
North American Journal of Engineering and Research 

Est. 2020 

           

 

 

Volume 6 Issue 1, January-March 2025 

Fully Refereed | Open Access | Double Blind Peer Reviewed Journal 

https://najer.org/najer 

 

Miniaturized Cardiovascular Devices: Advancements in 

Battery-Free Powering Systems 
Somashekharayya Hiremath 

Email id: mathhires@gmail.com 

 

Abstract: 

Miniaturized cardiovascular implants used for patients with arrhythmias and other cardiac conditions provide life-saving 

interventions and are capable of leadless pacemakers and diagnostic sensors. These devices have traditionally depended on 

embedded batteries with limited useful life, which require periodic surgical replacement. Inductive coupling, ultrasound-based 

energy transfer, biomechanical energy harvesting, and recent developments in power systems are able to extend the device's 

operating time and decrease the need for surgery as well as patient discomfort. This paper describes the engineering principles 

that make battery-free device functionality work and discusses challenges in power efficiency, compatibility, and device scale 

integration. This review provides detailed insight into how next-generation cardiovascular implants will be able to have extended 

lifetimes and be less invasive based on the latest technological advances. 
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Introduction: 

Cardiovascular implants are vital for the management of 

arrhythmias, heart failure, and other cardiac conditions, thus 

enhancing patient survival and quality of life [1, 3]. Battery-

powered conventional systems, including pacemakers and 

cardiac resynchronization devices, have provided very good 

clinical results over the last several decades [2,4]. However, 

these successes do not negate the practical constraints that 

come with integrated batteries: device lifetimes are limited, 

invasive replacements are required repeatedly, and size is 

limited by the battery form factor [3, 5]. In the last decade, 

researchers have made progress toward battery-less 

cardiovascular devices. These systems are designed to utilize 

external or endogenous energy sources to power basic implant 

functions such as pacing, monitoring, and wireless 

communication [6]. This paper focuses on these new 

powering techniques, details of the engineering design 

elements of power management, device-level integration, 

thermal considerations, and implications. Also, a review of 

current research highlights how battery-free technologies can 

change the course of cardiovascular implants. 

Main Body: 

Pacemakers and defibrillators' traditional lithium-based 

batteries operate for 5 to 10 years based on pacing rate and 

remote monitoring status [3, 10]. A surgical procedure places 

patients at risk of complications like infection, hematoma, or 

lead dislodgment when replacing a depleted battery [4, 14]. 

Ultra-low power electronics research has advanced because of 

these developments, which enabled both device 

miniaturization and created wireless energy transfer along 

with self-harvesting concepts. The advantages of battery-free 

cardiovascular devices include. Firstly, they have an extended 

lifespan as they do not require an internal battery, they operate 

either from external power or from ambient sources [5, 7, 12]. 

Secondly, they decrease the interventional burden through 

reduced need for repeated surgeries, which leads to decreased 

patient discomfort, lower complication risks, and reduced 

healthcare expenses [2, 8]. Smaller device sizes are achievable 

because eliminating or reducing battery volume enables 

further miniaturization, which simplifies implantation in 

complex anatomical locations [1, 9]. 
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Types of Miniaturized Cardiovascular Devices: 

 

Figure 1: Types of Miniaturized Cardiovascular Devices. 

Figure 1 illustrates the various types of miniaturized 

cardiovascular devices that play a significant role in modern 

cardiovascular medicine.  

The group of miniaturized cardiovascular implants consists of 

essential devices that help or observe the heart functions with 

reduced invasiveness. These include:  

Leadless Pacemakers are a single-chamber therapeutic 

system placed within the right ventricle of the heart and do not 

require the use of leads. Integrated into a single, small device, 

the pacing circuitry and power source of these devices have 

reduced the risk of lead failure and lead-related infections that 

are typical of conventional pacemakers. However, because of 

their smaller size, these devices are effective in regulating 

abnormal heart rhythms and, without the surgical 

complications and maintenance problems of conventional 

systems, provide essential pacing support. Thus, leadless 

pacemakers represent a potential solution in many cases in 

which the standard pacemakers would be inadequate because 

of the patient’s anatomy or clinical history and, therefore, 

represent a significant evolution in cardiac care [10, 13]. 

Implantable Cardioverter Defibrillators (ICDs) are small, 

very sophisticated devices that sit inside the chest or abdomen 

and watch the electrical activity of the heart constantly, giving 

shocks to severe arrhythmia, including ventricular fibrillation. 

They stand as the cornerstone in the management of high-risk 

patients as they offer timely intervention to avoid sudden 

cardiac arrest. Traditionally, ICDs have relied on leads to 

connect the implantable unit to the heart, but newer 

generations are transitioning toward leadless technology to 

mitigate potential lead-related complications, such as 

fractures or infections. Through this self-contained approach 

to cardiac rhythm management, modern ICDs offer enhanced 

reliability and patient safety while maintaining their primary 

function of delivering prompt, effective therapy against life-

threatening arrhythmias [8, 14]. 

Implantable Cardiac Monitors (ICMs), often referred to as 

loop recorders, are small devices placed beneath the skin to 

provide continuous ECG monitoring aimed at diagnosing a 

range of cardiac abnormalities, including atrial fibrillation and 

other arrhythmias. By continuously recording heart activity 

and wirelessly transmitting data for remote physician 

analysis, these long-term monitoring solutions bridge the gap 

between short-term external monitors and more invasive 

implants such as pacemakers or ICDs. Through real-time 

evaluation of cardiac rhythms and convenient wireless data 

retrieval, ICMs enhance the accuracy of diagnosis while 

ensuring patient comfort and reducing hospital visits for 

routine checkups [15]. 

Miniaturized Ventricular Assist Devices (VADs) are 

mechanical pumps designed to support blood circulation in 

patients with end-stage heart failure by aiding or replacing the 

heart’s pumping function. Traditionally, VADs have been 

relatively large and tethered by power cables, limiting patient 

mobility and complicating everyday activities. New studies 

are also an emphasis on miniaturizing these devices and 

investigating wireless power transmission to simplify the 

surgery, improve the patient’s comfort and perhaps even 

avoid the use of transcutaneous cables. By improving design 

efficiency, incorporating advanced biomaterials, and refining 

wireless energy transfer, these next-generation VADs offer a 

lifeline to patients who may not qualify for or cannot access 

heart transplantation, marking a pivotal advance in chronic 

heart failure management [16]. 

Wireless Hemodynamic Sensors are compact implantable 

devices that continuously measure critical cardiovascular 

parameters such as pulmonary artery pressure and oxygen 

saturation to guide clinical decisions in heart failure 

management. They enable more precise and proactive 

monitoring of a patient's hemodynamic status by providing 

real-time data on a patient’s hemodynamic status, which helps 

physicians adjust medications and treatment strategies before 

symptoms escalate with the help of these sensors. Wireless 

transmission capabilities that are part of them are able to 
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reduce the need for frequent clinical visits, thus enhancing 

patient comfort and reducing the need for follow-up. As a 

result, these sensors hold promise for lowering hospital 

readmissions, refining individualized care plans, and fostering 

better long-term outcomes in patients with chronic heart 

failure [17]. 

Bioelectronic Modulation Devices are emerging research 

implants designed to provide both nerve stimulation (or 

neuromodulation) and continuous hemodynamic 

monitoring to manage complex cardiovascular conditions. 

By delivering targeted electrical impulses to autonomic 

pathways, these devices can regulate arrhythmias, control 

hypertension, and improve heart failure outcomes. In 

addition, they embed miniaturized sensors that give real-time 

blood pressure, cardiac functions and, fluid status of the 

cardiovascular system. It helps in the detection of heart failure 

compensation or arrhythmic triggers and thus guides timely 

clinical intervention (monitoring). This dual functionality 

combining bioelectronic modulation with hemodynamic 

sensing enhances diagnostic accuracy, personalizes 

therapeutic strategies, and holds the potential to reduce 

hospitalizations and improve long-term patient well-being 

[18]. 

Energy Harvesting Modalities: 

Inductive Coupling  

The principle of inductive coupling, also referred to as 

electromagnetic resonant coupling, involves an external coil 

producing an alternating magnetic field, which induces 

current flow in a secondary coil located within the implant [5, 

6]. Several factors influence the efficiency of inductive 

coupling. The frequency selection is a crucial step because 

low frequencies in the kHz–MHz range provide higher tissue 

penetration, but the efficiency of power transfer is poor; on 

the other hand, high frequencies in the MHz–GHz range have 

higher power density, although they are greatly attenuated by 

the biological tissue [7]. Resonant tuning is a method of 

improving power transfer efficiency where the external and 

internal coils are accurately tuned to a specific frequency, and 

this is only achievable with optimized coil geometry and high-

quality factor (Q) components [8]. Another factor that should 

not be neglected is misalignment tolerance because patient 

movement and anatomical variations can change the coil 

alignment and thus decrease the coupling efficiency. In order 

to address this concern, coil topologies and feedback control 

loops with improved stability against positional changes are 

developed to ensure consistent power transfer [6]. 

Ultrasound-Based Power Transfer  

In an ultrasound powering system, an external transducer 

produces acoustic energy, which is then transformed into 

electrical energy by a piezoelectric receiver fixed within the 

implant [3, 6]. Several advantages and disadvantages are 

linked with this method. Tissue penetration is another key 

advantage, as ultrasound waves can penetrate more deeply 

into the body than electromagnetic fields, which means 

implants can be powered even when located further under the 

surface of the skin [5]. Another important factor is acoustic 

matching; the design of matching layers and the use of 

backing materials improve energy conversion efficiency with 

minimal reflection at tissue interfaces [9]. However, there is 

one major drawback: safety. A major risk of ultrasound is that 

it can heat up surrounding tissues and, if used for a long time, 

can be dangerous [7]. Therefore, there is a need to check that 

the acoustic intensity does not exceed the safe limits to avoid 

thermal or mechanical damage [7]. 

Biomechanical Energy Harvesting 

Research into biomechanical or bioenergy harvesters focuses 

on converting inherent body motions together with fluid 

movements and heat differences into electrical energy 

production, according to expert opinions published in [2]. 

Piezoelectric transducers are one example of their kind that 

generates an electrical charge upon mechanical strain, such as 

cardiac motion or vascular pulsations, according to deforming 

structures [10]. Thermoelectric generators represent another 

approach to generating limited yet continuous power output 

by utilizing temperature differences between body tissues and 

their surrounding environment [8]. Hybrid systems unite these 

techniques to provide continuous wireless powering for 

intermittent functions, which incorporates buffer energy 

storage to support low-level biomechanical harvesting, 

enabling reliable pacing or sensing operations, according to 

research in [6]. 

 

 

Figure 2: Energy Harvesting Modalities. 
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As shown in Figure 2, different energy harvesting sources are 

applied in the medical devices especially in the cardiovascular 

systems. These technologies are introduced to develop 

battery-less and long-lasting implants to eliminate the need of 

battery replacement and thus increase the reliability of 

implantable medical devices. These energy harvesting 

technologies are a significant improvement towards the 

creation of long-term, power-independent cardiovascular 

implants that eliminate the need for battery replacement 

surgeries and thus improve the reliability of implantable 

medical devices. 

Engineering and Design Considerations: 

Power Management and Storage  

Battery-free devices require high-efficiency rectifiers and 

power regulators to maintain stable operating voltages [6, 12]. 

On-chip supercapacitors and micro batteries can store energy 

to level out the intermittent power from inductive or 

ultrasound signals. Research on ultra-low power integrated 

circuits is focused on reducing quiescent current, optimizing 

duty cycles, and adaptive clocking strategies to manage 

limited energy availability [5, 9]. 

Material Science and Biocompatibility  

It is important that the implant encapsulation, coil insulation, 

and device coatings are biocompatible in order to avoid 

fibrosis, inflammatory responses, or material degradation [2, 

10]. Polymers such as polyimide and Parylene-C are generally 

used for the passivation of flexible or thin film circuits, while 

highly advanced ceramic or titanium housings can give 

mechanical strength. This is more important in cases of 

continuous powering, especially where heat generation and 

chemical instability are of major concern [3, 4]. 

Communication Protocols  

Battery-free implants operate through two-way 

communication to either monitor bodily information or 

transmit instructional programming, according to [7, 13]. 

Wireless standards for ultra-low-power telemetry could be 

adapted from existing technology like Bluetooth Low Energy 

and the MICS band at 402–405 MHz. Backscatter 

communication represents an additional option that enables 

implants to reflect external signals to convey information 

while minimizing energy consumption on the implant side [6]. 

Research continues to evolve to guarantee sufficient data 

transmission performance despite body movement and 

physical tissue barriers [8, 10]. 

Integration and Form Factor  

Engineering constraints require that the energy harvesting 

element, control electronics, and electrodes are contained 

within a sub-centimeter scale device as per [2, 16]. When 

integrated with cardiac tissues, flexible or stretchable 

electronics provide both a better interface through 

conformation and increased mechanical compatibility. At the 

device level, integration is supported by innovative 3D-

printed components together with advanced wafer-level 

packaging and microfabrication techniques [9, 16]. 

Perspectives and Challenges: 

There are several issues that have to be solved before battery-

less cardiac implants can be widely accepted. Safety and 

regulatory pathways are important as all implantable devices 

need to meet the standards set by regulatory bodies such as 

the FDA and CE marking. This ensures that issues with 

electromagnetic fields and ultrasound energy are addressed 

well to prevent any adverse effects on the patient [3, 14]. 

Long-term reliability is another major issue as these devices 

have to work properly for a number of years despite the fact 

that the heart rate may change, the tissue may encapsulate the 

device, and the coil may shift, which in turn can affect the 

efficiency of the device and its commercial viability [5, 12]. 

Patient acceptance also plays a crucial role; however, since 

battery-related surgeries can be completely prevented, the 

possible complexity of external powering or charging devices 

may be a compliance issue [7, 15]. Moreover, cost-

effectiveness is still an issue of concern as the overall 

healthcare costs of battery-less solutions have to be compared 

with the cost of materials, implant procedures, and the 

expected reduction in replacement surgeries [10, 13]. Despite 

the challenges that have been identified, the results of the 

early clinical and in vivo trials of leadless pacemakers that are 

based on wireless or hybrid powering systems indicate that 

battery-free cardiac implants are likely to be mainstream in 

the near future [16, 18]. 

Conclusion: 

Miniaturized Cardiovascular Devices, which are self-

powering systems, have become a significant advancement in 

the development of cardiovascular devices. Engineers are 

trying to overcome the limitations of embedded batteries 

through techniques like inductive coupling, ultrasound energy 

transfer, and biomechanical harvesting to extend device 

lifetimes, reduce surgical interventions, and create new form 

factors. Stable power transfer under dynamic physiological 

conditions and biocompatible integration with robust 

communication protocols are vital engineering–clinical 

challenges to address. Next-generation cardiac care is 
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expected to benefit from battery-free device architectures as 

research continues to advance and prototype successes 

demonstrate their potential to enhance patient outcomes while 

decreasing healthcare system burden. 
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