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ABSTRACT

The environmental problems caused by conventional electronic waste can be resolved in a
sustainable way with the help of biodegradable electronics. Eco-friendly substitutes are in
greater demand as knowledge of the negative consequences of e-waste develops. Businesses
that use biodegradable materials improve their brand image by meeting consumer expectations
for items that are ecologically conscientious. Finding the ideal balance between gadget
performance and biodegradability is still difficult, despite the bright future ahead of us. The
goal of current materials science research is to bring in a new era of ecologically sustainable
electronics that can meet performance standards.
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1. INTRODUCTION:

Biodegradable electronics with integration of materials science and electronics, pioneers the
meticulous engineering of electronic components for natural degradation, addressing the
environmental impact of traditional electronic waste.

This transformative technology, utilizing biocompatible materials like silk or cellulose, enables
seamless integration with biological systems, unlocking applications from transient medical
implants to sensors with predetermined lifespans before eco-friendly decomposition.

The key feature of biodegradable electronics is the strategic selection of materials with both
electronic functionality and inherent biodegradability, driving the exploration of solutions to
balance performance and environmental sustainability.

Ongoing research focuses on finding materials with desirable electronic properties compatible
with natural degradation processes, advancing manufacturing methodologies to harmonies
electronics' complexities with the imperative of biodegradability.

This trajectory holds promise for a future marked by reduced electronic waste, envisioning a

sustainable era where electronic devices' lifecycle aligns seamlessly with ecological
preservation, highlighting the profound impact of biodegradable electronics on our
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technological landscape.
2. POWER SOURCE

For biodegradable electronic systems to perform potential electrical functions, such as wireless
communication, stimulation, sensing, etc., a biodegradable power supply is a necessary
component. Various strategies have been suggested, including battery systems, Si-based
photovoltaics, piezoelectric energy harvesters, super capacitors, and fully degradable radio
frequency (RF) power electronics.

One appealing technology for use in biomedical applications that can transmit data and supply
power simultaneously is radio frequency communication. Using silk substrate, metal (Mg),
dielectric layer (SiO2), and semiconductor (Si NM), a full wave rectifying circuit based on
biodegradable materials has been achieved.

Battery systems, on the other hand, provide an additional power option due to their
deployment’s potential convenience and lack of dependence on external circuits. Because of
their superior biocompatibility and high energy density, galvanic cells employing metallic
electrodes, such as magnesium and zinc, are the main focus of current bio-battery system
research. Completely biodegradable Mg-Mo battery systems and partially degradable batteries,
such as Zn-Cu cells for extended in vivo monitoring, Mg-Fe batteries, and Mg-air batteries
with gel electrolyte or silk fibroin, are among the systems that have been reported. Additionally,
non-metallic electrode materials for bio-batteries have been proposed; examples include
enzymatic fuel cells and edible sodium-ion batteries.

One advantage of a fully biodegradable battery is that it can completely degrade, making it a
representative battery system that eliminates the possibility of materials being retained for in
vivo use. The battery module is made up of four magnesium-morium cells covered in
polyanhydride materials. It can operate at a discharge current density of 0.1 mA cm—2 for
approximately six hours, with an output voltage of up to 1.6 V. As it shows useful applications,
the power supplied is sufficient to turn on an LED and a wireless radio circuit.

Because all of the component materials are soluble in water, the battery can completely degrade
in phosphate buffered saline, removing the need for unnecessary material retention. The focus
of ongoing research is on ways to increase power density, prolong battery life, and reduce
battery system size.

In addition to systems, primary flow batteries using organic Quinone redox species have also
been investigated for environmentally benign applications. These batteries are produced
through chemical reactions or chemical/mechanical disintegration.

3. LITERATURE REVIEW:

The development of biodegradable electronics specifically designed for medical applications,
highlighting their potential to serve as temporary implants that can safely dissolve within the
body.
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The authors discuss various materials and design strategies that enhance biocompatibility and
functionality, ultimately contributing to improved patient outcomes and reduced long-term
waste.

This research underscores the growing importance of sustainable technologies in healthcare,
aiming to minimize the environmental impact of medical devices [1].

Gao, Wang, and Zhou (2022) draw attention to the main difficulties in producing biodegradable
electronics, such as the choice of materials and processing methods that frequently result in
performance compromises. They stress that in order to improve the viability and scalability of
these environmentally friendly gadgets, interdisciplinary collaboration and creative ideas are
required [2].

The article authored by Huang et al. (2023) will discuss the creation of modern biodegradable
batteries made from magnesium, arguing that these batteries will address environmental issues
faced with traditional batteries. It addresses primarily the structure, the electrochemical
properties, the biodegradability and the usage aspects of these batteries in elaborating the
development as the green technology [3].

Li et al. (2022) focus on natural polymers and the prospects for their application in the field of
biodegradable electronics and consider their positive impact on the environment and the
properties of materials. The paper covers many types of natural polymers, processing methods
and possible spheres of application, which paves the way towards the development of green
electronics in a bid to curb environmental degradation [4].

In their work, Miller et al. (2023) offer a full lifecycle assessment of the biodegradable
electronics, assessing their impacts from manufacture to disposal. The research reveals the
benefits of biodegradable materials as opposed to conventional electronics while also
addressing the issues associated with their production and end of use, which are beneficial for
the development of green technology [5].

Park et al. (2021) look at biodegradable environmental sensors, the design, functionality and
applications in monitoring environmental conditions. The paper covers the materials, sensor
performance and the benefits of biodegradability in sensor tech for sustainable monitoring
solutions [6].

Thompson et al. (2024) look at consumer awareness and attitudes to biodegradable electronics,
the gaps in knowledge and attitudes to sustainable products. The study looks at the factors that
influence behaviour and suggests ways to increase awareness and acceptance so we can get
biodegradable tech into the market [7].

Teng et al. (2021) review biodegradable conductive polymers, the synthesis, properties and
applications in devices. The paper looks at the benefits of these materials for sustainable
electronics and the challenges of performance and scalability in real world use [8].

Xu et al. (2023) look into wearable biodegradable sensors and their application in healthcare.
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The paper talks about material selection, sensor functionality and biodegradability and how
these sensors can monitor physiological parameters sustainably without harming the
environment [9].

Zhang et al. (2023) study the stability and durability of biodegradable electronics and their
performance under different conditions. The paper lists out the key factors that affect the
lifespan and reliability of these materials and what needs to be improved for practical
application in sustainable electronics [10].

Li et al. (2023) look into the recent progress of biodegradable materials and their applications
in transient electronics and how they can reduce electronic waste. The paper talks about
material properties, fabrication methods and performance metrics and how these innovations
can lead to sustainable and eco-friendly electronic devices [11].

Jiang et al. (2022) introduce a plant-protein enabled biodegradable triboelectric nanogenerator
for sustainable agriculture. The paper discusses the development, efficiency and application of
this technology to harvest mechanical energy from the environment and how it can promote
eco-friendly farming and reduce non-renewable energy sources [12].

Li et al. (2023) take stock of the progress made in micro and nanores materials and processing
techniques that embrace the concept of printing biodegradable electronics. This focuses on the
properties and uses of these materials and emphasizes their capability of making eco-friendly
electronic devices while overcoming performance and manufacturing growth issues [13].

Navarro-Segarra et al. (2022) describe a new biodegradable battery based on plant structures
for precision farming power supply and seeking upsides on the plant systems. The paper
emphasizes on eco-design principles and performance parameters of this “plant” type battery
aiming to practice agriculture without polluting the environment [14].

According to Shi et al. (2022), the integration of both the Al and 0T domains is the future,
which is inclusive of developments in areas such as WI wearables and brave photonics. This
paper discusses the possible offerings of such technology in terms of user interface
enhancement, data thermos networking, and intelligent environment cultivation aspects while
outlining possible challenge areas in the use and mass adoption of the technology [15].

As Choi pointed out in the 2023 discussion, studies have implemented concepts to create
biodegradable power generators that may be used for energy supplying medical implants that
can be completely resorbed by the body. The potential advantages of such technology namely,
the decreased need for surgical extractions, better health outcomes for patients, and other will
be presented, while noting the relevance of sustainability in medical technology design [16].

In the article by Teixeira et al. (2023), the authors carry out a detailed analysis of the
development of e-waste-free biosensors and electronics which are easily degradable and
biocompatible along with their unique standing designs, materials, and their usage.

This paper deals with the societal impact of these technologies and outlines the requirements
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for the further development of these means in different areas, claiming that it is also possible
to work on the green side and solve global warming by creating greener electronics [17].

4. METHODOLOGY:

e Evaluation of the electrical performance of biodegradable electronic devices:

This involves conducting comprehensive tests to assess the electrical properties of the
biodegradable electronic components. Parameters such as conductivity, resistance,
capacitance, and voltage-current characteristics are measured and analyzed.

Techniques such as impedance spectroscopy, cyclic voltammetry, and electrical
impedance measurements may be employed to evaluate the electrical performance.

e Assessment of durability and stability under different environmental conditions:
Biodegradable electronics must withstand various environmental factors such as
temperature fluctuations, humidity, and mechanical stress.

e Durability tests involve subjecting the devices to accelerated aging tests, mechanical
stress tests, and exposure to harsh environmental conditions. Stability assessment
includes monitoring the performance of the devices over time to ensure consistent
functionality and degradation behavior under different environmental scenarios.

e Quantitative analysis of the environmental footprint of biodegradable electronics
compared to traditional counterparts: This analysis involves quantifying the
environmental impact of producing, using, and disposing of biodegradable electronics
compared to conventional electronics. Life cycle assessment (LCA) methodologies are
employed to evaluate factors such as energy consumption, greenhouse gas emissions,
resource depletion, and waste generation throughout the entire lifecycle of the products.
Data from LCA studies can provide insights into the environmental benefits of adopting
biodegradable electronics in terms of reducing carbon footprint and resource utilization.

e Discussion on the potential benefits in terms of waste reduction and sustainability:

This discussion explores the potential positive impacts of biodegradable electronics on
waste reduction and sustainability. Biodegradable materials offer the advantage of
decomposing into harmless byproducts, reducing the accumulation of electronic waste
in

landfills.

e Sustainable manufacturing processes and materials sourcing can further enhance the
environmental credentials of biodegradable electronics. The adoption of biodegradable
electronics aligns with the principles of a circular economy by promoting resource
efficiency and minimizing environmental degradation.

e Making use of academic knowledge and studying real-life applications in various
fields:
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This involves leveraging existing academic research and theories to inform the design,
fabrication, and evaluation of biodegradable electronic devices.

Studying real-life applications allows researchers to understand the practical challenges
and requirements of integrating biodegradable electronics into different industries such
as healthcare, consumer electronics, and environmental monitoring.

Collaborations with industry partners facilitate the translation of academic knowledge
into scalable, commercially viable solutions that address real-world needs while
promoting sustainability.

5. ADVANTAGES AND DISADVANTAGES:

e Delicate and Adaptable

Biodegradable electronics are sometimes called "soft electronics” because they can
meet human tissue and rarely or never cause irritation. Furthermore, the exceptionally
high softness and flexibility of soft electronics enable devices to take on a variety of
shapes.

e Regulated Time Restriction

Electronics made of biodegradable materials may have time constraints. Research has
shown that soft electronics used in biomedicine will disintegrate, reabsorb, or disappear
at controlled rates during the device's expected lifespan. These unique characteristics
make biodegradable electrical components widely used in biomedical devices.

e Applications of Biodegradable Electronic Components in Medicine

Potential applications of biodegradable electronics to promote healing and aid in tissue
regeneration could lead to novel medical discoveries. Researchers are now able to
produce implantable devices made of soft polymers thanks to advancements in micro-
and nanofabrication technologies.

6. CHALLENGES FACING BIODEGRADABLE ELECTRONICS:

Research teams are still working to make sure that advanced polymers and biodegradable
components dissolve completely and do not leave minute traces of hazardous chemicals, even
though biodegradable medical devices show great promise.

Scaling the creation of pliable, transient electronic circuits and components for mass
manufacturing presents additional difficulties.

e Electronics That Are Water-Soluble
Additional studies have demonstrated the potential of water-soluble materials as integrated
circuits and other parts for disposable cell phones, medical sensors, and environmental sensors.
Water-soluble electronic devices, sometimes known as transient electronics, are programmed
to function for a predetermined amount of time before disintegrating into waste materials like
soil, water, or bio fluids.
The environmentally benign silicic acid is created when the thin silicon layers used in the I1Cs
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dissolve.

e Degradation Mechanism
Biodegradable electronics are designed to break down and be absorbed by the environment,
reducing electronic waste. The degradation mechanism involves materials that are
environmentally friendly and capable of undergoing natural processes. Common components
include biopolymers, organic semiconductors, and bioresorbable substrates.
The substrate, often made of biodegradable polymers like polylactic acid (PLA) or
polyhydroxyalkanoates (PHA), serves as the structural foundation. These materials are
susceptible to microbial activity and enzymatic degradation.
The degradation of biodegradable electronics involves a combination of microbial action,
hydrolysis, enzymatic processes, and controlled aging. These mechanisms collectively enable
these devices to seamlessly integrate into the environment, minimizing the ecological impact
of electronic waste.
Researchers aim for controlled degradation, ensuring that the electronic components function
for the required lifespan before initiating the breakdown process. This balance allows the
device to perform its intended purpose before safely returning to nature.

7. RESULTS:

Electronics is used extensively in practically every industry, including telecommunication,
entertainment, and healthcare, to mention a few. It has had a profound impact on human society.
Although traditional electronics are known for their long-lasting stability, there is a new kind
of device that is becoming more and more popular that has “transient” functions.

These devices are called "transient electronics” or "biodegradable electronics™ for biomedical
or environmentally friendly applications. They are composed of biodegradable materials and
can dissolve, resorb, or physically vanish after operating in physiological or environmental
conditions at controlled rates. Like biodegradable sutures or cardiovascular stents,
biodegradable electronics as temporary implants can be safely absorbed by the body after
serving their therapeutic and diagnostic purposes.

This eliminates the need for repeat surgeries to retrieve the device and lowers the risk of
infection that goes along with it. It is anticipated that adding biodegradability to consumer
electronics or environmental monitors will significantly reduce the amount of electronic waste
(E-waste, more than 50 million tonnes annually), which causes landfills and environmental
problems. It will also remove the costs and hazards related to recycling operations.
Furthermore, data-secure hardware can be made from temporary devices with self-destruction
capabilities that shield data from unwanted access.

Thus far, most transient devices that have been demonstrated have been linked to aqueous
solution degradation with the aim of biomedical or environmental applications. Studies on
biodegradable materials for transient electronics have been conducted by researchers.

These studies have covered topics such as device integration, fabrication methods, degradation
modelling, and materials dissolution chemistry.

The focus of early efforts was on organic materials, such as synthetic or natural biodegradable
polymers, and partially degradable devices were achieved primarily with contributions from
substrate components.
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According to recent research, depending on the kind of aqueous solution, monocrystalline
silicon Nano membranes (Mono-Si NMs) can dissolve in physiological environments at rates
of a few nanometers to over 100 nm per day.

Dissolvable Si NMs allow for fully biodegradable electronics with superior operation
characteristics that can also be compatible with semiconductor foundry processes when
combined with degradable inorganic dielectrics, metals, and polymer substrates.

To prevent material destruction by solvent, temperature, or water, novel fabrication techniques
have been developed to adapt the sensitive nature of biodegradable materials to device
integration. Thermal therapy devices, intracranial pressure sensors (ICP), electro corticography
(ECoG) recording systems, radio frequency (RF) electronics, batteries, drug delivery systems,
and other fully biodegradable devices in physiological solutions have all been demonstrated.
Encapsulation materials play a crucial role in achieving both transience at a later stage and
stable operations for a specific duration.

The degradation time and water permeability of the encapsulating materials, as well as the
thickness of the active electronic components, primarily determine the functional lifetime of
achieved transient devices. An additional factor to establish the transience threshold is an
external trigger stimulus (moisture, temperature, light, mechanical force, etc.); examples of
triggered degradation in non-aqueous environments are primarily linked to non-biological uses.
Devices in these situations can either fully transient or partially degrade.

Since its initial proposal in 2012, transient electronics has rapidly advanced as an emerging
technology, and more avenues for exploration need to be investigated to maximize its potential
applications in the fields of green electronics and healthcare.

With an emphasis on environmentally friendly and biomedical uses, this review outlines recent
developments in biodegradable electronics and materials. It has been observed that most
biodegradable electronics intended for medical use can be easily modified for environmentally
responsible use.

After reviewing a wide range of biodegradable materials, several innovative fabrication
techniques will be introduced. Perspectives to further advance high-performance
multifunctional transient electronics will be discussed, and representative biodegradable
functional electronic systems and environmentally friendly devices will be described.

More ecologically friendly electronics are becoming increasingly necessary as environmental
issues take center stage in global politics.

As a result, there is more interest in biodegradable or naturally derived materials for green
electronics. First, a great deal of research is done on metal-green hybrid electronics. Because
of their metallic components, these materials have high utility even though they are partially
biodegradable. Carbon framed materials have since been studied, including laser-induced
graphene, graphite, cylindrical carbon nanomaterials, and graphene.

As a result, different approaches to carbon-based materials have been adopted, including
blending them with biodegradable materials. Additionally, several conductive polymers have
been created, and scientists have investigated how they might be applied to green electronics.
By cutting the polymer chains shorter, scientists have tried to create conductive polymer
composites that are highly biodegradable.

Furthermore, biodegradable compounds have been used to study a variety of physical,
chemical, and biological sensors that are vital to modern society. With these new developments
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in green electronics, society will have a more promising future as they pave the way for their
practical application.

Biomedical Uses for Biodegradable Electronic Components

The possibilities for biodegradable electronics that can stimulate healing and assist with
regenerating tissue may usher in new medical breakthroughs.

The development of micro/nanofabrication technologies has allowed researchers to create
implantable devices that consist of soft polymers.

8. CONCLUSION:

Biodegradable electronics stand at the forefront of a transformative paradigm that converges
materials science and electronics to address the pressing environmental concerns associated
with the proliferation of electronic waste.

This innovative field exemplifies a shift away from the traditional trajectory of electronic
devices by introducing materials with inherent biocompatibility, such as silk and cellulose,
fostering a symbiotic relationship between technological advancement and ecological
preservation.

The manifold applications of biodegradable electronics, spanning from transient medical
implants to environmentally responsive sensors, underscore its vast potential to revolutionize
diverse sectors while mitigating the environmental impact of electronic waste.

But there are obstacles in the way of the widespread use of biodegradable electronics. Striking
a delicate balance between electronic performance and biodegradability remains a focal point
of ongoing research, necessitating continuous exploration of novel materials and advancements
in manufacturing processes.

Addressing these challenges is crucial for ensuring the viability and scalability of
biodegradable electronics in the market. Despite the current hurdles, the overarching goal is
clear — to pave the way for a sustainable future where electronic devices seamlessly align their
lifecycle with ecological preservation, contributing significantly to the reduction of electronic
waste and minimizing the environmental footprint of our technological advancements as
researchers navigate the intricate landscape of biodegradable electronics, the collaborative
efforts of interdisciplinary teams become paramount.

The integration of expertise from materials science, electronics, and environmental science is
essential for overcoming hurdles, fostering innovation, and driving the field towards maturity.
Ultimately, the pursuit of biodegradable electronics represents not only a technological
breakthrough but also a conscientious step towards a more sustainable coexistence between
human innovation and the planet’s ecological wellbeing.

9. FUTURE PERSPECTIVE:

e Biodegradable Electronics Future
Despite the challenges already highlighted, biodegradable electronics seem to have endless
potential. Agricultural sensors can monitor growing conditions in real-time, relay information
to farmers, and eventually decompose into the soil. At the end of their useful lives, consumer
entertainment devices could decompose without adding harmful substances to e-waste.
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Drones and robotic devices with biodegradable end of-life routines programmed in are
examples of defense applications.

The possibilities for biodegradable electronics appear limitless, notwithstanding the difficulties
previously mentioned. Agricultural sensors could detect growing conditions in real-time, send
farmers information, and then break down into the soil.
When a consumer entertainment device reaches the end of its life, it can dissolve without
adding harmful chemicals to e-waste. Drones or robots with biodegradable end-of-life
protocols are a couple of examples of defense applications.

The future of biodegradable electronics is undoubtedly bright; these are just a few examples of
how they might transform the industry.
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