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1. INTRODUCTION

The increasing reliance on electronic medical devices, such as pacemakers, insulin pumps, and
biosensors, necessitates innovative energy solutions to overcome the limitations posed by conventional
batteries. Current battery technology suffers from finite energy capacity and the need for replacement, which
can be particularly problematic for implantable medical devices that require invasive surgical procedures for
battery changes. As a result, alternative energy solutions that offer continuous, long-term power are being
explored [1]-[4].

Photovoltaic energy harvesting represents one of the most promising alternatives for powering
medical devices. By converting ambient light—either from natural or artificial sources—into electrical
energy, photovoltaic (PV) systems can provide a continuous power source for a wide range of medical
applications. The integration of photovoltaic systems into medical devices could extend the operational life
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of devices, reduce the need for battery replacements, and potentially enable self-sustaining medical
technologies [5]-[7].

Photovoltaic cells operate based on the principle of converting light energy into electrical energy
through the photovoltaic effect. When light photons strike a photovoltaic material, they excite electrons,
creating electron-hole pairs. This process generates an electric current that can be harnessed to power
devices [8], [9]. The energy conversion efficiency of photovoltaic cells depends on several factors, including
the type of material used, the wavelength of incident light, and the design of the cell [10].

For medical devices, photovoltaic energy harvesting can be achieved using various light sources,
including ambient indoor lighting, direct sunlight, or even body-implanted light-emitting diodes (LEDs). The
effectiveness of photovoltaic energy conversion in medical settings largely depends on optimizing the
materials and designs to operate efficiently under low-intensity and diffuse light conditions commonly found
in clinical environments [5], [11], [12]. Figure 1 shows the photovoltaic energy harvesting via the
human body.
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Figure 1. The photovoltaic energy harvesting via human body

This review aims to provide a comprehensive overview of photovoltaic energy harvesting in the
context of medical devices. We discuss the different types of photovoltaic materials, their energy conversion
efficiency, and how these systems are being integrated into healthcare technologies. Furthermore, we
examine the challenges associated with the use of photovoltaic energy in medical applications and propose
future directions for research and development.

2. SOLARPHOTOVOLTAIC MATERIALS

The selection of PV materials is crucial for maximizing energy harvesting efficiency, particularly in
the low-light environments commonly found in medical settings. Medical devices often operate in controlled
indoor environments or within the human body, where light exposure is limited. Therefore, PV materials
must be highly sensitive and capable of converting low-intensity light into usable electrical energy.
Commonly used materials in PV systems for medical applications include silicon-based materials, organic
photovoltaics, dye-sensitized solar cells, and perovskite-based materials. Each material offers distinct
advantages, such as flexibility, biocompatibility, and efficiency, making them suitable for specific medical
device applications [13]-[15].

Silicon is the most widely used material in PV cells due to its high efficiency and technological
maturity. Silicon-based PV cells, including monocrystalline and polycrystalline silicon, offer reliable
performance and durability. However, their rigid structure and large size limit their use in flexible or
implantable medical devices [16], [17].

In line with actual results, Santbergen and Zolingen [18] showed that a conventional encapsulated c-
Si photovoltaic cell's AM1.5 absorption factor can reach 90.5% using a two-dimensional (2D) computational
model. Achieving a high absorption factor was made possible by the c-Si wafer's surface having an ideal
steepness texture. Therefore, c-Si cells can achieve absorption efficiencies of up to 93.0% at AM1.5
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circumstances by reducing reflective losses throughout the solar spectrum. The following generation of
crystalline silicon solar cells, known as high-efficiency silicon heterojunction solar cells.

The promise of transition metal oxides produced via the atomic layer deposition process was
highlighted by Costals et al. [19], who explained that vanadium oxide films provide better surface
passivation, effective lifespan values of up to 800 s, and solar cell efficiencies surpassing 18%. To solve the
difficulty of establishing a high aspect ratio (AR) of the metallic digits in a bifacial (BF) copper-plated
silicon crystalline solar cell. With a two-step deposition BF plating process, Han et al. [20] created a unique
hybrid-shaped Cu finger device. This device demonstrated a front-side efficiency of 22.1% and a BF factor of
0.99. In the end, c-Si solar cells' efficiency can be improved by using a grading process.

Dye-sensitized solar cells (DSSCs) are an emerging class of photovoltaic materials that are well-
suited for low-light environments, such as indoor medical settings. They offer relatively high efficiency
under diffuse lighting conditions and can be fabricated on flexible substrates, making them promising for
medical applications [21], [22]. The N3 dye was shown to be stable as a pure solid in the atmosphere up to
280 °C, at which point decarboxylation takes place. It endures 108 redox cycles under prolonged illumination
without any functional degradation [23].

In their study, Yadav et al. [24] created a hibiscus dye using TiO2 nanorods and a variety of counter
electrodes, such as carbon, graphite, and gold. In each case, the writers noted an efficiency of 0.07%, 0.10%,
and 0.23%. An important step forward for DSCs was the use of mesoporous TiO2 electrodes in 1991, which
allowed for an increase in surface area and a large internal surface area for a sensitizer monolayer. The
sustainability, pliability, and lightweight properties of textile DSCs are being investigated for their recent
developments, according to Bandara et al. [25].

To reinforce the epoxy Epon 862 matrix, Zhu et al. [26] utilized carbon nanotubes (CNTS) having
single walls. The Epon 862 matrix, a long CNT-reinforced composite, and a short CNT-reinforced composite
are the three periodic systems investigated using the molecular dynamics approach. After treating CNTS in an
acid bath and subsequently ball-milling them using high-rate heating (HRH) bonding techniques, Sui et al. [27]
created CNT/NR composites. Mechanical, vulcanization, and thermal characteristics of CNT/NR composites
were investigated. Carbon nanotubes (CNTs) were absorbed into NR more rapidly and with less energy than
CB. The over-curing reversion of CNT/NR composites was decreased. Acid treatment and ball milling
improved the CNT dispersion in the rubber matrix as well as the CNT-matrix interaction.

3. APPLICATIONS OF PHOTOVOLTAIC ENERGY HARVESTING IN MEDICAL DEVICES

Photovoltaic energy harvesting has promising applications in medical devices, particularly in
powering implantable devices, biosensors, and drug delivery systems. Additionally, it is used in wearable
health monitors and diagnostic devices, reducing the need for frequent battery replacements. This sustainable
power solution enhances device longevity, minimizes surgical interventions, and supports continuous
monitoring of patients [5], [28]. Figure 2 shows a photovoltaic energy harvesting system with the flexible
battery mounted on the curved surface.

Figure 2. Photovoltaic energy harvesting system with the flexible battery mounted on the curved surface

The use of photovoltaic energy harvesting in implantable medical devices presents a unique set of
challenges, primarily due to limited light exposure inside the body. However, innovative approaches are
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being explored to address this issue. For instance, implantable photovoltaic systems can be combined with
optical fibers or miniaturized LEDs implanted under the skin to deliver light to PV cells, enabling them to
generate power even in the absence of external light. Research is also ongoing to develop biocompatible PV
materials and designs that can operate efficiently in the human body. By integrating PV cells with energy
storage systems, such as supercapacitors or micro batteries, implantable devices could achieve long-term,
self-sustaining operation, reducing the need for battery replacements and associated surgical procedures.

A novel implanted PVDF-PEG device with capacitor storage, measuring 56 mm x 25 mm x
200 pum, was introduced in 2015. An in vitro and an in vivo evaluation was conducted. The in vitro scenario
had a maximum power output (Pmax) of 0.681 uW, an open-circuit voltage (Voc) of 10.3 V, and a short-
circuit current (Isc) of 400 nA. The in vivo study found that attaching the piezoelectric energy generation
(PEG) to the heart of a male domestic pig resulted in the highest current and voltage measurements of 1.5 V
and 300 nA, respectively. Shortly after 700 milliseconds at 70 beats per minute, the output power was 30
nanowatts. This implantable polyethylene glycol has shown promise as a future power source for implantable
electronic devices with minimal power requirements [29].

A different study on the piezoelectric properties of PVDF showed an output power of 40 nW in vivo
and 2.3 uW in vitro [30] and Khan et al. [31] describe more PEG materials. The ZnO and PZT output powers
are between the nW to W range. The textiles were encased in ZnO material in order to transform mechanical
energy that would otherwise go to waste into electrical energy. Microelectromechanical systems (MEMS) and
nanoelectromechanical systems (NEMS) can employ PEG in ZnO as a high-frequency resonator because of its
quartz crystal structure.

A study on the piezoelectric properties of polyvinylidene fluoride (PVDF) demonstrated its ability
to generate an output power of 40 nW in vivo and 2.3 uW in vitro (30), highlighting its potential for energy
harvesting in biomedical applications. Khan et al. [31] further explored PEG materials, discussing various
developments in the field. Notably, zinc oxide (ZnO) and lead zirconate titanate (PZT) materials were found
to produce output powers in the nanowatt to microwatt range. In one approach, textiles were coated with ZnO
to harvest mechanical energy, which would otherwise be lost, and convert it into electrical energy. This
innovative use of ZnO enables the efficient transformation of mechanical energy from human motion or other
dynamic sources. Additionally, because of its quartzite crystal structure, ZnO is suitable for integration into
MEMS and NEMS, where it can function as a high-frequency resonator. The piezoelectric properties of ZnO
in such systems offer promising applications for powering small-scale biomedical devices and sensors,
particularly in scenarios requiring long-term, low-power energy solutions.

Wearable medical devices, such as continuous glucose monitors, electrocardiograms (ECGs), and
pulse oximeters, are increasingly being integrated with photovoltaic energy harvesting systems. The
advantage of using PV cells in wearable devices lies in the accessibility to ambient light throughout the day,
particularly for patients who spend time outdoors or in well-lit environments. Photovoltaic-integrated
wearables can reduce the frequency of battery replacements or recharging, thereby improving patient comfort
and convenience [32].

A PV cell tailored for use in biomedical implants is part of the design presented in reference [33].
This cell uses 850 nanometres of infrared light, which produces less than 1.06 microwatts per square
millimeter of output power. The mouse sample was sandwiched between the LED and the PV cell.
Crystalline silicon displays a conversion efficiency of about 15-20%. The size of the solar cell and the
amount of light that hits it are directly related to the amount of electrical energy that gets captured. During
the day, for example, efficiency levels of 15-20% can be achieved while producing energy levels of up to
100 mW/cmz2. It is possible to achieve an energy density ranging from 10 to 100 pW/mm2 and a conversion
efficiency of 8% in an indoor setting. After 40 days of in vivo testing, Haeberlin et al. [34] demonstrated that
a photovoltaic-driven pacemaker using thin-film silicon materials had a power density of 0.95 mW cm™2.

Underneath pig skin flaps, the photovoltaic cells are exposed to different intensities of light. The
median output power that was found was 1963 pW/mm?2 when the sun was directly overhead, 206 pW/mm?2
when there was a shade outside, and 4 pW/mm?2 while it was indoors. Featuring a thin-film amorphous
silicon photovoltaic module, this oximeter is flexible. To power this pulse oximeter, engineers created a thin-
film lithium-ion battery that is both flexible and durable [35]. The system can be bent and attached to curved
surfaces thanks to the PV module and battery's flexible construction.

4. CHALLENGES AND FUTURE DIRECTIONS

Despite the promising potential of photovoltaic energy harvesting for powering medical devices,
several significant challenges must be addressed to facilitate its widespread adoption in clinical settings. One
of the primary challenges is the efficiency of energy conversion in low-light environments, such as within the
human body or in indoor settings where medical devices often operate. PV materials typically require a
strong light source to achieve optimal performance, but medical environments often provide limited exposure
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to natural light, necessitating the development of materials and systems that are efficient even under these
suboptimal conditions [5], [36].

Another challenge is the long-term stability and durability of photovoltaic materials, particularly
when used in implantable devices. Over time, PV materials may degrade, reducing their energy conversion
efficiency and potentially impacting the reliability of the medical device. Ensuring the longevity of these
materials is crucial for the continuous operation of life-saving devices like pacemakers, biosensors, or drug
delivery systems. Moreover, the development of flexible and biocompatible PV systems is essential for
implantable applications. These systems must not only perform well in energy harvesting but also integrate
seamlessly with human tissue, avoiding adverse reactions while maintaining flexibility to adapt to the body's
movements [37]-[39].

In addition to technical challenges, regulatory hurdles must be addressed to ensure that PV-
integrated medical devices meet strict safety and efficacy standards. Future research should prioritize
enhancing the efficiency of photovoltaic materials in low-light conditions and developing advanced, flexible
designs suitable for implantation. Exploring new PV materials with improved biocompatibility, flexibility,
and long-term durability will also be crucial. Furthermore, integrating advances in energy storage
technologies, such as high-efficiency batteries or supercapacitors, will be vital in ensuring that PV-powered
medical devices can store harvested energy and function reliably over extended periods without frequent
maintenance [5], [40]-[42].

Future research in photovoltaic energy harvesting for medical devices aims to address several key
challenges to improve the practicality and efficiency of these systems. One significant direction is enhancing
energy conversion under low-light conditions, as many medical devices operate in environments where light
exposure is limited, such as within the human body or indoors. This requires advancements in materials and
PV cell designs to maximize energy capture in such conditions. Biocompatibility and flexibility of PV
materials are also critical for the development of implantable devices. Future innovations may focus on
creating thinner, more flexible, and durable PV systems that can integrate seamlessly with biological tissues,
minimizing the risk of rejection or complications over long-term use [40]-[45].

Another area of focus is improving the integration of PV systems with energy storage technologies,
ensuring a continuous and reliable power supply, even during periods of low light. Additionally,
advancements in miniaturization will enable the use of PV systems in smaller, more complex medical devices
like MEMS. Finally, addressing regulatory and safety concerns is essential. Future research must ensure that
PV-powered medical devices meet stringent clinical standards, paving the way for their widespread adoption
in healthcare settings [46]-[49].

5. CONCLUSION

Photovoltaic energy harvesting presents a sustainable and innovative solution for powering medical
devices, especially in wearable and implantable applications. By utilizing light to generate electricity, PV
systems can potentially extend the lifespan of medical devices like pacemakers, biosensors, and drug delivery
systems, minimizing the need for frequent battery replacements or surgical interventions. This not only
enhances device longevity but also reduces the frequency of invasive procedures, improving overall patient
care and quality of life.

The advancements in PV materials and design strategies are crucial in enabling these benefits.
Flexible and biocompatible PV materials allow for seamless integration with the human body, making them
ideal for implantable devices. Moreover, miniaturized, and adaptable PV systems offer the possibility of
continuous, real-time health monitoring through wearable devices. However, challenges remain, particularly
concerning the efficiency of energy conversion in low-light environments, which is critical for the reliability
of devices used indoors or within the body.

Addressing issues related to biocompatibility and regulatory approval is also essential for
widespread clinical adoption. PV systems must be safe for long-term implantation and meet strict medical
device regulations. Therefore, further research is necessary to optimize PV materials, enhance efficiency in
low-light conditions, and ensure compliance with medical safety standards, paving the way for the broader
use of photovoltaic energy harvesting in healthcare technology.
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