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Abstract - The increasing global prevalence of Coronary Heart Disease (CAD) has driven the demand for innovative solutions
in interventional treatments, with Drug-Eluting Stents (DES) becoming a leading choice. However, the existing stent materials
are limited by their biocompatibility and mechanical properties, creating the need for new advancements. This study formulates,
tests, and characterizes a polymer composite of recycled low-density polyethylene (rLDPE) and montmorillonite (MMT) for
potential application in DES. The research involves material characterization, composite simulation, and optimization using
Ansys and Minitab tools, followed by 3D printing of tensile and fatigue test samples to evaluate the composite mechanical
properties, alongside morphological analysis using a scanning electron microscope (SEM) to assess material interactions. The
Mechanical tests reveal an average tensile strength of 2.46+0.01MPa and fatigue strength of 15.03+0.75MPa, much higher than
the primary blood pressure goal in patients with established CAD, which is 0.02MPa. The interaction between rLDPE and MMT
effectively produces a homogeneous composite with satisfactory mechanical strength, offering a new material for stent
construction. Using rLDPE aligns with environmental sustainability by reducing plastic waste and offering a cost-effective
alternative to virgin polymers, making DES more accessible while promoting a circular economy. Montmorillonite acts as an
excellent reinforcing agent and drug excipient when incorporated into polymer matrices, improving the mechanical strength,
flexibility, and drug release control by enhancing the barrier properties of the composite. The study underscores the potential
of r(LDPE/MMT composites in addressing modern DES technologies' mechanical, environmental, and biocompatibility demands.

Keywords - Drug-eluting stents, Montmorillonite, Morphological property, Polymer composite, 3D printing.

1. Introduction

Cardiovascular diseases, among them coronary artery
disease, continue to be the leading causes of mortality
worldwide. The interventional treatment options include
balloon angioplasty, stenting, and surgical procedures like
bypassing [1]. Drug-Eluting Stents (DES) have, over time,
emerged as the preferred choice, providing both structural
support to vessels and localized delivery of therapeutic agents
to prevent restenosis, a common complication in stent
applications[2]. A DES is a vascular prosthesis in a non-
surgical treatment called interventional cardiology. It reopens
and maintains patent occluded coronary arteries, improving
the effectiveness of the drug-based treatment and the concept
of controlled Drug Delivery Systems (CDDS) by enhancing
delivery to the affected sites. Its structure includes a platform,
a coating, and an infused active pharmaceutical agent [3], [4],

making it special in its structural material. Its use has steadily
risen due to its ease and efficiency in positioning [1]. The
development of their materials and the evaluation and analysis
of their mechanical properties are consequently significant for
better efficacy and enhancement of this treatment technology.
A standard material should meet desired properties, including
sufficient mechanical strength and ductility, besides
biocompatibility requirements [5].

Conventional DES materials of permanent metals, such
as stainless steel and cobalt-chromium alloys, provide
excellent mechanical strength and biocompatibility, offering
the necessary radial support for blood vessels [6]. Cobalt-
chromium and platinum-chromium alloys exhibit a high
strength-to-weight ratio, allowing for thinner struts in stents,
thus improving flexibility and reducing blood flow obstruction
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at the implantation sites[7], [8]. This makes them popular in
modern DES designs. However, these materials remain in the
body indefinitely, leading to chronic inflammation and, in
some incidences late-stent thrombosis [9]. Biodegradable
metals such as Magnesium and zinc alloys have been on trial.
They provide temporary radial vessel support while gradually
degrading, consequently minimizing the complications
associated with permanency [10]. Magnesium, for example,
degrades relatively quickly, leading to premature loss of
mechanical integrity needed before fully healing the vessel
[11].

Non-biodegradable polymers initially gained use in DES
coatings to regulate the release of drugs and provide a stable
medium for antiproliferative drugs [12]. They are
customizable for different drug-release profiles; however,
they have been linked to prolonged inflammatory responses
and late stent thrombosis due to their indefinite presence in the
vascular environment [13],[14]. Biodegradable polymers, like
PLA and PCL, have gained attention as potential alternatives,
owing to their ability to gradually degrade and dissolve over
time, which reduces t risk of long-term complications [13].
However, the challenge of developing biodegradable
materials that maintain structural integrity and control drug
release profiles still exists [15]. These materials lead to early
stent thrombosis if the drug elution is not adequately
controlled [16].

Hydrogels have emerged as promising stent coatings for
their hydrophilic nature and potential for smart drug release in
response to specific stimuli [17]. They provide a more tailored
drug delivery approach adaptable to the patient's physiological
environment. However, they are mechanically weak; they
cannot independently provide the required structural support,
necessitating reinforcement with other materials to serve as
viable stent coatings [18].

Graphene and other carbon-based materials have been
popular for their high biocompatibility, antimicrobial
properties, and strong mechanical strength [19]. They improve
the durability and drug-loading efficiency of stents [20].
However, their long-term biocompatibility and behavior in the
body, especially their degradation and clearance from the
tissues, remain uncertain [21]. More research to understand
their potential impacts over extended periods is incomplete.

Polymer nanocomposites are among the current materials
under study to enhance DES's mechanical and drug-release
properties[22]. They are found to improve drug-loading
capacity and allow for controlled drug release. The
nanoparticles enhance the material's mechanical stability[23].
Even so, there is a challenge in achieving uniform nanoparticle
dispersion. This consequently leads to aggregation, resulting
in localized areas of high drug concentration, potentially
causing cytotoxic effects and unpredictable release profiles
[24]
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Generally, from the foregoing review, current materials
used in drug-eluting stents and those under study offer unique
advantages but also present notable limitations. These
challenges consequently prompt other emergency procedures
and, at times, lead to fatality. An in-depth analysis of the
difficulties indicates the need to incorporate new technologies
and materials to ensure better performance [3] [25].
Continuing advancements in material science and engineering
are essential for developing safer, more effective DES
materials that meet both therapeutic and structural
requirements in coronary artery treatment.

An ideal stent should have good mechanical properties,
i.e., flexibility and strong radial force, and it should be a table
before healing[26]. Therefore, the materials implanted or
injected into the human body must be chemically and
mechanically stable in the biological environment for long-
term use [3]. Additionally, the materials and the processing
methods should be cheap to enhance affordability due to the
increasing global demand for DESs. In practice, it is almost
impossible for all the desired properties to be present in one
material. The solution is, therefore, to explore emerging
materials such as polymer mixtures or composites [27].

This study formulates, simulates, optimizes, develops,
and evaluates a biopolymer composite from recycled low-
density polyethylene (rLDPE) and montmorillonite (MMT)
for application in drug-eluting stents. These two materials are
biocompatible, cheaply available, and mechanically
promising. The study's philosophy is that montmorillonite
clay with different concentrations would significantly affect
the properties of the recycled low-density polyethylene
montmorillonite composite due to the nano-dimensional
structure and high surface area to volume ratio.

Montmorillonite is a key active constituent of bentonite
and a multipurpose clay predominant in medical applications
for its unique characteristics of swelling and adsorption. Its
high adsorption capacity contributes to increased drug
entrapment and sustained release of drugs. It also boosts
hydrophobic drugs' dissolution rate and bioavailability[28].
Using recycled low-density polyethylene material intends to
contribute to environmental conservation when the world is
focused on curbing climate change due to environmental
degradation.

This aligns with environmental sustainability by reducing
plastic waste and offering a cost-effective alternative to virgin
polymers, making DES more accessible while promoting a
circular economy. The study also explores the 3D printability
of the developed composite and its extension as a method of
manufacturing stents. The environmental impact of using
rLDPE in stents addresses material sustainability and medical
device performance. Incorporating MMT into it results in a
composite with enhanced mechanical and morphological
properties crucial for stent application.
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Life cycle assessments of rLDPE and its composites point
to a notable reduction in environmental impact compared to
traditional materials. For instance, using rLDPE contributes to
waste reduction and a decline in demand for virgin plastic
production, contributing to high greenhouse gas emissions and
energy consumption [29]. Besides addressing plastic waste
management, rLDPE provides a viable alternative for
producing composites with enhanced properties [30]. Studies
show that adding MMT to rLDPE improves its mechanical
strength, thermal stability, and resistance to degradation,
making it suitable for medical applications [31],[32]. Previous
studies have demonstrated that MMT can improve the tensile
strength of rLDPE, one of the essential mechanical properties
for the durability and reliability of stents [33],[34].
Additionally, the addition of MMT can alter the crystallinity
and morphology of the rLDPE matrix, leading to improved
performance characteristics [35]. This further improves stents'
efficacy, where mechanical integrity is paramount.

Considering environmental sustainability, using rLDPE
and its composites can lead to lower life cycle impacts than
traditional materials. Production of conventional stents often
uses virgin plastics, which depletes natural resources and
generates significant amounts of waste and emissions to the
environment [29]. By contrast, utilizing rLDPE reduces the
need for new materials and thus promotes a circular economy
model in the medical device industry [30].

Integrating recycled LDPE and montmorillonite into stent
manufacturing presents a sustainable alternative to traditional
materials. The enhanced mechanical properties and reduced
environmental  impact through  recycling  position
rLDPE/MMT composites as a promising candidate for
medical applications.

2. Material and Methods
2.1. Materials

The materials used in this study were recycled Low-
Density Polyethylene (rLDPE) pellets, Figure 1(a), of density
917-925 Kg/m3 supplied by Taka Taka Solution Ltd, Kenya,
a leading recycling plant in Kenya, and Montmorillonite
(MMT), Figure. 1(b), supplied by Swell Well Minechem Pvt.
Ltd, Kenya.

(b)
Fig. 1 Materials used (a) recycled low-density polyethylene pellets (b)
Montmorillonite powder
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2.1.1. Material Characterization
Fourier-Transform Infrared Spectroscopy (FTIR)

This analytical technique identifies and quantifies
molecular structures based on their infrared (IR) light
absorption. Considering the sensitivity of the intended
application of the developed composite material, an FTIR
spectroscopy was done on the recycled and virgin polymer
materials to compare and ascertain the purity, alterations, and
microstructural deviations of the recycled LDPE from the
Virgin LDPE. It also served to verify the possibility of total
recycling of LDPE. This was done using a JASCO FTIR 4700
machine (Japan Spectroscopic Company, Japan). The samples
were scanned in the 4000 cm™! to 400 cm™! spectral region, as
per ASTM E1252 — 98 (2021), Standard Practice for General
Techniques for Obtaining Infrared Spectra for Qualitative
Analysis [36] and guided by Jasco 4700 FTIR operation
instructions. The attenuated total reflection (ATR) method
was used. Two recycled and virgin LDPE samples were
evaluated, and results were generated for interpretation.

X-ray Fluorescence (XRF)

This non-destructive analytical technique determines the
material chemical composition by measuring the secondary X-
rays it emits after exposure to high-energy X-rays. A sample
MMT was analyzed to ascertain its elemental composition.
This was performed using a portable Bruker S1 TITAN XRF
analyzer (Bruker Corporation, Washington USA), according
to the ASTM C114-00 Standard Test Methods for Chemical
Analysis of Hydraulic Cement [37] and Bruker S1 TITAN
XRF analyzer reference manual.

2.2. Methods

2.2.1. Preparation of Polymer Composite

Pellets of rLDPE were dried at 90°C for 2 hours in a
UMS-UK laboratory oven (Shanghai Atec Laboratory
Equipment Co., Ltd., Shanghai, China) and then cooled to
room temperature as per ASTM D6980-17. The cooled rLDPE
was then shredded in a 3DEVO-GP20 Plastic Shredding
(3devo B.V, Netherlands) to increase the surface area and
reduce sizes for a better mixture formation. MMT was dried
in the same UMS-UK laboratory oven at 210°C for 1 hour and
then cooled to room temperature. The dried MMT material
was then passed through available sieves of 75um and 100 pm
to obtain the required particulate sizes. The two materials were
weighed on KERN PCB 3500-2 precision balance (KERN &
SOHN GmbH, Germany) in portions and mixed in a
KLARSTEIN Kitchen mixer (Klarstein of Berlin Brands
Group Inc., Germany) for uniform distribution before loading
onto the extruder hopper.

2.2.2. Filament Extrusion

Preliminary filament extrusions were done using the SJ35
3D Printing Filament Making Machine (Zhangjiagang,
China), varying material compositions, temperature, and
extrusion speed. This was to identify the range of extrusion



Ogutu John Bosco et al., / IJME, 11(12), 47-72, 2024

parameters that gave a continuous material extrude without
fume emission, material sputtering, or discoloration of the
filament in case of polymer burns besides physical
observations of filament diameter, ovality, and consistent
running length. The extrusion parameter ranges experimented
were 150°C - 180°C for extrusion temperature and 18-20 rpm
for extruder screw speed.

2.2.3. Design of Polymer Composites

After the preliminary extrusion processes, eight different
polymer composites of rLDPE/MMT formulations were
developed from varying percentage compositions and
particulate sizes of MMT. To create an optimized and reliable
composite, a Taguchi mixed-level design of the experiment
(DOE) of L8 orthogonal arrays (41, 2"1) was used as shown
in Table 1; it analyzes experiments where proportions of
components are of interest, very commonly used in
formulation experiments.

This was executed using Minitab 19 software and
simulated using Ansys 2020R1 to predict the mechanical
properties of the resulting composites. The two input factors
were montmorillonite's percentage weight (wt%) composition
and particulate size. The responses expected were the
simulated tensile and fatigue strengths.

Table 1. Design of experiment

Parameters

Composite ID wt% wt% Filler size

rLDPE MMT (um)
rLDPE/MMT 1 97.5 2.5 75
rLDPE/MMT 2 97.5 2.5 100
rLDPE/MMT 3 95.0 5.0 75
rLDPE/MMT 4 95.0 5.0 100
rLDPE/MMT 5 92.5 7.5 75
rLDPE/MMT 6 92.5 7.5 100
rLDPE/MMT 7 90 10 75
rLDPE/MMT 8 90 10 100

2.2.4. Simulation of Fatigue and Tensile Strengths

The designed composites were simulated using Ansys
2020R1 tools, and the sample models were sketched using
solid works, as shown in Figure 3. The Material Designer tool
was used to simulate the formulation of the composites, tensile
tests using the Explicit Dynamics tool, and fatigue tests using
the Transient Structural tool. The tensile test simulations were
carried out as per ASTM D638, and the fatigue test
simulations were performed according to 1SO 1143:2021.

Before the simulations in the tools, the parameters
considered for this work were set on Ansys. These included
material properties such as Young's modulus, Poisson's ratio,
and density; geometric parameters such as sample dimensions,
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mesh density, element size, and shape; and boundary
conditions, loadings, and environmental parameters.

For LDPE, the density was 925Kgm-3, the Young's
Modulus was 250MPa, and the Poisson ratio was 0.45; for
Montmorillonite, the density was 2500Kgm-3, the Poisson
ratio was 0.4. From these, the composite was formulated in
predefined ratios.

The drafted 3D models were then uploaded, that is, for
tensile the standard dog-bone of dimensions as per ASTM
D638 and fatigue as per 1SO 1143:2021. Boundary conditions
were then set, and loadings were applied. The simulation tests
were taken to be at 25°C.

Assumptions were also made to simplify the model while
capturing key mechanical properties relevant to
the application, eliminating the complexities of simulating the
tensile and fatigue performance.

For the tensile simulation, the composite was assumed to
be isotropic and homogeneous and exhibited linear elastic
behavior up to its yield point. The test was performed at a
constant temperature. That is, there were no thermal effects
during the test. On the other hand, for the fatigue test, the
composite was assumed to exhibit elastic-perfectly plastic
behavior, have no degradation, and be subjected to sinusoidal
cyclic loading. The test was not affected by environmental
conditions.

2.2.5. Production of 3D Printing Composite Filament

The filament maker SJ35 3D Printing Filament Making
Machine (Zhangjiagang, China) was used to obtain the
filament. The filament maker comprised three major parts: an
extruder, a water bath, and a spooler, as shown in Figure 2.
The rLDPE/MMT composite mixture from the kitchen
processor was loaded into the single screw extruder. The
extruder nozzle diameter was 1.75 mm, compatible with the
3D printing head.

The composite filament extruded from the extruder was
cooled through a recirculating water bath and wound onto a
spool wheel. The filament spool was loaded on the 3D printing
machine to print test samples for tensile and fatigue tests. The
extrusion process parameters are as in Table 2.

Table 2. Filament extrusion process parameters

Parameter Values
Barrel Temp (°C) 165
Die/nozzle Temp (°C) 170
Screw extrusion speed (rpm) 18
Filament pulling roller speed (mm/s) 250
Filament winding roller speed (mm/s) 150
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Spooling speed and
filament winding

control unit storage unit

Filament temporary

SJ35 Single
screw extruder

SJ35 extruder

Spool : i ; i
poo \l-;l}llag;ent metering S a(t)l(l)ilrllrg:’,g/ Cooling unit control unit
wheel
Fig. 2 SJ35 3D Printing Filament Making Machine Assembly [38]
Table 3. Fused filament fabrication printing parameters for samples
Parameters Values
s/ Printing temperature ("°C) 250
o/ " . . e o
&/ Printing temperature, initial layer (°C) 250
— — | Build plate temperature, initial layer (°C) 60
|]§ Build plate temperature (°C) 60
2500 L. 57.00 .—! 2500 | E InfiII_ pattern Rectilinear
= 165.00 B Infill (%) 75
Layer height (mm) 0.4
(a') Line width (mm) 0.8
Print speed (mm/s) 50
A Initial layer speed (mm/s) 50
g % Build plate adhesion type Brim
f““r l\
S 01500
ﬁ ) - |
80.00 | 35, .QOfL-_i 8000 s
50.00 g
210.00
(b)
Fig. 3 Material Test Sample models (a) Tensile Test Sample (b) Fatigue
Test Sample

2.2.6. 3D printing of Test Samples

The 3D printing of rLDPE/MMT composites test
samples was performed using a Prusa i3 MK3S 3D printer
(Czech Republic). The uniaxial testing samples were designed
according to ASTM D638 Type I. The typical sketch of the
tensile and fatigue samples used in this study is shown in
Figure 3(a) and 3(b), respectively.

The sample sketches were converted to STL files, sliced
using Prusa slicer software, and forwarded to the 3D printer
for printing. The printed test samples, Figure. 4, were printed
horizontally, with the filament deposition being longitudinal
on a P-Surface 141 to improve part adhesion on the printing
surface. The printing parameters during the sample printing
are shown in Table 3.

Fig. 4 3D Printed test samples: (a) tensile test sample (b) fatigue test

sample
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2.3. Characterization of Composite Filament
2.3.1. Scanning Electron Microscope (SEM)

The morphological analysis was done using a JCM-
7000NeoScope Benchtop SEM (JEOL USA Inc,
Massachusetts, USA) on the extruded filament to observe the
MMT powder distribution and the interaction of the
compounding materials. The SEM imaging was performed
according to ASTM E2809-22 Standard Guide for Using
Scanning Electron Microscopy/Energy Dispersive X-Ray
Spectroscopy ~ (SEM/EDS) in  Forensic  Polymer
Examinations[39] under an accelerating voltage of 15kV, a
Magnification of x200, and a resolution of 100pum.

2.4. Mechanical Tests
2.4.1. Tensile Test

The MMT-reinforced rLDPE blend composite was
subjected to tensile tests using a 10kN Shimadzu Autograph
AGS-X Series Universal Testing Machine (Shimadzu
Corporation, Kyoto, Japan) according to ASTM D638
standard test method for tensile properties of plastics, see
Figure 5.

The test samples were 3D-printed tensile test pieces of
ASTM D638 Type |, illustrated in Figure 2 (a). They were 165
mm in overall length and width of 19mm with a 50 mm gauge
length, a width of 13 mm in the narrow section, and a uniform
thickness of 3.2mm.

The equipment had been calibrated, preloading settings
were done, and the test sample was clamped and properly
aligned, considering the gauge length of 50mm. The tests were
performed with one end of the sample fixed and the other
pulled gradually at a 5 mm/min speed. It was assumed to be
done at a constant room temperature of 25°C. Five samples
were tested, and the average value of the tests was taken as the
result. This was used to assess the material's physical strength
and any influence of the manufacturing process on it.

Fig. 5 Tensile sample mounted on universal testing machine
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2.4.2. Fatigue Test

The fatigue test was performed on ONO's High-
Temperature Bending Fatigue Testing Machine Model
7(ONO SOKKI Co. Ltd, Yokohama Japan), see Figure 6. The
test samples were prepared by 3D printing. For the sample
dimensions, see Figure 3(a), defined by the equipment
manufacturer.

The test was performed according to 1SO 1143:2021, the
rotating bar bending fatigue testing standard. The standard
assumed that the material had uniform properties throughout
the sample and that the test was conducted in a controlled
environment. It also presumed fully reversed loading.

The specimen was then mounted on the rotating bending
machine, properly aligned, secured, and centered. A constant
bending load of 4kg was applied to create the desired stress
level in the gauge section of the specimen. The machine was
started and kept a rotation speed of 2165+3rpm, creating a
cyclic bending stress with its deflection increasing as it grew
weaker. This was run to failure, and the results were recorded.
All other samples were done similarly.

-

N R

Fig. 6 Fafigue sairhﬁlé mounted on ONO's HAigh—Temperature Bending
Fatigue Testing Machine Model 7

3. Results and Discussions
3.1. Material Analysis
3.1.1. X-ray fluorescence (XRF) Analysis

Elemental analysis was done on MMT powder to
ascertain the elemental chemical composition. The analysis
showed that the MMT used was calcium-based, the
composition was within their levels, and no elemental
contaminants were noticed. The elemental result obtained is
contained in Table 4 and presented in Figure 7.

3.1.2. FTIR Analysis

FTIR spectroscopic analysis gives important information
about chemical changes in polymer systems due to other
processes. To detect these changes, this technology was used
to compare the characteristic bands of the polymer
compounds.
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Attenuated Total Reflectance Fourier-Transform Infrared
spectroscope was used to analyze the rLDPE and vLDPE and
to evaluate any compositional difference due to recycling and
suitability of rLDPE for use in medical applications. Figure 8
shows that these are simple materials with about five peaks
and are found in the mid-spectrum of the wavenumber region
(400-4000 cm-1), which is divided into four regions: the single
bond region (2500-4000 cm-1), the triple bond region (2000-
2500 cm-1), the double bond region (1500-2000 cm-1), and
(iv) the fingerprint region (600-1500 cm-1) [40]. Narrow
bonds of two peaks of wavenumbers 2911.99 cm-1 to 2912.95
cm-1 and 2847.38 cm-1 to 2847.35 cm-1 are observed in all

the spectra in the single bond region depicting a C-H
stretching. The peaks at 1739.49 cm-1 to 1744.30 cm-1
indicated C=0 stretching vibrations of esters. No triple bonds
were observed in the spectra. All spectra show the C-H
bending at 1462.74 cm-1. At the fingerprint region, there is an
indication of —(CH2)-n rocking at 720.28 cm-1 to 722.21 cm-
1. Based on the above analysis, the materials, rLDPE and
VLDPE, have the same chemical composition. There is no
trace of contamination in the rLDPE; therefore, it can be
substituted as virgin material, proving the possibility of 100%
LDPE recyclability.

Table 4. XRF Results for the Montmorillonite Powder Elemental Composition

Element | % Composition | Element | % Composition | Element | % Composition
MgO 0.000 Cu 0.008 Sh 0.000
Al;0O3 16.780 Zn 0.012 Ba 0.102
SiO, 50.350 As 0.000 La 0.000
P20, 0.109 Se 0.000 Ce 0.000

S 0.839 Rb 0.010 Hf 0.000
Cl 0.231 Sr 0.070 Ta 0.000
K20 1.309 Y 0.004 W 0.000
CaO 20.955 Zr 0.021 Pt 0.000
Ti 0.917 Nb 0.004 Au 0.000
\% 0.006 Mo 0.000 Hg 0.000
Cr 0.001 Rh 0.000 T 0.000
Mn 0.101 Pd 0.000 Pb 0.000
Fe 8.167 Ag 0.000 Bi 0.000
Co 0.000 Cd 0.000 Th 0.000
Ni 0.004 Sn 0.000 U 0.000
%Elemental Composition of MMT

60

50 Si02, 50.35

40

30

20 Ca0, 20.955

10 /\

s, O-SM Fe, 8.167
0
QY QFGEES86NERE3BIE22F B
=h X %Composition

Fig. 7 Graphical presentation of the XRF elemental composition
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Fig. 8 Fourier-transform infrared spectroscopy results: (a)virgin low-density polyethylene sample 1, (b)virgin low-density polyethylene Sample 2,
(c)recycled low-density polyethylene Sample 1, and (d) recycled low-density polyethylene Sample 2

3.2. Preliminary Filament Extrusion Result Analysis
Filament extruded with MMT amount above 20 wt% had
inconsistent flow caused by the agglomeration of MMT
particles in the screw. The extrusion process parameters were
adjusted for MMT above 20 wt%, with no considerable
improvement in the filament quality observed. Filament
extruded with MMT amount above 10 wt% had a problem
with filament collapsing upon cooling. The highest level of
MMT content was therefore capped at 10 wt% with 165°C
extrusion temperature and 18rpm for extruder screw speed.

3.3. Simulation of Composite Analysis

The results from the preliminary extrusion informed the
formulation of composites designed for simulations. Ansys
Workbench was used to run the simulations. Tensile strengths
were obtained from Von Mises stresses. Fatigue simulation
resulted in Fatigue strength and fatigue safety factors. The
simulation results for both tests are captured in Table 5.

The simulation allowed for efficient exploration of
parameter space, cost-effective optimization, accurate
prediction of complex interactions, and enhanced validation.
The results of the simulation were further analyzed as
categorically discussed below.

3.3.1. Material Design Simulation

Material design results were obtained using the Ansys
Material Designer tool, which incorporates the material
percentage composition by weight and particulate sizes of the
reinforcing material. The tool gave a randomly distributed
filler material within the matrix, depicting a unit physical
composite materials interaction structure, Figure 9.
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3.3.2. Tensile Test Simulation

Figure 10 below shows the stress distribution for various
rLDPE/MMT composites. The color spectrum represents the
varying magnitude of the stress experienced in the specimen.
The maximum stress in all the specimens occurs at the failure
points. The results for minimum and maximum values of Von
Mises stress for tensile simulation were obtained. The tensile
strength of the composites is observed to increase with
increasing weight percentage of MMT and decreasing particle
size because smaller particles have a larger surface area for a
given particle loading [41].

However, tensile strength eventually decreased once a
threshold weight percentage of MMT reached 10%. The
simulations evaluated varying design factors and their
interactions without conducting every experiment. These
results were further subjected to Taguchi DOE to identify
optimal combinations of the used parameters that maximize
tensile strength.

3.3.3. Fatigue Test Simulation

The simulation results for fatigue strength and safety
factor for the rLDPE/MMT composite specimen are shown in
Figure 11. From the results, the fatigue strength and safety
factor of the composites increases significantly with the
increase in weight percentage of MMT and a decrease with the
particulate size of MMT. This is because the particulates act
as barriers to crack growth planes, hence the crack propagation
rate. When the particle size is smaller, the composite's
elongation increases, and when the particle size is larger, the
composite's elongation decreases because of early fracture
caused by particle cracking [42].
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Table 5. Summary of the tensile and fatigue simulation results

3.4. Taguchi Design Analysis

Run | %Wt | Particulate | Tensile Fatigue Taguchi L8 array was employed to obtain a design matrix
MMT | Size MMT | Strength | Strength involving limited experiments covering the whole parametric
(pm) (MPa) (MPa) space. Experiments were performed according to the Taguchi
1 25 75 229.75 57.380 orthogonal array design, and the results obtained were
2 2.5 100 235.84 57.373 subjected to an optimization process, Table 6. This led to the
3 5.0 75 230.54 59.708 combination of materials being applied.
4 5.0 100 231.70 59.697
5 75 75 260.60 63.483 Further analysis for optimization was done by employing
6 75 100 257.50 63.463 the probability plots and main effect plots of means, giving an
7 10 75 286.14 70.012 overview of the parametric relation to the responses obtained.
8 10 100 265.55 69.974
Table 6. Response analysis of the simulation results
: . Tensile Fatigue
\|</|VK/|O/TO Paﬁ&‘#‘iﬁrﬁ)’ze Strength Strer?gth SNRAL | MEAN1 | SNRA2 | MEAN2
(MPa) (MPa)
25 75 229.75 57.380 47.2251 229.75 35.1752 57.380
25 100 235.84 57.373 47.4523 235.84 35.1742 57.373
5.0 75 230.54 59.708 47.2549 230.54 35.5207 59.708
5.0 100 231.70 59.697 47.2985 231.70 35.5191 59.697
7.5 75 260.60 63.483 48.3195 260.60 36.0531 63.483
7.5 100 257.50 63.463 48.2155 257.50 36.0504 63.463
10.0 75 286.14 70.012 49.1316 286.14 36.9034 70.012
10.0 100 265.55 69.974 48.4829 265.55 36.8987 69.974

(e)
Fig. 9 Material formulation simulation results for: (a) 2.5%wt MMT of 75um particulate size, (b) 2.5%wt MMT of 100um particulate size, (c) 5%wt
MMT of 75um particulate size, (d) 5%wt MMT of 100um particulate size, (€) 7.5%wt MMT of 75um particulate size, (f) 7.5%wt MMT of 100um
particulate size, (g) 10%wt MMT of 75um particulate size, (h) 10%wt MMT of 100pum particulate size.
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Fig. 10 Tensile simulation results for: (a) 2.5%wt MMT of 75um particulate size, (b) 2.5%wt MMT of 100um particulate size, (c) 5%wt MMT of
75um particulate size, (d) 5%wt MMT of 100pum particulate size, (e) 7.5%wt MMT of 75um particulate size, (f) 7.5%wt MMT of 100um particulate
size, (9) 10%wt MMT of 75um particulate size, (h) 10%wt MMT of 100pum particulate size
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Fig. 11 Fatigue including the safety of factor simulation results for: (a) 2.5%wt MMT of 75um particulate size, (b) 2.5%wt MMT of 100um
particulate size, (c) 5%wt MMT of 75um particulate size, (d) 5%wt MMT of 100um particulate size, (e) 7.5%wt MMT of 75um particulate size, (f)
7.5%wt MMT of 100um particulate size, (g) 10%wt MMT of 75um particulate size, (h) 10%wt MMT of 100um particulate size
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3.4.1. Probability Plots

The probability plots evaluate the distribution of the
obtained data, as represented in Table 6. Anderson Darling
(ADT) test was used to verify the normality assumption [43].
The plotting in Figure 12 reflects that the data for all the
responses lies close to the fitted line, and the ADT statics
values are relatively low. The test p-value is greater than 0.05.
Hence, the data is taken to have a normal distribution. This
allows for more analysis and optimization of the data.

Probability Plot of Tensile Strength (MPa), Fatigue Strength (MPa)
Normal - 95% CI
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Fig. 12 Probability plots

3.4.2. Main Effect Plots of Means for Individual Response

Most composite materials have their tensile properties
generally influenced by the filler content, and as the filler
amount increases, so does the mechanical performance. Figure
13 (a) shows the main effect plots for tensile strength. It shows
that tensile strength increases with an increase in MMT
composition and decreases with an increase in MMT
particulate size from low to high, i.e., 5% to 10% and 75 to
100 pm, respectively. Similarly, Figure 13(b) shows that
fatigue strength increases with increased MMT composition.
However, the MMT particulate size range has a minimal effect
on fatigue strength.

Main Effects Plot for Means
Data Means
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»
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Fig. 13 (a)Plot of means for the tensile and (b)plot of means fatigue

3.5. SEM Analysis

Figure 14 shows an SEM micrograph of the cross-
sectional surface of one of the filament samples with a
magnification of 200x. It is noted that MMT is well dispersed
in the polymer matrix, and some agglomerate formations were
identified. The micrographs reinforce the possibility of good
MMT dispersion in the rLDPE. Certain irregular formations
depict the interaction between rLDPE and montmorillonite in
the r(LDPE/MMT composite. MMT is a hydrophilic clay that
weakly interacts with the hydrophobic polymer-like rLDPE.
Thus, the MMT tends to form some aggregated particles seen
in the images. Similar findings have been observed and
discussed in previous research studies. This structural
interaction presents a possibility of inoculation with drugs for
elution.

Well dispersed MMT particles Agglomerated MMT particles

Fig. 14 Scanning electron microscope micrograph
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3.6. Mechanical Test for Printed Samples

Physical samples were printed using fused deposition
modeling, a 3D printing technique. Printing with
rLDPE/MMT composite filament was challenging due to
frequent clogging of the printer nozzle, deformation when
cooling, and poor bed adhesion, leading to warping during the
printing process. The P-surface 141 print sheet improved the
part adhesion to the printing surface. In addition, brims
promoted bed adhesion further and prevented warping. The
other challenge was the inconsistent ovality of the filament,
affecting the filament flow rate in the extrusion head.

3.6.1. Tensile Test

The maximum ultimate tensile strength obtained from the
experiments was low. This could be due to the degradation of
the polymers as a result of heating during filament fabrication
and printing processes. Additionally, the sample fabrication
technique used, Fused Deposition Modelling, gives a sample
with a layer-based structure. This lowers the tensile strength
compared to those processed through other methods, such as
injection molding. This can be addressed by further
optimization of manufacturing processes and parameters.
Table 7 and Figure 15 shows the tensile results obtained from
the tensile tests.

Table 7. Tensile test results

Name Max. Force Max. Stress Max. Disp.

(N) (N/mm?) (MM)
Sample 1 75.695 1.328 4.696
Sample 2 56.130 0.985 5.150
Sample 3 41.097 0.721 6.168
Sample 4 38.813 0.681 9.540
Sample 5 140.359 2.462 9.312
Average 70.419 1.235 6.973

100 ¢
90
80
70
60
50

40 / x Ty
/ y -

301
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20 25 30 35 40 45 50

Disp.(mm)
Fig. 15 Force displacement graph of the first three tensile test samples

10 15

3.6.2. Fatigue Test

The composite withstood 106 cycles of repeated bending
stress of 15.03 MPa and a frequency of 36 Hz before failure.
This is a high number of cycles, demonstrating the composite's
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strong fatigue resistance under cyclic bending loads. This is a
crucial property for materials used in dynamic environments
like drug-eluting stents (DES), which are subject to constant
mechanical stress due to blood flow and pulsating pressure in
the coronary arteries.

The composite failing at a stress level much higher than
the maximum arterial pressure, approximately 0.02MPa (140
mmHg), implies that the r(LDPE/MMT composite would not
experience failure under the normal physiological pressures
found in the human body. Further improvements in 3D
printing parameters could enhance this performance and
durability in real-world medical applications.

3.7. Composite Properties Influence Drug Release Rates

The rLDPE/MMT composite presents an enhanced drug
delivery avenue for DES, with properties comparable to
existing technologies. Montmorillonite is widespread for its
adsorption and sustained drug-release properties. Previous
studies confirm its ability to enhance hydrophobic drugs'
dissolution rate and bioavailability, forming composites with
polymeric materials [28],[44]. The intercalation of drugs
within its layers allows for controlled release mechanisms; the
drug molecules can be released gradually through diffusion
and desorption processes [45],[46]. Furthermore, its
incorporation into polymer matrices reduces initial burst
release, promoting a more sustained release profile necessary
for maintaining therapeutic drug levels over extended periods
[45],[47].

The drug release kinetics of (LDPE/MMT composites can
also be tailored by tuning the components and loading of the
drug. Incorporating MMT enhances the mechanical properties
of the composite and modifies its drug-release behavior. This
is due to its thickening properties and electrostatic interactions
with drug molecules [48],[49]. This is significant in the need
for controlled drug delivery in stent applications, where
maintaining a consistent drug concentration is essential to
prevent restenosis.

Comparatively, existing DES technologies utilize
polymeric coatings capable of releasing drugs through
diffusion. However, these systems may be limited by rapid
initial release and insufficient control over the release profile
[50]. The rLDPE/MMT composites could potentially offer
improved performance by leveraging the unique properties of
MMT to provide a more predictable and sustained release of
therapeutic agents. For example, the use of MMT in drug
delivery systems has been associated with non-Fickian release
mechanisms, which is beneficial for achieving desired
pharmacokinetic profiles [51],[52].

Additionally,  the  mechanical  stability and
biocompatibility of rLDPE/MMT composites can be
advantageous, as the materials must withstand physiological
conditions while minimizing adverse reactions [53],[54]. The
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ability to fine-tune the drug release rates by manipulating
composite properties presents a significant advantage over
traditional drug-eluting stent technologies, which may not
offer the same level of customization.

In summary, the properties of recycled LDPE and
montmorillonite composites play a crucial role in influencing
drug release rates, offering a viable alternative to existing
drug-eluting stent technologies. The unique characteristics of
montmorillonite, combined with the mechanical properties of
LDPE, enable the development of advanced drug delivery
systems that can provide sustained and controlled release,
thereby enhancing therapeutic efficacy and patient outcomes.

3.8. Scalability of 3D Printing Processes for Mass
Production of Stents

The 3D printing processes can be scaled for the mass
production of stents, which is currently gaining relevance in
biomedical engineering. Integration of advanced 3D printing
technologies can revolutionize the manufacturing of stents,
enabling customized designs and cutting production times and
costs.

3D printing technologies, based on stereolithography and
other photopolymerization techniques, have been shown to
produce patient-specific medical devices, including stents.
Zhao et al. highlighted a homemade 3D printing system's
effectiveness in fabricating various stent structures,
demonstrating the potential for customization and rapid
prototyping in clinical settings [55]. Similarly, Misra et al.
developed a multidrug-eluting stent using a graphene-
nanoplatelet-doped  biodegradable polymer composite,
showcasing the ability to tailor stent properties for improved
patient outcomes [56]. These advancements indicate that 3D
printing can facilitate the production of stents that are
customized to individual patient anatomies and incorporate
advanced materials for enhanced functionality.

Moreover, the scalability of 3D printing processes is
supported by the ability to produce stents on demand, which
can significantly reduce inventory costs and waste associated
with traditional manufacturing methods. Lith et al. discussed
using  micro-continuous  liquid interface  production
(microCLIP) to create high-resolution, bioresorbable vascular
stents, emphasizing the speed and efficiency of this method
[57]. This capability aligns with the growing demand for
personalized medical devices, as it allows for rapid adaptation
to patient needs without the extensive lead times typical of
conventional manufacturing processes [58]. The flexibility of
3D printing technologies enables manufacturers to quickly
pivot production lines in response to changing clinical
requirements, as noted by Manero et al. in their review of 3D
printing applications during the COVID-19 pandemic [59].

However, while the potential for scalability is evident,
several challenges remain. Regulatory hurdles associated with

the approval of 3D-printed medical devices can impede the
widespread adoption of these technologies. Beitler et al.
pointed out that establishing point-of-care (PoC) 3D printing
centers has blurred the lines between healthcare providers and
manufacturers, creating regulatory ambiguities that must be
addressed to facilitate broader implementation [60].
Additionally, the need for standardized protocols in producing
and testing 3D-printed stents is critical to ensure safety and
efficacy, as highlighted by Kermavnar et al. in their systematic
review [61].

In conclusion, the scalability of 3D printing processes for
the mass production of stents presents a promising avenue for
innovation in medical device manufacturing. The ability to
produce customized, patient-specific stents rapidly and
efficiently is a significant advantage over traditional methods.
However, addressing regulatory challenges and establishing
standardized production protocols will be essential for
realizing the full potential of 3D printing in this field.

4. Conclusion

Recycled low-density polyethylene montmorillonite
polymer composites were formulated, simulated, and test
samples prepared through the FDM 3D printing technique and
characterized by mechanical tests and SEM studies with
individual compositing material characterized by FTIR and
XRF. From the preceding discussion:

1. The results of this study show the feasibility of reusing
and recycling polymer waste (recycled low-density
polyethylene) for developing nanocomposites with good
mechanical and morphological characteristics. This
aligns with environmental sustainability by reducing
plastic waste and offering a cost-effective alternative to
virgin polymers, making DES more accessible while
promoting a circular economy.

2. The composite can be simulated, optimized, and
engineered for specific mechanical and pharmacokinetic
needs, creating next-generation, patient-specific DES.
This approach supports innovation in stent technology,
with the potential for scalable, customizable, and
multifunctional applications.

3. Both rLDPE and MMT are known for their
biocompatibility, with their excellent interaction
observed through the SEM micrographs, forming a
homogeneous composite with good mechanical
properties, making them suitable for biomedical
applications and alternative materials for drug-eluting
stents. The biocompatibility of the composite ensures that
it does not induce adverse immune responses,
inflammation, or thrombosis, which are common
concerns in DES materials.

The formulation, simulation, optimization, development,
and evaluation of a biopolymer composite from recycled low-
density polyethylene (rLDPE) and montmorillonite (MMT)
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for drug-eluting stents are justified by the potential to achieve materials in DES through industry-sponsored research
an optimal balance between sustainability, mechanical projects, early-stage prototype testing, and feedback from
performance, biocompatibility, and controlled drug release. clinicians on the practical requirements for DES materials.
This approach addresses the current limitations of DES

materials and supports the development of cost-effective,  Acknowledgments
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