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ABSTRACT

Embedded mechanical devices, encompassing wireless sensor nodes, MEMS, wearable health monitors, and
autonomous actuators, are becoming essential in industrial, environmental, and consumer domains. Traditional
reliance on wired power or batteries limits device autonomy and increases maintenance costs. Energy
harvesting, which converts ambient environmental energy into electrical power, offers a sustainable solution
to extend device lifetimes and enable self-sufficient operation. This paper reviews various energy harvesting
methods—piezoelectric, electromagnetic, electrostatic, thermoelectric, photovoltaic, RF, and triboelectric
nanogenerators—and their integration within embedded mechanical systems. Emphasizing the interplay
between mechanical structures and electronics, the study highlights the challenges of optimizing power
density, form factor, and energy management. Hybrid harvesting approaches and advanced packaging
techniques further enhance device functionality, positioning energy harvesting as a key enabler for the
expanding Internet of Things (1oT) ecosystem.
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1. INTRODUCTION

Embedded mechanical devices—ranging from wireless sensor nodes and microelectromechanical systems
(MEMS) to wearable health monitors and autonomous actuators—are increasingly integral to modern
industrial, environmental, and consumer applications. Yet the conventional reliance on wired power or finite-
capacity batteries imposes significant constraints on device autonomy, maintenance frequency, and overall
system cost. Energy harvesting, which captures ambient energy from the environment and converts it into
usable electrical power, offers a promising pathway to extend device lifetimes, reduce maintenance demands,
and enable entirely self-sufficient operation. Over the past decade, research and development efforts have
explored a diverse array of energy-harvesting modalities—piezoelectric, electromagnetic, electrostatic,
thermoelectric, photovoltaic, radio-frequency (RF), and triboelectric nanogenerators—each leveraging distinct
physical phenomena to scavenge mechanical, thermal, optical, or electromagnetic energy. Piezoelectric and
electromagnetic harvesters exploit mechanical vibrations and motions common in machinery and structural
components, whereas electrostatic devices utilize variable-capacitance MEMS structures to generate charge.
Thermoelectric generators harness waste heat differentials, especially in industrial and automotive contexts,
while photovoltaic cells convert both solar and indoor illumination into DC power. RF energy harvesters
capture ambient electromagnetic fields emitted by communication networks, and emerging triboelectric
nanogenerators leverage contact electrification to produce high-frequency power bursts. Integrating these
technologies within embedded systems entails careful balancing of power density, form factor, environmental
conditions, and load requirements; energy management circuits must buffer intermittent outputs and regulate
voltage levels to satisfy sensitive electronics. Furthermore, hybrid solutions that combine multiple harvesting
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mechanisms can optimize energy capture across varying ambient stimuli. As the Internet of Things (loT)
proliferates and demands for truly autonomous devices intensify, energy harvesting stands at the frontier of
sustainable power solutions—transforming ambient energy into perpetual operation, minimizing ecological
impact, and unlocking new possibilities for pervasive, maintenance-free embedded mechanical systems.

Embedded Mechanical Devices

Definition and Scope

Embedded mechanical devices are compact electromechanical systems that combine sensing, actuation,
control electronics, and power management within a self-contained package. They range in complexity from
simple vibration-powered sensors to fully integrated microelectromechanical systems (MEMS) with on-board
processing and wireless communication.
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Figure 1. 1: Embedded Mechanical

Scope:

Integration Level (=100 Words): Embedded mechanical devices achieve high integration by
combining micro- to millimeter-scale mechanical structures—such as springs, flexural beams, and
diaphragms—with dedicated electronic circuits on the same substrate or within a single package.
Mechanical elements are often fabricated using bulk micromachining, surface micromachining, or
precision molding, while electronics (ASICs, microcontrollers, power-management ICs) utilize
CMOS or mixed-signal processes. Packaging techniques (wafer bonding, system-in-package) ensure
minimal interconnect length and optimized signal integrity. This tight coupling reduces parasitics,
improves energy transfer between mechanical motion and electronics, and enables compact form
factors. The result is a unified system where sensing, actuation, and control coexist at scales from a
few micrometers to several millimeters.

Functional Roles (=100 Words): These embedded systems perform three core functions. First, as
sensing elements, they detect physical quantities—pressure, acceleration, flow, or chemical
composition—through mechanical transduction mechanisms. Second, they act as energy harvesters,
transforming ambient inputs (vibrations, heat, light, RF) into electrical power to sustain on-board
operations. Third, they serve as actuators, converting harvested or stored electrical energy into
mechanical motion or force—driving micro-pumps to deliver fluids, opening micro-valves for flow
control, or powering micro-motors for precision positioning. Integrated firmware orchestrates these
roles, enabling closed-loop feedback: harvested power triggers sensing cycles, which inform actuation
decisions, all within a self-contained electromechanical module.
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Deployment Environments (=100 Words): Embedded mechanical devices are deployed across
diverse contexts. In industrial automation, they monitor machinery vibrations and temperatures within
confined enclosures. Infrastructure health systems integrate them into bridges, buildings, and pipelines
to detect fatigue or corrosion over decades. Biomedical implants leverage biocompatible harvesting
(thermoelectric from body heat, triboelectric from motion) to power pacemakers and drug-delivery
pumps. Consumer wearables embed sensors in textiles or accessories for continuous health and activity
tracking. Unmanned platforms—drones, underwater gliders—use harvesters to extend mission
durations without manual recharge. Each environment imposes constraints on size, weight, form
factor, and maintenance access, demanding tailored designs for reliability under harsh or inaccessible
conditions.

Power Autonomy (<100 Words): Power autonomy in these systems hinges on eliminating
dependency on external energy sources. Devices harvest ambient energy—mechanical, thermal,
optical, or electromagnetic—to sustain sensing, computation, and communication. Ultra-low-power
electronics (sub-pA sleep currents, duty-cycled operation) align consumption with intermittent energy
availability. Buffered storage (microbatteries, supercapacitors) compensates for variability, ensuring
critical tasks complete even during brief harvest downtimes. Energy-aware firmware adjusts sampling
rates, transmission intervals, and operating modes based on state-of-charge and predicted harvest
opportunities. Autonomous power management prevents deep discharge or overcharge, maximizing
longevity. Through this synergy of harvesting, storage, and intelligent control, devices achieve
maintenance-free operation for months or years in remote or constrained locations.

Key Categories

Wireless Sensor Nodes: Wireless sensor nodes are self-contained units that integrate sensors,
microcontrollers (or ASICs), power-management circuits, and a wireless transceiver within a compact
package. They measure environmental parameters—such as temperature, humidity, pressure,
vibration, or gas concentration—process raw data locally (e.g., filtering, feature extraction), and
transmit concise information to gateways or cloud servers over protocols like Zigbee, LoRa, or
Bluetooth Low Energy. Deployed in remote, inaccessible, or hazardous locations—industrial plants,
structural-health sites, smart agriculture fields—they often rely on energy harvesting or ultra-low-
power modes to achieve years of maintenance-free operation, enabling truly ubiquitous monitoring
networks that require minimal human intervention.

Microelectromechanical Systems (MEMS): Microelectromechanical systems (MEMS) combine
miniature mechanical components—such as beams, cantilevers, diaphragms, and resonators—with
integrated electronics on a single silicon substrate. Fabricated using bulk or surface micromachining
and compatible with CMOS processes, MEMS achieve feature sizes down to micrometers. These
devices transduce physical phenomena—acceleration, pressure, inertial motion—into electrical
signals or vice versa, enabling sensing, actuation, and feedback control. Wafer-scale batch production
reduces cost, while monolithic integration minimizes parasitic losses and enhances signal fidelity.
MEMS find applications in automotive airbags, smartphone motion modules, biomedical implants,
and industrial instrumentation, thanks to their compact form factor, high sensitivity, and low-power
operation.

Wearable Devices: Wearable devices embed electronic sensors into garments, accessories, or directly
onto the skin to continuously monitor physiological and motion-related metrics. Typical systems
include accelerometers, gyroscopes, photoplethysmography (PPG) sensors, and temperature probes,
paired with microcontrollers, radios, and energy-harvesting modules (e.g., triboelectric films,
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piezoelectric strips, or thin-film photovoltaics). They process data in real time to track heart rate,
activity levels, sleep patterns, and environmental exposure. Form factors range from smartwatches and
fitness bands to e-textiles and epidermal patches. Balancing comfort, durability, and washability under
tight power budgets often requires duty-cycling and ambient energy scavenging to extend battery life
and support long-term use.

e Autonomous Actuators: Autonomous actuators are electromechanical elements that convert
harvested electrical energy into controlled motion or force without external power. Utilizing
micro-pumps, micro-valves, or miniature motors fabricated via MEMS and microfabrication
techniques, they perform tasks like fluid delivery, airflow regulation, or mechanical switching.
Powered by ambient vibrations, thermal gradients, or light, these actuators rely on integrated
power-management circuits to buffer energy and drive actuation cycles according to sensor
feedback and embedded control logic. Design optimization focuses on maximizing force output,
response speed, and energy efficiency within stringent size and weight constraints, ensuring
reliable, precision performance in implantable medical devices, lab-on-a-chip systems, and
adaptive smart materials.

Typical Applications and Use-Cases

Embedded mechanical devices powered by harvested energy enable a wide variety of autonomous functions
across industries. In industrial settings, vibration-powered sensors monitor equipment health, detecting bearing
failures or imbalance without wired connections. Structural health monitoring employs piezoelectric or
electromagnetic harvesters in bridges and buildings to measure strain and crack propagation over decades. In
biomedical implants, thermoelectric generators convert body heat into power for pacemakers and glucose
monitors, eliminating battery replacement surgeries. Environmental sensing networks use solar or RF
harvesters to track air quality, soil moisture, and wildlife movement in remote regions. Wearable health
monitors leverage triboelectric or piezoelectric nanogenerators to continuously track physiological signals,
while autonomous micro-actuators in smart textiles adjust fit or ventilation in real time.

Challenges in Powering and Autonomy

Achieving true autonomy in embedded mechanical systems requires overcoming significant power-related
constraints. Ambient energy sources are often low-density and intermittent—vibrations may be sporadic,
temperature gradients small, and light or RF levels variable—demanding ultra-low-power electronics and
efficient power-management circuits. Size and form-factor limitations restrict the harvester and storage
volume, while initial bias requirements (in electrostatic devices) and mechanical wear (in triboelectric
systems) impact longevity. Integration complexity rises when combining multiple harvesters and regulators
on a single substrate. Finally, ensuring reliable operation under harsh environmental conditions (temperature
extremes, humidity, mechanical shock) and minimizing maintenance remain critical challenges for widespread
deployment.

Energy Harvesting Concept

Energy harvesting refers to the process of capturing ambient energy from environmental sources and
converting it into electrical power for low-consumption electronic systems. By exploiting mechanical
vibrations, thermal gradients, light, and electromagnetic fields, harvesters operate without external wiring or
disposable batteries. Techniques include piezoelectric transduction in deformed materials, thermoelectric
conversion of temperature differentials, photovoltaic generation from photons, electromagnetic induction via
moving magnets and coils, triboelectric nano generation through contact electrification, and radio-frequency
scavenging of ambient RF signals.
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1. Review

Muhtaroglu (2017) Muhtaroglu showed that rising air bubbles in water generated more energy than falling
water droplets, due to superior efficiency and differing electrification mechanisms. He proposed embedding
artificial charges to boost power output, presenting a novel, efficient method for harvesting micro-mechanical
energy.

Annapureddy et al. (2017) Annapureddy et al. explored energy harvesting from magnetic noise and
vibrations using magneto-mechano-electric generators. These hybrid systems exploited magnetoelectric
coupling, offering better efficiency for low-power devices like WSNSs. Their work emphasized compact, dual-
harvesting technologies ideal for modern electronic applications.

Tang et al. (2018) Tang et al. highlighted the role of energy harvesting in powering WSNs for condition
monitoring. They reviewed models capturing micro-energy from environments, offering sustainable power for
sensors in inaccessible locations. Their evaluation guided improvements in design, reliability, and application
scope.

Wang, H., Jasim, A., and Chen, X. (2018) Wang et al. reviewed energy harvesting techniques in roads and
bridges for sustainability and smart infrastructure. They analyzed technologies' power output, applications,
and cost-effectiveness, and proposed future research directions to enhance integration and efficiency within
civil engineering systems.

Wang, L., Yang, X., and Daoud, W. A. (2019) Wang et al. enhanced flexible devices using gold
nanoparticles, improving dielectric performance and surface potential. Their device showed high stability and
transparency, catering to next-generation portable electronics requiring multifunctionality, durability, and
efficient energy output over extended periods.

lannacci (2019) lannacci examined MEMS-based energy harvesters for 10T devices, addressing size and
efficiency challenges. He emphasized vibration-powered EH-MEMS as vital for powering compact,
maintenance-free systems. Despite scalability issues, these innovations supported sustainable, self-powered
10T networks and future miniaturized electronics.

Elahi, Munir, Eugeni, Atek, and Gaudenzi (2020) Elahi et al. reviewed energy harvesting methods for 10T,
covering solar, RF, wind, and pyroelectric sources. They highlighted PMICs' role in power management and
addressed security vulnerabilities in EH systems. Their work promoted sustainable, secure loT device
operation and lifespan.

Liu et al. (2019) Liu et al. developed flexible, skin-like electronics that harvested energy from body
movements. Graphene composites enabled durability and efficiency across bending cycles. Their annular
device designs ensured stable output, highlighting potential in biosensing and wearable self-powered
electronics for dynamic use.

Miao and Ge (2020) Miao and Ge systematically mapped 3,000+ papers on EH embedded systems, selecting
142 for in-depth analysis. They categorized research trends, tools, and challenges, emphasizing the dominance
of validation studies and calling for improved experimental methods and real-world system development.

Zhu et al. (2020) Zhu et al. reviewed TENG technology for mechanical-to-electrical energy conversion. They
explored applications in sensors and hybrid systems with self-healing capabilities. Their work highlighted
TENG's potential in building multifunctional, self-sustaining nanosystems aligned with 1oT development and
intelligent device evolution.
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Li et al. (2020) Li et al. discussed the impracticality of batteries in large-scale WSNs due to costs and
downtime. They proposed vibration-based energy harvesting as a sustainable alternative, emphasizing
economic and environmental benefits while minimizing labor and enhancing efficiency in sensor
deployment.

Sanislav et al. (2021) Sanislav et al. reviewed energy harvesting’s impact on wireless IoT sensors.
Highlighting maintenance reduction and improved autonomy, they presented case studies on real-world
applications. Their work underscored the importance of EH in developing scalable, resilient, and
sustainable 10T infrastructure.

Sanislav et al. (2021) Sanislav et al. reviewed advancements in wireless electromagnetic energy
harvesting and inter-device power transfer. They highlighted innovations enabling autonomous, scalable,
and self-powered sensor networks suitable for remote and dynamic environments. Key challenges and
emerging trends were discussed to improve energy efficiency and data transmission in future wireless
systems.

Roy et al. (2022) Roy et al. emphasized the necessity of consistent energy for implantable devices,
promoting human body energy harvesting over battery reliance. They reviewed power architectures,
energy storage, and wireless transfer methods. A comparative analysis of biomedical devices revealed
technological limitations, offering insights into optimizing energy solutions for improved device
longevity.

Manchi et al. (2023) Manchi et al. explored triboelectric nanogenerators for powering wearable
electronics. By integrating polyaniline composites with fluorinated films, they optimized device output
and durability. Their TENG system demonstrated high voltage, charge density, and mechanical resilience,
converting human motion into electricity to run low-power devices under varied conditions.

Ali et al. (2023) Ali et al. examined human-body energy harvesting via thermal and mechanical means.
They discussed AI’s role in optimizing energy systems and evaluated various technologies’ strengths and
drawbacks. Economic analysis of development costs reinforced the need for innovative, efficient, and
affordable energy solutions for continuous operation in wearable devices.

Gao et al. (2024) Gao et al. analyzed the energy challenges of wearable medical devices, stressing battery-
related limitations. They highlighted recent advances in energy harvesting and storage using novel
materials to support wireless power transfer and autonomy. The review offered future directions toward
safe, self-powered WIMDs for enhanced personalized healthcare systems.

Muthuramalingam et al. (2025) Muthuramalingam et al. reviewed the development of magneto-
mechano-electric generators for sustainable energy. They presented MME systems as reliable solutions
for remote monitoring, 10T, and medical applications, surpassing traditional energy sources. Their work
emphasized MME's transformative potential for decentralized, self-sufficient energy in real-time and
biocompatible environments.

Afshar et al. (2025) Afshar et al. discussed the surge in wearable energy needs and evaluated harvesting
methods using polymers in TEGs, PEHSs, and TENGs. Hybrid systems and Al integration were highlighted
for boosting performance. The review addressed challenges in miniaturization, durability, and conversion
efficiency, suggesting pathways for advanced wearable energy systems.
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I11.  CONCLUSION

Embedded mechanical devices are pivotal in enabling next-generation autonomous systems across diverse
applications. By integrating compact mechanical structures with advanced electronics and leveraging
various ambient energy sources, these systems overcome the limitations of traditional power solutions.
Energy harvesting technologies—particularly when combined in hybrid configurations—offer significant
potential to deliver reliable, maintenance-free power tailored to environmental conditions and application
requirements. Continued advancements in microfabrication, energy management, and system integration
will drive widespread adoption, supporting the vision of pervasive, self-sustaining devices in the loT era
and beyond. Consequently, energy harvesting not only extends operational lifetimes but also fosters
ecological sustainability and new functionalities in embedded electromechanical systems.
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