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Abstract: Deep brain stimulation (DBS) pacemakers are sophisticated medical devices that deliver
electrical signals to targeted areas of the brain via implanted electrodes, effectively regulating
abnormal brain activity and relieving symptoms of treatment-resistant neurological disorders.
However, proximity to other electromagnetic equipment may introduce additional noise, which can be
disruptive to individuals. To mitigate this issue, we propose a novel polymer-based nanocomposite for
pacemakers for signal denoising. This research focused on the development and analysis of
nanocomposites comprising polypropylene (PP) combined with montmorillonite nanoclay and
graphene nanosheets (GNs). The nanocomposites were created by blending them through melting,
using varying ratios of clay to GNs, with a total loading of 4 wt.%. This study focused on enhancing
the signal-to-noise ratio for brain pacemakers by using nanocomposites. It investigated the noise
reduction properties of PP nanocomposites, specifically in the outlet gate of the pacemaker. This
research aimed to find the ideal ratio of clay to GNs in the PP matrix. X-ray diffraction (XRD) and
differential scanning calorimetry (DSC) were conducted to analyze the crystalline structure and filler
dispersion, as well as thermal behavior and filler—matrix interactions in the material. Scanning electron
microscopy was employed to observe the dispersion of the nanofillers in the PP, and sound tube testing
was conducted to evaluate the noise levels of the composites. The findings indicated that a porous
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structure of the nanocomposite with dispersed microspheres within the PP matrix and a long pathway
facilitated increased dissipation of acoustic waves, making it suitable for denoising in brain
pacemakers. Furthermore, the nanocomposite containing 2.75 wt.% of nanoclay and 1.25 wt.% of
graphene components within the polypropylene matrix demonstrated a favorable signal-to-noise ratio
compared to other evaluated nanocomposites.

Keywords: deep brain stimulation; polypropylene (PP)/clay/graphene; nanocomposite; denoising
properties; porous media

1. Introduction

Deep brain stimulation (DBS) pacemakers are advanced medical devices that deliver controlled
electrical impulses to specific brain regions to treat neurological disorders. Commonly used for
conditions like Parkinson’s disease, DBS pacemakers aim to improve neural activity, motor function,
and symptom relief. However, noise in electrical signals poses a challenge to treatment accuracy and
outcomes. Researchers are investigating polymer-based nanocomposites to reduce this noise,
potentially enhancing signal clarity and therapeutic benefits for patients with neurological disorders.
This innovative approach holds promise for advancing neuromodulation and improving patient care.

Advancements in polymer nanocomposites using nanofillers have improved physical, mechanical,
thermal, electrical, and gas barrier properties, resulting in lightweight, flexible, and transparent
materials similar to nanomaterials [1]. The characteristics of nanofillers impact the properties of these
nanocomposites. Studies show that incorporating layered structures like clay montmorillonite (MMT)
and graphene (GNs) can enhance fracture toughness. However, there is limited research on the
noise-reduction capabilities of these nanocomposites. Nanocomposites show great potential as sound
absorbers in sound-related devices when compared to other materials. Using porous materials in
various applications is a common method for reducing noise. The reason porous materials are effective
in absorbing sound is because of their many interconnected small pores, which allow sound waves to
penetrate the material and dissipate energy through heat loss caused by friction between air molecules
and the walls of the pores [2,3]. Porous materials are commonly used for sound absorption, and
extensive research has been conducted to investigate how these materials absorb sound. The
transmission of sound is influenced by the surrounding environment, with sound absorption being
influenced by factors such as humidity and temperature [4].

Clay and graphene nanocomposites are well-known for their mechanical performance and unique
functionalities, with clay nanoparticles like MMT having diverse applications and distinctive
properties, and graphene offering exceptional properties due to its structure [5,6]. These nanomaterials
can potentially be utilized as biomaterials within pacemakers, despite being placed away from tissues
and cells, as they are biocompatible. In the medical field, pacemakers are essential devices implanted
in patients to regulate heartbeats or brain activity through electrical impulses. Recent advancements
focus on incorporating polymer nanocomposites into pacemakers to enhance their performance,
considering factors such as biocompatibility, mechanical strength, electrical conductivity, thermal
stability, and longevity [7].

Efforts are being made to improve the effectiveness, reliability, and lifespan of pacemakers by
incorporating nanocomposites, with researchers like Mohammed et al. [7] conducting studies on the
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buckling behavior of microcomposite shells in pacemakers to identify durable materials. They have
proposed a new material to address the impact of strong electromagnetic forces on pacemaker
microcomposite shells, highlighting the influence of thickness stretching and material properties on
critical buckling loads. These findings are relevant to micro-electromechanical systems and can aid in
selecting materials for durable and efficient pacemaker nanocomposite shells. Graphene, known for
its exceptional strength and unique properties, has gained significant attention since its discovery. It is
a promising material for technological applications, especially in polymer nanocomposites, offering
flexibility and exceptional mechanical, thermal, electrical, optical, and chemical properties. The
performance of graphene-based polymer nanocomposites depends on processing conditions and the
even distribution of graphene within the matrix. Achieving this uniform dispersion is challenging and
often requires chemical modifications for better dispersibility and bonding. Various manufacturing
techniques are used, but questions remain about the role of interfaces in nanocomposites with layered
fillers like clay and graphene.

Lee et al. [8] conducted a study on the enhancement of moisture absorption resistance in
polypropylene (PP) nanocomposites through the incorporation of hydrophobicity-modified
graphene/montmorillonite  (MMT-G). This nanocomposite, combining PP with a
graphene/montmorillonite hybrid, exhibits waterproofing properties that make it particularly well-suited
for pacemaker applications. The study showed a notable enhancement in the water contact angle of
MMT-G by 676%. Moreover, the PP/MMT-G nanocomposites exhibited a decrease of up to 11.22%
in maximum moisture absorption compared to standard PP composites. As pacemakers are implanted
internally, it is essential for them to have resistance to fluids such as blood, cellular secretions, and
tissues. Nanocomposites, categorized as biomaterials, are biocompatible even though they do not come
into direct contact with cells, tissues, or blood. They demonstrate minimal moisture absorption and
efficient thermal conductivity. Wang and colleagues [9] devised a signal-denoising framework for
electrocardiograms, leading to a significant enhancement in signal-to-noise ratio (SNR) and diagnostic
model accuracy. Similarly, Zhong et al. [10] introduced an innovative approach to evaluate signal
quality during the detection of multi-channel fetal electrocardiogram complexes. The accuracy of the
detection results is used to estimate the signal quality of each channel. Wen et al. [11] explored
intelligent personalized diagnosis modeling in an advanced medical system for Parkinson’s disease
utilizing voice signals. The focus of the study was on reducing noise in these signals, particularly in
the lower range. In essence, for medical devices that come into direct contact with vital human areas
such as the heart, blood vessels [12], and brain, designers must carefully choose suitable biomaterials
to reduce noise around the equipment.

Saurav et al. [13] explored polymer-based nanocomposites for bone tissue engineering, focusing
on natural biopolymers and their blends with other polymers such as cellulose, chitin, chitosan,
polylactic acid (PLA), polyhydroxybutyrate (PHB), and silk fibroin. They discussed the structure,
preparation, and applications of these blends in tissue engineering. Sagadevan and colleagues [14]
discussed the progress made in polymer matrix nanocomposites for bone tissue engineering,
highlighting their properties such as bio-inertness, biocompatibility, osseointegration, and their ability
to replicate bones, joints, and teeth for orthopedic purposes. Abbas and team [15] explored the latest
advancements in polymer nanocomposites for bone regeneration, focusing on the use of
nanocomposite scaffolds, ceramics, and biomaterials for the regeneration of bone tissue. They also
examined the potential industrial uses of polymer nanocomposites in aiding individuals with
bone deficiencies.
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Heart pacemakers regulate the heart rhythm with electrical impulses, while brain pacemakers
stimulate specific brain regions for movement and neuropsychiatric disorders [16,17]. Our study
emphasizes the significance of reducing noise in brain pacemakers to improve signal clarity and patient
outcomes. We propose the use of advanced nanocomposites to decrease noise levels and enhance the
effectiveness of pacemakers. While previous research focused on mechanical attributes, we are
exploring noise-reducing nanocomposites incorporating graphene nanoplatelets and montmorillonite
nanoclay. These enhancements are intended to improve the signal-to-noise ratio, thereby optimizing
the functionality of brain pacemakers for a range of health conditions. The structure of our
investigation is outlined in Figure 1. Initially, we defined our research objectives, recognizing the need
for durable and noise-resistant materials in pacemakers where current selection is lacking. Subsequent
steps involved developing and creating nanobiocomposites, followed by testing to gain a more
complete understanding of material behaviors. In our latest work, we also performed X-ray diffraction
testing to analyze the crystal structure and phase composition of nanocomposites at a nanoscale level.
This testing aids in determining the atom arrangement, crystalline properties, crystal size, lattice
parameters, and orientation of crystalline phases within the nanocomposites, offering valuable insights
into their structural features and interactions to optimize properties for specific applications.
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Figure 1. Overview of the current study, showing (a) the design of a deep brain stimulation
device using innovative biomaterial, (b) the principle of sound wave suppression, (c,d) the
preparation process of a nanocomposite, (e) testing of sound tubes, and (f) X-ray
diffraction testing.
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2. Materials and methods
2.1. Materials

In the current study, the polymer matrix utilized was polypropylene PP5032 sourced from
ExxonMobil Chemicals, renowned for its extrusion/co-extrusion-grade characteristics. This
polypropylene variant boasts a melt flow index of 3.0 g/10 min, a density of 0.95 g/cm?, and a Vicat
softening temperature of 156 <C. The MMT clay employed in the research was procured from Southern
Iran, specifically Dasht-Arjan (Shiraz city), and underwent in-house purification processes for
nanocomposite production. Additionally, natural flake graphite, sulfuric acid, and formic acid sourced
from Asbury Carbons were key components utilized in the experimental procedures.

Uppu et al. [18] investigated the reduction of microcracks in polyurea by incorporating graphene
and nanoclay to potentially enhance barrier properties. Analysis of surface images before and after
exposure to cryogenic temperatures revealed that the controlled addition of graphene and nanoclay to
polyurea thin films can mitigate microcracking from thermal shocks. Safie and Azam [19] successfully
produced reduced graphene oxide (rGO) with nanoplatelet morphology using an eco-friendly
solution-based method. The resulting rGO displayed a larger crystallite size along the a-axis compared
to the c-axis, indicating a nanoplatelet structure, which was further confirmed by morphology analysis.

2.2. Clay montmorillonite and graphene preparation

Montmorillonite, or bentonite, is an aluminum silicate mineral prized for its unique properties
such as high surface area, swelling capacity, adsorption ability, and mechanical strength. These
characteristics make it a valuable resource in various industries like pharmaceuticals, cosmetics, and
construction. While raw montmorillonite finds use in applications like drilling mud and ceramics,
purified montmorillonite is preferred in pharmaceuticals and cosmetics for its detoxification and
cleansing attributes. The separation of montmorillonite from impurities is crucial for maintaining its
effectiveness, driving research into purification techniques [20].

Leaching, a process that involves dissolving substances from a solid into a liquid, plays a key role
in the chemical purification of clay. This method includes breaking down carbonates, dissolving
hydroxides, oxidizing organic materials, and dissolving silica. Carbonated minerals such as calcite can
be removed from clay by treating it with mild hydrochloric acid or acetic acid. Acid treatment helps
expose crystal edges, making cations soluble and enhancing the clay’s adsorption capacity. Iron,
aluminum, and manganese (hydr)oxides can be eliminated by forming complexes with citrate. Various
chemical combinations are explored for dissolving iron hydroxides, followed by washing with a
sodium chloride solution. Organic substances can be eradicated using hydrogen peroxide, sodium
hypochlorite, or other oxidizing agents. Lastly, amorphous silica can be dissolved by immersing it in
a hot sodium carbonate solution [21]. In the treatment of montmorillonite clay, a suspension was
prepared by mixing 10 g of clay with 500 mL of deionized water in a 1 L beaker for 24 h. The resulting
solids were washed and centrifuged to obtain particles smaller than 15 mm.

The preparation of graphene oxide nanosheets from multi-layer flakes involved a detailed
procedure following the modified Hummer’s method. Initially, a controlled process was employed
where H2SO4 and KMnO4 were added to graphite powder under specific conditions to synthesize
graphite oxide. This synthesis process included careful temperature control and gradual addition of
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reagents to ensure the formation of high-quality graphite oxide [22]. The resulting solution underwent
filtration, washing, and drying steps to obtain the desired graphite oxide product. Following the
successful synthesis of graphite oxide, the material was further processed by mixing it with deionized
water and subjecting it to sonication, centrifugation, and drying processes to produce graphene oxide
nanosheets. The sonication step played a crucial role in dispersing the graphene oxide nanosheets in
the solution, resulting in uniform dispersion with a concentration of 2 g/mL. Subsequent reduction
processes were then applied to the graphene oxide to yield-GNs, which possess unique properties and
find applications in various fields such as electronics, energy storage, and materials science.

2.3. Nanocomposites preparation

Nanocomposites were created by blending different proportions of clay (MMT) and GNs with PP
in a heated internal mixer. The blending process took place at 200 <T and 60 rpm to ensure an even
distribution of the fillers within the PP matrix. The procedure began by adding the PP matrix first, then
incorporating the clay (MMT) and/or GNs, and mixing for 5 min until a consistent torque was achieved.
The resulting nanocomposite was removed from the heated chamber, cut into small pieces, and
subjected to hot press molding. Compression molding was carried out using an automatic CARVER
press with specific settings: a 100 mm =<3100 mm x<1.5 mm steel mold, both plates heated to 200 <C,
and a force of 2000 Ibs applied. Subsequently, the nanocomposites were cooled to room temperature
using a combination of air and water cooling. Finally, 3D printing was employed to refine the shape
of the samples for testing in sound tube devices.

Table 1. Composition of the studied formulation (wt.%).

Cases Ratio Polypropylene Clay Graphene
€)) 4:0 96 4 0

(b) 2.75:1.25 96 2.75 1.25

(©) 2:2 96 2 2

(d) 1.25:2.75 96 1.25 2.75

(e) 0:4 96 0 4

The composition of the studied formulation by weight percentage is presented in Table 1.
Nanocomposite (a) does not contain graphene components but includes clay and PP. The immiscibility
of PP and clay, stemming from their differing polarities, necessitates modifying the clay’s polarity to
organophilic for effective composite formation. The incorporation of maleic anhydride polypropylene
as a compatibilizer can enhance the dispersion of clay within PP. In the montmorillonite clay treatment
process, maleic anhydride polypropylene was introduced into the clay particles to alter the clay’s
polarity to organophilic.

Melt intercalation is the main method to obtain nanocomposites, and normally a twin-screw
extrusion is used. The success of the exfoliation by melt blending is associated with the presence of
strong interactions between the clay and the polymer chain as well as the diffusion of the polymeric
chains into the clay layers. The process efficiency also depends on the temperature, residence time,
and screw shear profile. The use of intermediary residence time, low process temperature, and medium
shear rates were the best conditions to obtain the dispersion of the clay in exfoliated and intercalated structures.
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The significant surface-to-volume ratio of nanoparticles leads to notable enhancements in various
properties, such as mechanical characteristics (e.g., tensile strength, stiffness, and toughness), barrier
properties, heat resistance, flame retardancy, chemical resistance, and dimensional stability. Silicon-
and carbon-based composites are effectively employed in the production of anodes for lithium-ion
batteries. The reduced permeation of solvents through polymers is advantageous for applications in
components like fuel tanks and fuel lines. Overcoming challenges related to optical issues and
dispersion problems associated with nanofillers is essential for maximizing the potential of these
materials. The incorporation of graphene components into PP/clay nanocomposites can improve
electrical and thermal conductivity, making them suitable for use as noise-reducing agents in
nanocomposites [23]. In scenario (e), the nanocomposites exclusively consist of graphene.
Graphene-reinforced polymer nanocomposites exhibit superior properties, including high tensile
strength, Young’s modulus, thermal conductivity, and thermal stability. Patra and colleagues [24]
employed the thermoplastic polymer “polypropylene” through melt mixing to develop nanocomposites
with graphene, utilizing various experimental methods to thoroughly analyze the physicochemical
properties of the nanocomposite. The experimental findings suggest that both the content and size of
graphene have specific positive and negative effects on filled polypropylene composites. Generally,
increasing the graphene content in polypropylene yields favorable results. In our study, the use
of 5 pm GNP sheets proved beneficial in most instances, although sheets sized at 15 pm performed
better in terms of flexural and impact strength.

2.4. Sound tube testing

Assessing the acoustic properties of polymer nanocomposites is crucial for various applications.
Due to proposing the nanocomposites as outlet gates of brain simulator pacemakers, we investigated
the acoustic properties of five mentioned nanocomposites. The focus of the research was on
investigating the sound transmission loss (STL) property. The denoising properties of a composite
were assessed using STL method, which is defined as the difference between the incident and
transmitted sound power levels. The STL intensity in decibels (dB) is given by the Eq 1 [25]:

STL(dB) :10Iog(%) Q)

t

li represents the incident acoustic power, and I; refers to the transmitted acoustic power. They are
defined as follows [25]:

l, = % Re [[ PV,'dA D)
A

I, = % Re IJ PV, dA ©)

where * and Re denote the conjugate complex number and the real part, respectively. Vi and V; are the
fluid particle velocity in the incident and transmitted domains, respectively [25]. The research involved
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measuring both incident and transmitted acoustic power using the impedance tube method, employing
equipment such as microphones, an impedance tube, a conditioning amplifier, a frequency analyzer,
and software at room temperature. STL values were determined for nanocomposites containing fillers
like graphene and nanoclay. The impedance tube setup consists of a long cylindrical tube with
microphones positioned at each end, separated by the test sample. Sound waves travel through the
sample, and the microphones record sound pressure levels before and after, facilitating the calculation
of STL. This setup allows for the evaluation of materials’ acoustic properties for sound blocking or
absorption, aiding researchers in assessing their efficacy in reducing sound transmission, which is vital
for optimizing material design for specific applications. It is worth noting that the sample must have
a 35 mm diameter to fit in the impedance tube. The tube utilized a microperforated panel (MPP)
with 50 and 100 mm air cavities and a sinusoidal signal as the excitation source. The study
demonstrated that the transfer-function method for measuring sound absorption coefficients in small
samples is both simple and accurate. Nanocomposites, with their porous structure and ability to absorb
sound waves, are ideal for soundproofing applications. The addition of nanoparticles further enhances
their sound absorption capabilities by increasing surface area and altering the material’s structure at a
molecular level. Ultimately, nanocomposites have the potential to revolutionize the field of
soundproofing materials.

2.5. Electrophysiology probe for signal-to-noise ratio calculations

The electrophysiology probe station, a specialized lab equipment for studying the electrical
activity of biological cells or tissues, utilizes microelectrodes for stimulation and recording, amplifiers
for signal enhancement, a stimulus generator, temperature control, and data analysis software.
Researchers employ these stations to investigate neurons, cardiac cells, and other tissues, exploring
action potentials, ion channels, and synaptic transmission to understand physiological processes and
pathologies. To assess the samples” SNR, a custom-built probe station maintained at 20 <C was used,
with a multi-clamp 700B amplifier applying sinusoidal voltage signals to nanocomposite materials for
precise SNR measurements under controlled conditions [26]. The voltage signal response was
measured with respect to the grounded external contact by a probe connected to an oscilloscope. All
the measurements were performed at room temperature. Finally, a conversion of voltage to current
was done based on the head stage circuit, which is a non-inverting amplifier with a feedback resistor
equal to 500 MW. The gain of this amplifier is calculated as shown in Eq 4. In electrophysiology, a
voltage clamp involves applying a voltage (input) and observing the current response (output). The
voltage clamp gain is calculated in Eq 4 [26].

Gainz\ﬂzo'SV:OBV/nA (4)
1nA

in

SNR is calculated by comparing the measured signal to the average baseline noise. This involves
performing a Fourier transform of the current signals over time and analyzing the frequency spectrums.
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2.6. Scanning electron microscopy (SEM) measurements

The SUPRA 55 FESEM/EDX system from Carl Zeiss, Germany, was utilized to analyze the
morphology in detail. Operating at 30 kV, the electron gun provided the necessary energy for imaging.
The system boasted an impressive instrumental resolution of 1.4 nm at 15 kV, allowing for high-quality
imaging and precise analysis of the sample’s structure and composition. This advanced equipment
enabled researchers to obtain accurate and detailed information about the sample’s morphology, aiding
in a comprehensive understanding of its characteristics.

In practical contexts, as structures undergo aging, alterations in their material attributes and stress
levels are induced by shifts in environmental circumstances and the duration of operation [27]. Vital
steps to combat these changes encompass regular upkeep, comprehensive evaluations, and the
application of predictive modeling. By overseeing the structural state, pinpointing degradation
catalysts, and promptly rectifying issues through maintenance, the adverse effects of aging can be
mitigated. Moreover, considering the ambient environmental conditions and enacting protective
measures can assist in upholding the structural durability over an extended operational lifespan [28].
The crystallization process in polymers is intricate, influenced by variables like temperature, cooling
speed, and nanoparticle traits. Ensuring efficient control of crystallinity in composite polymeric
systems is pivotal for enhancing material characteristics, yet conflicting research results on the impact
of nano-additives pose hurdles in achieving empirical regulation.

2.7. X-ray diffraction

The X-ray diffraction (XRD) analysis was conducted using a Siemens D500 instrument with
Cu (A = 1.54 A) to investigate the basal spacing of nanoclays, graphene, and the structure of
nanocomposites. The basal spacing of the clays was determined by analyzing the (001) peak in the XRD
pattern using the Bragg equation A = 2d sinf, where A represents the wavelength. Crystalline materials
exhibit a regular atomic arrangement. When exposed to X-rays of specific wavelengths, the electrons
within the material interact with the radiation through elastic collisions, causing them to oscillate. This
results in the creation of a coherent source of electromagnetic radiation at the same frequency and
phase as the incoming X-rays. The emitted radiation from various atoms may either undergo
constructive or destructive interference. By measuring and analyzing the diffraction peaks resulting
from constructive interference, the desired crystal properties can be calculated.

2.8. Crystallization (Crys) and melting temperature

For the examination of thermal properties, specifically the crystallization and melting temperature
of the PP-based material, differential scanning calorimetry (DSC) tests were conducted using a
PerkinEImer DSC 8500 instrument. Approximately 15 mg of the sample underwent temperature
cycling from —25 to 180 <C under a nitrogen atmosphere. The samples were heated and cooled at a
rate of 10 <T/min in three consecutive scans: heating, cooling, and heating. Three separate runs were
performed for each sample. The initial heating scan served to eliminate the sample's thermal history,
the cooling scan identified the crystallization temperature (T¢), and the second heating scan determined
the melting temperature (Tm) along with the melting enthalpy (AHm).
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3. Results
3.1. SEM analysis

The SUPRA 55 FESEM/EDX equipment was used to examine the microstructures of the
materials, allowing for the assessment of how effectively the clay and graphene components were
dispersed within the polymeric materials. Prior to the SEM analysis, the materials were mixed
at 200 <C to reach the necessary viscosity for mixing while minimizing degradation, with a rotation
speed of 60 rpm. Following the addition of all components into the mixer, melt mixing was extended
for an extra 5 min for each 40 g batch to ensure a suitable volume for the mixer. The total concentration
of nanoclay and graphene in all nanocomposite samples was consistently maintained at 4 wt.%.
Subsequently, the sample surfaces were polished and coated with gold. The use of scanning electron
microscopy (SEM) provided valuable insights into the dispersion and distribution of clay and GNs
within the PP matrix. The SEM images in Figure 2 demonstrate a uniform dispersion of clay and GNs
in the PP matrix without observable filler clusters, even in case (e). This suggests that the melt-compounding
conditions used were ideal for producing these nanocomposites, indicating potential benefits for
customized composite properties suitable for noise reduction applications. The research also
investigated the potential applications of these hanocomposites in brain pacemakers, as illustrated in
Figure 2a,b, displaying intricate pore structures intertwined with fibers. The images highlight the
formation of pores caused by solidified adhesive influenced by the polypropylene agent, emphasizing the
pore formation in the composite due to gaps between fibers and those induced by the polypropylene agent.

Moreover, the research illuminated the influence of nanocomposite density on sound insulation
properties, with the denser sample (case b) exhibiting the highest STL values attributed to its irregular
hole structures and increased density. Additionally, the study observed a trend where increasing
graphene percentages led to a decrease in nanocomposite density, consequently resulting in
diminished STL values. Furthermore, the specific dimensions of the hollow polypropylene spheres
depicted in Figure 2a,b, including inner and outer diameters and shell thickness measurements, were
detailed. The research primarily focused on the design of ternary polypropylene, nanoclay, and
graphene nanocomposites, with sound insulation tests showcasing excellent performance, particularly
in the case of composite (b) containing 2.75 wt.% nanoclay and 1.25 wt.% graphene. The presence of
nanoclay particles was identified as a key factor in enhancing the denoising capabilities of the
nanocomposites, with case (b) exhibiting promising results for sound absorption applications in
pacemaker shells compared to case (e) with 4 wt.% graphene. This comprehensive investigation sheds
light on the potential advancements in denoising technology and offers valuable insights for future
research in this domain.
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Figure 2. SEM images of different nanocomposites. (a): PP/4%Clay/0%GNs, (b):
PP/2.75%Clay/1.25%GNs, (c): PP/2%Clay/2%GNs, (d): PP/1.25%Clay/2.75%GNs, (e):
PP/0%Clay/4%GNs.

3.2. Noise calculations

The field of denoising materials is crucial for creating environments that are conducive to
concentration, relaxation, and overall well-being. A higher STL value is indicative of superior
denoising capabilities, which is essential in various settings such as residential, commercial, and
industrial spaces. The combination of PP/graphene/clay in composites has garnered attention due to
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their promising mechanical and thermal properties. These composites have shown versatility and
applicability across a range of industries, from construction to electronics. This study delves
specifically into the sound barrier properties of PP/graphene/clay composites, aiming to enhance our
understanding of their effectiveness in reducing noise transmission. The findings suggest that a higher
clay percentage in the composites leads to improved denoising performance compared to those with
just graphene or clay particles, especially across different frequencies. Figure 3a provides a visual
representation of the denoising performance of the nanocomposite of PP/graphene/clay, offering
insights into how these materials behave under varying frequency ranges. The specific composition of
PP/2.75%Clay/1.25%GNs stands out for its unique characteristics, such as small microspheres and
long cavities, which contribute to enhancing the denoising properties of the nanocomposites when
utilized inside pacemaker shells. Noise within pacemakers can pose significant challenges for
individuals relying on these devices, disrupting their daily activities and overall quality of life. As a
result, research efforts have been directed toward developing sound-insulating and absorbing materials
to mitigate this issue across a wide range of applications. The intersection of material science and
neurotechnology in this study represents a novel approach to addressing the need for improved
materials in the field of neuroscience. By leveraging the properties of micro shells and innovative
electrode designs, this research aims to advance the development of cutting-edge technologies that can
enhance the performance and longevity of medical devices like pacemakers.

Sound insulation involves the rapid elevation of STL curves [29]. The dip in sound insulation
occurs when the frequency of the incoming wave matches the natural frequency of nanocomposites.
Essentially, when the structure resonates, it results in an increase in the sound power transmitted. It is
observed that the dip in sound insulation of PP/2.75%Clay/1.25%GNs shifts to higher frequencies
when compared to PP/0%Clay/4%GNs and PP/4%Clay/0%GNs. In simpler terms, incorporating both
fillers into the polymer matrix is crucial for creating an effective nanocomposite for brain pacemakers.
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Figure 3. (a): STL of nanocomposite of PP/graphene/clay (55-150 Hz), (b) and (c): effects
of various sample thicknesses on STL of nanocomposites, (d): effects of density.

In the context of pacemakers, there is an overlap between the electromagnetic radiation (0—60 Hz)
and cardiac signal frequency ranges, which can affect the pacemaker's functionality if filtered out using
bandpass filters. European standards mandate that pacemakers must withstand electromagnetic
interference up to a specific voltage level determined by frequency. Healthcare professionals working
with pacemaker patients need to be vigilant in monitoring and addressing potential issues related to
electromagnetic interference, adjusting sensitivity settings to avoid detecting interference below the
recommended voltage threshold. Our research focusing on sensitivity settings and 50 Hz noise
thresholds in a large population can aid healthcare providers in programming settings to prioritize
patient safety in the presence of electromagnetic interference. STL was assessed by evaluating
intensity changes within the 0-150 Hz frequency range, with findings indicating that nanocomposites
performed well near the 50 Hz noise thresholds.

3.3. Effects of sample thickness on STL
In addition to examining the impact of sample thickness on the STL of nanocomposites, the study
also delves into the relationship between bulk density and sound absorption. The nanocomposites

under investigation include PP/2.75%Clay/1.25%GNs and PP/0%Clay/4%GNs, with a consistent bulk
density of 100 kg/m® maintained for all samples. Figure 3b,c visually represent the observed increase
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in sound absorption with greater sample thickness, resulting in a wider absorption bandwidth,
particularly noticeable at lower frequencies.

Samples were created with different fiber weights while keeping the material volume constant to
study how bulk density impacts sound absorption. The results show that sound absorption increased
with higher density, supported by SEM images in Figure 2 displaying density distributions. Higher
bulk density had a more significant effect on sound absorption across frequencies compared to sample
thickness. Greater densities led to increased energy dissipation within the absorber due to enhanced
sound path complexity, as shown in Figure 3d. This highlights the vital role of bulk density in
improving sound absorption in nanocomposites.

Gléet al. [30] investigated the sound-absorbing properties of hemp fiber and concrete, noting the
impact of excess water content on sound absorption coefficients between surfaces [31]. Additionally,
Pan et al. [32] explored the potential of discarded carpets as sound-absorbing materials, using
compression molding with PP as the matrix material. Their research indicated that compression-molded
PP carpets and other carpet composites exhibited superior sound absorption compared to jute/PP
composites. Other research efforts, such as studies on high-temperature nanocomposites for
microwave absorption applications [33] and FDM filaments incorporating natural fiber-reinforced
biocomposites [34], have contributed to expanding knowledge on nanobiocomposites. The present
study focuses on novel biomaterials for denoising inside pacemakers.

3.4. XRD and differential scanning calorimetry

The X-ray diffraction patterns in Figure 4a,b demonstrate the characteristic peak of the 001 plane
and interlayer spacings of the clay and graphene. The peak of nanoclay and polypropylene without graphene
is seen at 2.42 < indicating an interlayer distance of 3.41 nm. In the nanocomposites PP/2.75%Clay/1.25%GNs
and PP/0.0%Clay/0.0%GNs, peaks are observed at 2.15° (3.6 nm) and 2.0°(3.95 nm) respectively,
suggesting an increased interlayer distance compared to PP/4.0%Clay/0.0%GNSs, showing
intercalation of PP between the clay layers. The process of intercalation and exfoliation during the
melt state is not fully understood. Some researchers believe that interactions between polar groups,
shear forces from extrusion, and molecular diffusion within the clay layers may promote intercalation
and exfoliation. Figure 4b supports the intercalation process, indicating an increased interlayer distance
with higher graphene content. DSC was used to analyze the crystallization characteristics and melting
temperatures of pure PP and its nanocomposites filled with clay and graphene materials. The presence
of nanofillers only minimally affected the melting and crystallization temperatures of pure PP. The
introduction of nanoparticles slightly lowered the crystallization temperature of pure PP while
maintaining a consistent melting point. The crystallization temperature of the PP nanocomposites
containing different ratios of clay and graphene nanoparticles decreased to varying degrees compared
to pure PP, with melting temperatures remaining stable at 165 <C for both the nanocomposites and
pure PP. This decrease in crystallization temperature can be attributed to the unmodified surface of the
nanoparticles, which lack nucleating capabilities to enhance crystallization temperature. Surface-modified
nanoparticles, on the other hand, exhibit nucleating abilities. The width of the DSC crystallization peak
is important, as narrower peaks indicate the nucleating function of the filler, aiding polymer
crystallization. The higher crystallinity observed in pure PP compared to the nanocomposites is due to
the hindrance caused by the nanoparticles in the regular packing of polymer molecules into a highly
crystalline structure. A comparison of the elastic moduli of the PP produced in this study and the PP
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studied by Dong and Bhattacharyya [6] is presented in Table 2. The results demonstrate a strong
agreement between the findings of this study and their research. The dynamic mechanical properties

of the nanocomposites are detailed in Table 3, as shown in Figure 4.

Table 2. Comparing elastic modules of produced PP and Dong and Bhattacharyya [6].

Process of Preparing Temperature (C) Present Work Dong and Bhattacharyya [6]
Melt Mixing 15 1.508 GPa 1.510 GPa

30 1.204 GPa 1.208 GPa

45 1.00 GPa 0.991 GPa

60 0.750 GPa 0.751 GPa

Table 3. Dynamic mechanical properties of the nanocomposites according to Figure 4.

Cases Ratio (Clay: Graphene) T10% (C) Tso0% (T) Tm (C) Te(T)
@ 4:0 198 221 162 113
(b) 2.75:1.25 190 219 162 114
() 2:2 202 230 164 115
(d) 1.25: 2.75 210 240 165 115
(e) 0:4 230 255 166 115.5
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Figure 4. (a,b) XRD Patterns of nanocomposites, (c,d) Dynamic mechanical properties of
the nanocomposites.

3.5. SNR calculations

Initially, baseline noise levels are assessed by introducing a zero-volt signal to the micropipette
in solution and recording the current response over time at the external contact. Following this,
sinusoidal voltage signals with different frequencies and amplitudes are applied, and the resulting
current is measured at the external contact. The frequency spectrums of these current signals over time
are subsequently analyzed using the Fast Fourier Transform (FFT) function in MATLAB. Figure 5
illustrates the FFT analysis displaying the current responses for all cases, while Table 4 summarizes
the baseline noise measurements for the proposed nanocomposites. Notably, case (b)
PP/2.75%Clay/1.25%GNs exhibited reduced baseline noise levels, suggesting its efficacy in noise
reduction within pacemaker nanocomposites. Conversely, case (c) PP/2%Clay/2%GNs demonstrated
a 78% higher noise level compared to case (b). Increasing graphene content in the composite can
improve low-frequency sound absorption by altering the morphology and structure for enhanced
acoustic energy dissipation. However, this adjustment may not be optimal for higher frequencies,

AIMS Bioengineering Volume 11, Issue 2, 241-265.



257

potentially leading to acoustic energy amplification. Moreover, our morphology assessment revealed
that a higher graphene percentage might lead to the formation of small cavities of limited length, which
could impede effective acoustic energy dissipation. While well-dispersed graphene fillers can reduce
the average cell size of polypropylene through nucleation, in this study, the average cell size of all
nanocomposites, except for case (e), increased compared to the baseline. The increase in denoising
properties observed in composites is likely attributed to graphene agglomeration, leading to uneven
cell nucleation and the formation of large voids. To overcome this issue, potential solutions include
reducing the graphene concentration in the composites or improving graphene dispersion within
polypropylene. Acoustic emission and absorption studies on composites can demonstrate their
denoising capabilities, showcasing how these materials interact with acoustic waves under different
conditions. Satour et al. [35] applied acoustic emission techniques to identify damage in composites,
with AE signals indicating compressive failure. In their work, they used a novel algorithm to denoising
the signals. Acoustic emission testing involves monitoring sounds during stress application to detect
internal flaws, while acoustic absorption refers to a material's capacity to absorb sound energy. This
property is critical for noise control, with highly absorptive materials utilized across industries to
mitigate noise pollution. In summary, acoustic emission testing offers valuable insights into composite
conditions, while acoustic absorption plays a crucial role in noise control and enhancing sound quality.
Both aspects are essential in acoustics and materials engineering to ensure structural integrity and
acoustic comfort. More researchers tried denoising the signals inside the various materials such as
carbon-epoxy-resin composites [36] and graphene oxide—functionalized nanocomposites [37].
Acoustic waves, with their weak damping and longer wavelengths [38], have a distinct diffraction
and penetration capability compared to other wave types, making their manipulation more challenging.
Research on how acoustic waves propagate, absorb, or reflect in traditional materials has uncovered
various issues. For example, these materials struggle to effectively absorb and reflect sound in the
low-frequency range, limiting their ability to control low-frequency noise comprehensively. Modern
nanocomposites can confine acoustic waves within the pores of structures and dissipate them
efficiently. Yang et al. [39] found that sound energy converts to heat energy through internal friction
from shear viscosity, with higher dissipated energy corresponding to longer pores in the structure.
They introduced Archimedean spiral channel-based acoustic metasurfaces to suppress low-frequency
noise effectively at subwavelength levels, aligning with current research. Wen et al. [40] presented an
innovative origami-based acoustic metamaterial for dissipating acoustic energy, offering airflow
permeability, high design flexibility, and programmability suitable for biomedical applications.
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Figure 5. FFT of the measured current response to voltage applied for the case (a) PP/
4%Clay/0%GNs, case (b) PP/2.75%Clay/1.25%GNs, case (c) PP/ 2%Clay/2%GNs, and
case (d) PP/ 1.25%Clay/2.75%GNs.

Baseline noise in FFT charts is crucial for accurately detecting noise power levels. It represents
the background noise in a signal, impacting the identification of desired signal components. By
establishing a baseline noise level, engineers can differentiate between the signal of interest and noise
interference, aiding in determining signal-to-noise ratios and data quality evaluation [41]. Accurate
noise power detection is vital in applications like telecommunications and audio processing.
Monitoring and analyzing baseline noise in FFT charts help to optimize signal processing, filter out
unwanted noise, and improve overall signal quality for precise data analysis and interpretation.

Managing noise pollution is essential, and employing sound-absorbing materials is a practical
approach to regulating noise levels. These materials are classified into porous and resonant types based
on their sound absorption mechanisms. Porous materials feature internal pores that convert sound
energy into thermal energy through friction with air molecules, demonstrating effectiveness at high
frequencies but less so at low and medium frequencies. Resonant materials, akin to Helmholtz
resonators, specialize in absorbing low-frequency sound waves via resonance effects. Nanofibers, with
their high specific surface area, excel at absorbing low-frequency sound waves that conventional
materials struggle to capture. Utilizing materials like polypropylene, graphene, and nanoclay for
producing micro/nanofibers offers increased collision opportunities for sound waves and improved
absorption of acoustic energy, presenting a promising avenue for developing advanced sound
absorption materials. The study focused on mitigating noise in brain pacemaker medical devices,
which can produce disruptive noises when influenced by external electromagnetic or electrical devices.
The direct link between the pacemaker and external noisy signals can create discomfort for individuals.
Evaluating various polymer-based nanocomposites for these devices was a key objective, given that a
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significant majority of pacemakers globally incorporate polymer-based materials. This spurred the
exploration of new materials and their testing to enhance comprehension of nanocomposite
applications in this specific context.

Table 4. Baseline noise measured for proposed nanocomposites.

Cases Ratio Baseline noise (A%/Hz)
(@) 4:0 1.81 <1072
(b) 2.75: 1.25 0.50 <1026
() 2:2 0.89 x10°%
(d) 1.25: 2.75 1.22 %1072

Figure 6 provides insights into how the SNR of the analyzed nanocomposite varies with the
frequency and amplitude of the sinusoidal signal applied. The data clearly shows that the incorporation
of nanoclay and graphene enhances the sound absorption characteristics of polypropylene, particularly
at lower frequencies. This enhancement holds significant promise for the advancement of sound-absorbing
materials tailored for pacemakers. Low-frequency sound waves, known for their elongated wavelength
and sluggish speed, pose challenges in terms of attenuation, with prolonged exposure potentially
posing health risks.

Emphasizing the prevalence of low-frequency ranges near pacemakers, the study by Kiddell et al. [42]
delves into how weak adhesion points within graphene composites can affect their acoustic
characteristics. Optimal interfacial adhesion is achieved by covalently attaching graphene flakes to the
matrix. In contrast, weaker bonding interactions such as hydrogen bonds and Van der Waals forces
can result in inadequate adhesion and load transfer, with these bonds being vulnerable to breaking
under minimal stress and reforming once the stress dissipates [43,44]. This cyclic process leads to
interfacial sliding between filler particles and the matrix, aiding in sound energy dissipation through
friction. The research suggests that robust interfacial adhesion is observed when graphene flakes are
covalently linked to polypropylene, reducing interfacial sliding between graphene fillers and the
polypropylene matrix. Several studies underscore graphene's importance in polymer-based
nanocomposites [45-50]. The introduction of innovative biomaterials could potentially revolutionize
the pacemaker industry. Implantable pacemakers are composed of metals, ceramics, glasses, and
polymers [51]. The disruption of pacemakers’ electrical functions by electromagnetic interference
presents a challenge. Our study aimed to improve signal transmission and minimize interference
through optimized biomaterials. Healthcare providers should adjust sensitivity settings to effectively
manage electromagnetic interference (EMI). European regulations specify voltage endurance levels
for pacemakers based on frequency. Our research on sensitivity settings and 50 Hz noise thresholds
assists healthcare providers in prioritizing patient safety in the presence of EMI. Additionally, the
inclusion of graphene can enhance signal transmissivity, while the incorporation of nanoclay can create
pores of suitable size to capture sound waves [52,53].
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Figure 6. SNR of the nanocomposite under study versus the (a) frequency of the applied
sinusoidal signal and (b) amplitude. In this figure, signal-to-noise is the ratio of two signals
with the unit of V/V.

4. Conclusions

This study aimed to address noise issues in brain pacemaker medical devices, which can be
affected by electromagnetic or electrical interference from other devices. Despite advancements in
technology to minimize noise in everyday environments, there is still a need for more effective
materials. Direct exposure of pacemakers to external noise can cause discomfort for individuals. The
research focused on evaluating polymer-based nanocomposites for these medical devices, as the
majority of pacemakers globally utilize polymer-based materials. This led to the exploration and
testing of new materials to enhance understanding of nanocomposite applications in this specific field.

We also performed X-ray diffraction testing to analyze the crystal structure and phase
composition of nanocomposites at a nanoscale level. The research utilized SEM to examine the
distribution of clay and GNs within a PP matrix. The SEM images revealed well-dispersed clay and
GNs in the PP matrix, indicating favorable conditions for manufacturing these nanocomposites for
noise reduction purposes. The study explored the use of these nanocomposites in brain pacemakers,
focusing on intricate pore structures and how nanocomposite density affects sound insulation
properties. Higher concentrations of clay were found to enhance noise reduction effectiveness,
especially across different frequencies.

AIMS Bioengineering Volume 11, Issue 2, 241-265.



261

SNR assessments were conducted to evaluate the noise reduction capabilities of the
nanocomposites, with a specific emphasis on PP/2.75%Clay/1.25%GNs for enhancing noise reduction
in pacemaker casings. Analysis using FFT showed varied current responses for different
nanocomposite compositions, with PP/2.75%Clay/1.25%GNs demonstrating reduced baseline noise
levels in case (b). The study also discussed the impact of graphene content on sound absorption and
structure, highlighting the importance of well-dispersed graphene in polypropylene for the effective
dissipation of acoustic energy.

Overall, this research provides valuable insights into potential advancements in noise reduction
technology and the development of sound-absorbing materials tailored for pacemakers. It introduces
innovative concepts and materials for sound-insulation studies, offering a promising solution to noise-related
challenges in pacemakers.
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