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Abstract

-

This paper explores the application of nano multilayers-developed in our previous research — as conductive
wires in cardiac pacemakers. Specifically, it proposes a novel design approach where pacemaker wires are
embedded directly into the ventricular walls of the heart to optimize interaction with cardiomyocytes, the cells
responsible for initiating and regulating heart beats. The study emphasizes the importance of precise place-
ment and miniaturization of wires, advocating for diameters below 1mm using nanotechnology, and transfer
matrix method (TMM) simulations. To meet biocompatibility and functionality requirements, the paper sug-
gests using Titanium Nitride (TiN) as the conductive layer and silicon as the flexible, insulating substrate
forming an Insulator-Metal-Insulator (IMI) structure. These materials are selected for their electrical conduc-
tivity, biocompatibility, flexibility and corrosion resistance, making them suitable for long-term implantation
in cardiac tissues. This work aims to advance pacemaker design by improving integration with the heart’s
natural electrical system while ensuring safety and material compatibility.
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Introduction

The human heart stands as one of the most extraordinary
and vital organs within the human body, entrusted with the
indispensable role of continuously circulating blood. This
circulation is critical for delivering oxygen and essential
nutrients to every tissue and organ, thereby sustaining life
and enabling the myriad physiological processes neces-
sary for health and survival. The heart’s ceaseless pump-
ing action facilitates this intricate supply chain, ensuring
that the body’s cells receive the sustenance they require for
metabolism, repair, and optimal function [1].

At the microscopic level, the heart’s function depends on
a specialized group of cells known as cardiomyocytes, or
cardiac muscle cells. These cells are uniquely structured
and highly specialized to meet the demanding mechanical
requirements of the heart’s pumping action. Unlike typi-
cal skeletal muscle cells, cardiomyocytes possess distinct
structural and electrophysiological characteristics that en-
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able them to contract in a highly coordinated and rhythmic
manner. This contractile ability is precisely regulated by
electrical impulses that propagate through cardiac tissue,
orchestrating the heart’s rhythmic beating.

Cardiomyocytes inherently respond to electrical stimula-
tion by producing forceful contractions—a fundamental
aspect of the heart’s role as a pump that transforms electri-
cal signals into mechanical work. The sarcomeric architec-
ture of these cells, composed of interdigitating filaments of
actin and myosin, facilitates contraction. Meanwhile, their
rich mitochondrial content provides the energy necessary
to sustain relentless activity over an individual’s lifetime.
Collectively, cardiomyocytes generate the pressure gra-
dients required to move blood sequentially through the
heart’s chambers and into the arterial circulation.

A critical aspect of cardiac function is the synchronous
contraction of cardiomyocytes, enabled by their electrical
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coupling through specialized gap junctions. These junc-
tions allow rapid propagation of action potentials across
the myocardium, ensuring that the contraction wave ef-
ficiently spreads from the atria, the heart’s upper cham-
bers, to the ventricles, the more muscular lower chambers.
Atrial contraction fills the ventricles with blood, which the
ventricles then propel into systemic circulation through the
aorta and into pulmonary circulation via the pulmonary ar-
tery. This seamless coordination is vital for maintaining
optimal cardiac output and ensuring timely delivery of ox-
ygenated blood to all body tissue [2,3].

The rhythmic beating of cardiomyocytes persists through-
out an individual’s life, often amounting to billions of con-
tractions over several decades. This remarkable endurance
reflects the specialized biology and finely tuned electro-
physiological properties of these cells. The heartbeat is
initiated by pacemaker cells located in the sinoatrial (SA)
node, which generate spontaneous electrical impulses to
set the pace for the myocardium, coordinating the precise
temporal sequence of atrial and ventricular contractions
and maintaining a regular heart rhythm.

In summary, the heart’s critical role as a life-sustaining
pump fundamentally relies on the unique properties and
coordinated activity of cardiomyocytes. Their ability to
convert electrical impulses into mechanical force, com-
bined with synchronous contraction across the heart cham-
bers, underpins the efficient, continuous blood flow nec-
essary to meet metabolic demands. Understanding these
cellular and physiological mechanisms provides essential
insights into cardiac health and disease, guiding therapeu-
tic strategies to manage conditions that disrupt this deli-
cate balance.

Cardiomyocytes also possess intrinsic automaticity, en-
abling them to generate spontaneous electrical impulses.
However, this pace-making ability is mainly localized to a
specialized subset of cells in the SA node. These pacemak-
er cells initiate the heartbeat by producing regular electri-
cal impulses, which travel through the heart’s conduction
system, ensuring coordinated contraction of atria and ven-
tricles in a precise temporal sequence. Disruptions in this
electrical system can lead to arrhythmias, abnormal heart
rhythms that may impair cardiac function and pose seri-
ous health risks, including heart failure and sudden cardiac
death.

The Role of Pacemakers in Cardiac Therapy
In cases where the heart’s natural pacemaker function is
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impaired—whether due to aging, disease, or injury—ar-
tificial pacemakers play a critical therapeutic role. These
devices are designed to restore and maintain appropriate
heart rhythms by delivering timed electrical impulses to
the cardiac tissue. The typical artificial pacemaker con-
sists of a pulse generator implanted subcutaneously near
the shoulder or chest wall and insulated wires, known as
leads, which extend into the heart chambers to stimulate
the myocardium.

The placement and design of these leads are crucial for
effective pacing. Leads are commonly inserted through the
venous system into the right atrium or right ventricle, de-
pending on the pacing requirements. They deliver electri-
cal stimuli to cardiomyocytes to initiate contraction when
the heart’s intrinsic thythm is too slow (bradycardia) or
irregular. Moreover, pacemakers can provide anti-tachy-
cardia pacing (ATP), which involves delivering rapid elec-
trical pulses to interrupt episodes of tachycardia—abnor-
mally fast heart rates that exceed 100 beats per minute.
ATP acts as a physiological “brake,” resetting the heart’s
electrical activity and restoring normal rhythm.

Challenges in Pacemaker Lead Placement

Despite decades of clinical success, conventional pace-
maker lead systems have inherent limitations. Leads must
be mechanically robust yet flexible enough to accommo-
date heart movements without causing tissue damage.
Their diameter, often several millimeters, can cause dis-
comfort, fibrosis, or even lead dislodgement over time.
Additionally, leads may fail due to fracture, insulation
breaches, or corrosion, necessitating replacement surger-
ies that pose further risk to patients.

The choice of lead placement site is also constrained by an-
atomical and functional factors. The right ventricular wall
is often targeted for lead placement because it is accessible
and provides effective pacing. However, its thickness is
relatively small—approximately 3 to 4 millimeters—pos-
ing challenges for lead integration without causing injury
or inflammation.

Proposed Advances in Lead Design and Placement
This paper introduces an innovative approach to pace-
maker lead design that leverages recent advancements in
nanotechnology and materials science. The core concept is
to fabricate ultra-thin leads with diameters below 1 milli-
meter (~1000 nanometers), enabling more precise and less
invasive insertion into the ventricular walls, particularly
targeting the thinner right ventricular tissue.
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To achieve this level of miniaturization and performance, we
propose the use of nano multilayer structures composed of bio-
compatible materials. Inspired by prior research in selective
emitters for thermophotovoltaic systems, multilayer films con-
structed via the transfer matrix method (TMM) allow for the
precise tuning of optical, electrical, and mechanical properties
at the nanometer scale. Our group has developed a Python-based
simulation framework capable of modeling and optimizing such
multilayer architectures [4-7].

Materials and Biocompatibility Considerations

Biocompatibility is a critical requirement for all implantable car-
diac devices. Materials must be non-toxic, corrosion-resistant,
and mechanically compatible with the dynamic cardiac environ-

ment to minimize immune response and mechanical wear.
Titanium Nitride (TiN) is selected as the conductive layer in our
multilayer design due to its excellent electrical conductivity,
chemical stability, and well-documented biocompatibility. TiN
coatings have been widely used in various medical implants and
have shown to reduce allergic reactions while enhancing the du-
rability of the device [8].

For the insulating layers, silicon is proposed owing to its estab-
lished use in biomedical applications and its mechanical flex-
ibility when fabricated in thin-film or flexible substrate form.
Silicon-based insulating films provide the necessary electrical
isolation while allowing the overall lead to maintain flexibility
and conform to the cardiac tissue movements, reducing mechan-
ical stress.
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Idea Introduced in this Research

By combining TiN and silicon in an insulator—metal-insulator
(IMI) multilayer configuration, the resulting structure can be en-
gineered for optimal electrical performance, flexibility, and bio-
compatibility. The multilayer design facilitates miniaturization
while maintaining mechanical integrity and functionality.

Significance and Future Directions

The proposed ultra-thin, flexible multilayer pacemaker leads
have the potential to significantly improve patient outcomes by
reducing complications related to lead implantation and longev-
ity. Smaller lead diameters may allow for less invasive implan-
tation techniques, decreased risk of lead displacement, and im-
proved integration with cardiac tissue. Furthermore, the ability
to precisely tune electrical properties at the nanoscale opens new
avenues for responsive pacing therapies and adaptive electrical
stimulation protocols.

Future research will focus on experimental validation of the
proposed multilayer structures, including fabrication processes,
mechanical testing, and in vitro biocompatibility studies. Inte-
gration with existing pacemaker systems and in vivo functional
assessments will be crucial steps toward clinical translation.

Conclusion

This research article has explored an innovative approach to
improving artificial pacemaker technology by addressing crit-
ical challenges associated with pacemaker lead design and
placement. The human heart’s intrinsic ability to rhythmically
contract is governed by cardiomyocytes, driven by pacemaker
cells within the sinoatrial node that generate electrical impulses.
When this natural system falters due to disease or injury, artifi-
cial pacemakers become indispensable, restoring proper cardiac
rhythms through electrical stimulation. Despite their lifesaving
role, conventional pacemaker leads face several limitations, in-
cluding bulkiness, mechanical rigidity, risk of tissue damage,
and eventual device failure requiring risky replacement surger-
ies.

In response to these challenges, the study proposed and theo-
retically developed ultra-thin pacemaker leads using advanced
nanotechnology, particularly multilayer thin-film structures, to
enable safer and more effective lead placement, especially in the
delicate right ventricular walls. By harnessing the transfer matrix
method (TMM) for precise multilayer design and optimization,
the research demonstrated how biocompatible materials such as
Titanium Nitride (TiN) and silicon could be engineered in an
insulator-metal-insulator (IMI) configuration. This approach al-
lows for sub-millimeter lead diameters that maintain excellent
electrical conductivity, mechanical flexibility, and biocompati-
bility essential for long-term implantation.

The selection of TiN as the conductive layer addresses multiple
requirements simultaneously—its high electrical conductivity
ensures efficient pacing signals, its chemical stability and cor-
rosion resistance minimize degradation in the dynamic cardiac
environment, and its proven biocompatibility reduces adverse
immune reactions. Silicon, chosen for the insulating layers,
complements TiN by providing flexibility and electrical isola-
tion while adapting well to the mechanical strains imposed by
cardiac motion. Together, the IMI multilayer structure enables
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a novel pacemaker lead design that potentially overcomes the
mechanical and biological shortcomings of traditional leads.

The implications of this research are significant. Miniaturized
leads reduce the invasiveness of implantation procedures, there-
by lowering patient trauma and the risk of lead dislodgement or
fibrosis that often complicate long-term pacemaker use. More-
over, the ability to finely tune electrical and mechanical prop-
erties at the nanoscale opens pathways for developing adaptive
pacing therapies. These could offer more physiological pacing
strategies that respond dynamically to patient needs, improving
overall cardiac function and quality of life.

While this study primarily focused on the theoretical design and
simulation of multilayer structures, it lays a robust foundation
for subsequent experimental work. Future research must empha-
size the fabrication of these nanoscale leads using state-of-the-
art thin-film deposition techniques. Mechanical testing under
simulated cardiac cycles will be essential to validate durability
and flexibility claims. Additionally, thorough in vitro biocom-
patibility studies will ensure that the materials and designs do
not elicit harmful immune responses or cytotoxicity.

Integration with existing pacemaker hardware and electronic
control systems represents another critical step. This includes
evaluating the electrical interface between the miniaturized
leads and the pulse generator, ensuring that signal transmission
remains reliable. Eventually, preclinical in vivo testing in appro-
priate animal models will be needed to assess functional pacing
efficacy, tissue integration, and long-term safety before clinical
trials can be considered.

In summary, this research advances the field of cardiac thera-
py by proposing a cutting-edge nanomaterials-based solution to
longstanding issues in pacemaker lead technology. By blending
the disciplines of materials science, nanotechnology, and bio-
medical engineering, it opens new horizons for creating safer,
more effective, and more patient-friendly cardiac pacing devic-
es. The use of TiN and silicon multilayers in an IMI configura-
tion provides a versatile platform that could revolutionize pace-
maker design, reduce complications and enhance the therapeutic
outcomes for millions of patients worldwide.

Ultimately, the successful realization of these ultra-thin, flexible
leads could not only improve the durability and comfort of pace-
makers but also catalyze further innovations in cardiac electro-
physiology devices. The potential for integrating smart, respon-
sive electronics within these nanoscale architectures suggests a
future where cardiac pacing is more personalized, adaptive, and
closely aligned with the heart’s natural physiology. This para-
digm shift promises to improve survival rates and quality of life
for patients suffering from cardiac arrhythmias and conduction
system disorders, marking a transformative milestone in cardio-
vascular medicine.
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