven polypropylene fibers
with a 20% CS / 5% Gel solution were fabricated
and designated as follows: PP-CS-Gel GP-8L
for PP 8-layers, PP-CS-Gel GP-16L for 16-layer
material, and PP-CS-Gel GP-32L for 32-layer one
as presented in Figure 2.
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Thickness

The thickness of CS/Gel-bonded PP multilayer
materials fabricated using the motor-driven
CHITEC system was measured using a caliper, and
the results are summarized in Table 1. The thickness
increased with the number of layers; however, the
relationship was nonlinear and exhibited clear spatial
heterogeneity between the edge and central regions
ofthe samples. For the 16-layer material (PP-CS-Gel
GP-16L), the thickness ratio relative to the 8-layer
sample (PP-CS-Gel GP-8L) was approximately 1.04
at the edge, but increased to about 1.62 at the center.
A more pronounced difference was observed for
the 32-layer material (PP-CS-Gel GP-32L), where
the thickness ratio reached ~2.46 at the edge and
~3.87 at the center. These results indicate that the
increase in thickness does not scale proportionally
with the number of deposited layers, particularly
at the edges. This non-uniformity suggests that the
multilayer structure is strongly influenced by binder
distribution and processing conditions. During
fabrication, the CS/Gel solution may migrate
toward the central region due to capillary forces
and gravity, leading to higher binder accumulation

and reduced compaction in the middle of the sample
(Yang et al., 2016). In contrast, the edge regions
may experience lower binder retention and higher
compressive forces during winding, resulting in a
denser and thinner structure (Thomas and Valentin,
2006). Additionally, uneven pressure distribution
during layer formation may further contribute to
this effect, as higher localized pressure at the edges
can enhance densification. Limited wetting near the
boundaries, due to insufficient binder coverage, may
also restrict effective layer buildup in these regions.
Furthermore, minor misalignment or slippage
between layers during the winding process could
reduce the effective stacking efficiency, particularly
at the sample edges (Evon and Reika, 2022).

Overall, although the motor-driven system
enables controlled multilayer fabrication, the results
highlight that thickness uniformity remains a critical
challenge. Future optimization should focus on
improving binder distribution, controlling tension
and pressure during winding, and ensuring uniform
coating across the entire material width to achieve
more homogeneous multilayer structures.

Table 1. Thickness of motor-driven fabricated CS/Gel binder PP multilayer materials using a caliper

No Sample Layer Edge region Middle region
ratio
compared | Thickness Thickness ratio | Thickness | Thickness ratio
to 8-layer (mm) compared to the (mm) compared to
material 8-layer material the 8-layer
(times) (times) material
(times)
1 PP-CS-Gel 1 2,46+0,32 1 1,43+0,15 1
GP-8L
2 PP-CS-Gel 2 2,55+0,27 1.04 2,31+0,2 1.62
GP-16L
3 PP-CS-Gel 4 6,06+0,93 2.46 5,54+0,27 3.87
GP-32L

Cold plasma treatment and wettability

To evaluate the effect of surface modification,
the multilayer material based on nonwoven
polypropylene fibers with a 20% CS / 5% Gel binder
(PP-CS-Gel GP) was subjected to cold plasma

treatment and denoted as PP-CS-Gel GP-Pla. Fig.
3 and Table 2 presented the surface wettability of
both untreated and plasma-treated samples assessed
using contact angle measurements.

Figure 3. Contact angle images:(a) PP-CS-Gel GP, and (b) PP-CS-Gel GP-Pla

Volume 2, Issue 6
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Table 2. Contact angle and wettability

No Sample Treatment Contact angle Wettability
1 PP-CS-Gel GP No 127°-129° Hydrophobic
2 PP-CS-Gel GP-Pla Cold plasma 57°-61° Good

The untreated PP-CS-Gel GP sample exhibited
a high contact angle in the range of 127-129°,
indicating pronounced hydrophobic behavior. This
resultis consistent with the intrinsic characteristics of
polypropylene, which possesses a nonpolar structure
and low surface energy. Although the presence
of gelatin introduces hydrophilic components
into the multilayer system, these components are
likely embedded within the internal structure or
insufficiently exposed at the surface, resulting in
limited influence on surface wettability. In contrast,
the plasma-treated sample (PP-CS-Gel GP-Pla)
showed a significant decrease in contact angle to
57-61°, clearly indicating a transition to hydrophilic
behavior and substantially improved wettability.
This pronounced change confirms the effectiveness
of cold plasma treatment as a surface modification
technique for PP-based multilayer materials. The
improvement in wettability can be attributed to
several synergistic mechanisms induced by plasma
treatment. Firstly, the incorporation of polar
functional groups (e.g., —OH, —COOH) onto the
polypropylene surface increases surface energy and
enhances affinity toward water molecules. Secondly,
plasma exposure removes surface contaminants and
weak boundary layers, thereby activating the surface

and promoting better interaction with liquids.
Thirdly, mild surface etching may increase micro-
scale roughness, contributing to improved wetting
behavior. Additionally, plasma treatment may alter
the interfacial structure, facilitating greater exposure
of the hydrophilic gelatin binder at the outer surface
(Pantoja et al., 2013; Primc and Mozetic, 2024). The
sdudy showed that these combined effects lead to a
substantial reduction in contact angle and a marked
enhancement in wettability. From an application
standpoint, such a transition from hydrophobic
to hydrophilic behavior is highly desirable for
applications requiring efficient liquid interaction,
including filtration, biomedical materials, drug
delivery systems, and absorbent structures.

Swelling behavior

The results summarized in Table 3 and illustrated
in Fig. 5 showed the swelling behavior of the
16-layer multilayer materials before and after cold
plasma treatment, denoted as PP-CS-Gel GP-16L
and PP-CS-Gel GP-16L-Pla, was investigated
using the gravimetric method. The mass showed
negligible change compared to the initial mass;
specifically, the initial mass and the mass after
swelling and complete drying were 408,21g and
408,15g, respectively.

Table 3. Swelling behavior of 16-layer PP mats before and after cold plasma treatment

Sample PP-CS-Gel GP-16L PP-CS-Gel GP-16L-Pla
Initial weight (mg) 408,21 338.27
0.5h Weight (mg) 789,83 602,64
Swelling ratios (%) 193,49 178,15
lh Weight (mg) 900,65 634,24
Swelling ratios (%) 220,63 187,50
3h Weight (mg) 976,65 645,43
Swelling ratios (%) 239,25 190,80
5h Weight (mg) 1004,94 656,67
Swelling ratios (%) 246,18 194,13
48 h Weight (mg) 1103,21 771,21
Swelling ratios (%) 270,26 227,99
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Both samples exhibited rapid water uptake during
the initial immersion period, with the majority of
swelling occurring within the first 0.5-3 hours. This
fast swelling kinetics can be attributed to the porous
structure of the nonwoven PP fibers and the presence
of the hydrophilic chitosan/gelatin (CS/Gel) binder,
which facilitates water diffusion into the multilayer
network. After this initial stage, the swelling rate
gradually decreased, approaching equilibrium
over prolonged immersion (up to 48 hours). The
untreated sample (PP-CS-Gel GP-16L) showed a
higher swelling capacity, reaching approximately
270.26% after 48 hours. In comparison, the plasma-
treated sample (PP-CS-Gel GP-16L-Pla) exhibited
a reduced swelling ratio of about 227.99% under
the same conditions. Despite this decrease, both
materials maintained substantial water absorption
capacity, confirming their suitability for applications
involving aqueous environments. After immersion
for 3 hours followed by complete drying (surface
dried with filter paper and then air-dried under gentle
airflow for 30 minutes), the mass of the PP-CS-Gel
GP-Pla sample also showed little change compared
to its initial mass; specifically, the initial mass and
the mass after swelling and drying were 976,65g
and 645,43¢, respectively. The slight reduction in
swelling behavior after cold plasma treatment can

300.00

250.00

200.00

150.00

100.00

50.00

0.00
0.00

be attributed to structural stabilization within the
multilayer system. Plasma exposure may induce
partial crosslinking or densification of the polymer
network, including both the polypropylene fiber
surface and the CS/Gel binder (Joshua et al., 2018).
This results in a more rigid and compact structure,
which restricts the penetration and retention of
water molecules. Additionally, enhanced interfacial
bonding between layers after plasma treatment may
further limit the expansion of the material during
swelling. Notably, both samples demonstrated good
structural stability after swelling—drying cycles.
The mass of the samples after complete drying
remained nearly unchanged compared to their
initial mass, indicating that no significant material
loss or dissolution occurred during immersion. This
suggests that the CS/Gel binder system provides
sufficient integrity to maintain the multilayer
structure under wet conditions. Overall, the results
indicate that while cold plasma treatment effectively
improves surface wettability, it slightly reduces
the swelling capacity due to increased structural
stability. This balance between wettability and
swelling behavior is advantageous for tailoring
the material toward specific applications such as
filtration, biomedical scaffolds, and absorbent
systems.

1000.00 2000.00 3000.00 4000.00

—e— PP-Gel GF-16L-20kgy

—8— PP-Gel GF-16L-5kgy

Figure 4. Swelling ratio—time plots of PP-CS-Gel GP (blue) va mau PP-CS-Gel GP-Pla (brown)
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4. Conclusion

In this study, a motor-driven fabrication system
(CHITEC) was successfully developed and applied
for the preparation of polypropylene (PP) fiber-
based multilayer materials using a 20% chitosan/
5% gelatin (CS/Gel) adhesive system. Compared
to previously reported manual fabrication methods,
the motor-driven approach enabled improved
process control, enhanced reproducibility, and the
ability to produce multilayer structures with varying
numbers of layers (8, 16, and 32 layers). The
results demonstrated that the CS/Gel binder system
provided suitable viscosity, adhesion, and coating
uniformity for multilayer formation without phase
separation.

Thickness analysis revealed that although the
overall thickness increased with the number of
layers (8-, 16-, and 32-layers), the growth was
nonlinear and spatially heterogeneous, with
significant differences between edge and center
regions. This behavior highlights the influence of
binder distribution, capillary flow, and mechanical
compression during fabrication, suggesting that
further optimization of processing parameters is
required to achieve uniform structures.

Cold plasma treatment proved to be an effective
post-processing method for modifying surface
properties. A significant reduction in contact
angle from ~127-129° to ~57-61° confirmed the
transition from hydrophobic to hydrophilic behavior,
attributed to surface activation, introduction of polar
functional groups, and improved exposure of the
gelatin component. This enhancement in wettability
expands the potential applicability of the materials
in areas such as filtration, biomedical devices, and
absorbent systems.

Swelling studies indicated rapid water uptake
within the first few hours, followed by stabilization.
While cold plasma treatment slightly reduced the
swelling capacity, likely due to structural stabilization
or partial crosslinking, the overall swelling behavior
remained substantial, demonstrating the material’s
ability to interact with aqueous environments.

Our study provides a scalable and controllable
strategy for fabricating PP-based multilayer
materials with tunable structural and surface
properties. The integration of a motor-driven
system with biopolymer binders and plasma surface
modification offers a promising platform for the
development of advanced functional materials.
Future studies should focus on optimizing process
parameters to improve thickness uniformity,
investigating  mechanical  performance, and
exploring application-specific functionalities.
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TAP CHI KHOA HQC TRUONG PAI HQC TRUNG VUONG

Tém tit:

lypropylene (PP) la mot loai nhya nhiét déo
co nhiéu wu diem: bén co hoc, nhe, chiu nhiét
16t (=120-140°C), khang héa chdt, khéng doc nén
duoc Li”ng dung rong rdi trong y té, du"ac phim va
thwe pham nhw bom tiém, ong nghzem ong truyen
dich, lp dung thudc vién, thuéc bot, ndp chai, ndp

lo, v.v.

Pén nay, phwong phap ché tao vat liéu
Polypropylene da I6p van la thi cong truyén thong
nén co do lap lai va kha nang mo rong kém. Trong
nghién ciru nay, vt liéu da 16p nén PP sir dung
chdt két dinh Chitosan/Gelatin (CS/Gel) dwoc ché
tao bang hé thong ché tao truyén dong bang motor
(CHITEC). Cdc cdu tric gom 8, 16 va 32 lop dd
duwoc ché tao thanh cong va danh gid vé dé day, do
tham w6t va kha nang trieong né.

D6 day tang theo so 16p nhung thé hién sw phén
bé khéng tuyén tinh va khéng dong déu, véi sw tich tu
16m hon & viing trung tam do suw dich chuyén chat két
dinh va anh hwong cua lyc nén. Xu Iy Plasma lanh
cdi thién ddng ké do tham wét, lam giam géc tiép xiic
tir 127—129° xuong 57-61°, cho thdy sw chuyén doi
tir bé mat ky mede sang wa nwde. Nghién civu triong
né cho thdy kha ndng hép thuy mede nhanh, voi ty 16
trvong no cuc dai khoang ~270% (khong xur Iy) va
~228% (xit Iy Plasma), cho thdy d on dinh cdu triic
dwoc cai thién sau xu Iy Plasma. Nghién curu nay
chwng minh mot phwong phap co khda nang mo rong
dé ché tao vit liéu da 16p PP véi cdc tinh chdt cé thé
diéu chinh cho cdc iing dung tién tién.

Tir khéa: Polypropylene; Thiét bi CHITEC 3D;
Soi da lop; D¢ day, Po tham wét; T ruwong no.
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