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 Abstract 

 In this paper the design and the development of a knee energy harvester, which uses a servo motor to harvest 

electrical energy from biomechanical energy created during a knee motion, is presented. The proposed system 

works around the limitations of existing energy harvesting methods using an advanced servo motor and optimized 

gear mechanism followed by a compact and ergonomic design. A microcontroller for real time monitoring, sensors 

for motion detection, a power management unit for efficient energy storage, and a lightweight framework for user 

comfort are all key components. Energy conversion efficiencies of approximately 80% with power outputs varying 

from 150 mW while walking to 250 mW while running were demonstrated by experimental evaluations of the 

device. The adaptable system to various motion patterns and the durable and user friendly design make it suitable 

for wearable electronics, medical devices and portable communication systems. The results of this study indicate 

that the proposed knee energy harvester may enable sustainable energy harvesting technology to strive. 

Keywords: Biomechanical energy harvesting, knee energy harvester, servo motor, wearable technology, energy 

conversion efficiency, power management, sustainable energy solutions. 

 

Introduction 

The rising demand for various portable electronic 

devices, wearable technologies and self-powered 

medical implants has fuelled tremendous interest in 

the provisioning of sustainable energy solutions. 

Biomechanical energy harvesting has been among 

the most promising methods due to the utilization of 

the human body’s motion to harvest electrical 

energy. In particular, the knee joint represents an 

advantageous source of energy harvesting since it 

repetitively flexes and extends during activities such 

as walking, running and stair climbing. Wearable 

energy harvesting system captures and converts the 

kinetic energy of knee motion and offers a 

renewable and eco friendly energy source, thereby 

decreasing the need for external power supplies and 

disposable batteries. 

However, existing biomechanical energy harvesting 

systems depend heavily on piezoelectric, 

electromagnetic or triboelectric mechanisms. While 

these techniques have demonstrated some promise, 

they suffer from poor energy conversion efficiency 

and low durability as well as poor user comfort. 
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Electromagnetic harvesters, for example, can be 

bulky and intrusive, which can affect the user’s 

natural gait, while piezoelectric systems do not 

produce sufficient energy at low frequencies. 

Triboelectric harvesters are also subject to wear and 

degradation for a long time. However, these 

limitations prevent the actual practicality and 

scalability of current energy harvesting solutions, 

and require the development of more efficient and 

user friendly systems. 

In this work, we present a knee energy harvester that 

overcomes limitations of existing techniques by 

using a servo motor. The design is such that it 

captures kinetic energy as knee motion takes place 

converting it to electrical energy with high 

efficiency. The key components of the proposed 

system include a servo motor, a precision gear 

mechanism, embedded sensors for real time motion 

detection, a microcontroller for system control, as 

well as a power management unit for efficient 

energy storage. Furthermore, the design is 

lightweight and the system comfortably fits right in 

and does not interfere with the user’s natural 

movement, leaving it perfect for long term use. 

Energy conversion efficiency, energy output, 

durability and impact of user comfort were evaluated 

through a series of experiments on the proposed 

system. Power outputs up to 250 mW were achieved 

during running, and 150 mW during normal 

walking, and averaged an energy conversion 

efficiency of approximately 80%. Responses from 

the system include its adaptability to a wide range of 

motion patterns and its durable design, which make 

the system a promising candidate for use in wearable 

electronics, medical implants and portable 

communication devices. 

This paper is structured as follows: Section II 

reviews related work and existing methods of 

biomechanical energy harvesting. In section III the 

principles and components of the proposed design 

are described based on embedded system. This is 

followed by Section IV on limitations of current 

techniques. In Section V, the proposed methodology 

is further elaborated, and in Section VI, 

experimental results and analysis are presented. The 

findings are summarized in Sections VII before 

discussing future research directions. 

2. Literature Review 

Sustainable powering of wearable devices and 

medical applications with biomechanical energy 

harvesting have attracted wide attention. With their 

large range of motion, the knee joint has been a site 

of much research. Efficient direct capture and 

conversion of biomechanical energy could be 

achieved with several methodologies and 

technologies, each with strengths and weaknesses. 

This section looks at significant contributions to the 

field and endemic gaps. 

An energy harvesting system using a servo motor to 

convert biomechanical energy into electrical energy 

was proposed by Khan et al. [1]. Mechanical losses 

were minimized, and an ergonomic structure was 

included with a view to an efficient energy 

harvesting process, and their design was showcased. 

But scalablility and reliability were lacking due to 

lack of ability to adapt to different motion patterns, 

and limited real world testing. 

Based on knee motion biomechanical energy 

capturing, Chan et al. [2] developed a smart 

wearable device for capturing the biomechanical 

energy. In work, they focused on compact and 

ergonomic design related to everyday use. Practical 

applications were demonstrated using the harvested 

energy to charge small electronic devices. However 

limitations in the energy output and dependency on 

continuous motion were identified. 

In fact, Zhou et al. [3] provide a complete review on 

a variety of energy harvesting methods from human 

activities including piezoelectric, electromagnetic, 

and triboelectric methods. The potential of knee 
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based systems to generate enormous amounts of 

energy was stressed, while noting difficulties 

inherent in efficient energy conversion, user 

comfort, and the durability of materials in knee 

based systems. 

Energy harvesting for powering control systems in 

lower limb prostheses has been explored by Smits 

[4]. Integration of energy harvesters into wearable 

medical devices was found to be feasible for 

increasing the autonomy of worn devices and 

minimizing the need for external power sources. 

Despite this, the design could only be generalized to 

other wearable technologies to a degree. 

A kinetic walking energy harvester for a wearable 

Bowden cable-actuated exoskeleton robot was 

introduced by Shi et al. [5]. By combining energy 

harvesting with movement assistance, their system 

provides a great dual purpose device. However, the 

resulting design was complex and heavy, which 

limited its fit into lightweight wearable systems. 

Jain et al. [6] present a triboelectric harvester 

integrated inside of a knee implant. The system had 

high energy density and achieved high effective 

energy harvesting while moving, but long term 

reliability was degraded over time due to material 

wear and degradation. Like Hossain et 

al.[7],triboelectric systems were found by them to be 

well suited for load sensing in total knee 

replacements with the additional desirable properties 

of being self powered, but scalability remained a 

point of concern. 

Other effectively used piezoelectric-based energy 

harvesters have also been explored. Tahir et al. [8] 

optimized the energy output of a piezoelectric 

energy harvester by increasing beam deflection for 

low frequency input. Their system proved interesting 

for certain use cases, but that limited applicability of 

their system to wide ranges in motion patterns 

restricted its feasibility for wearable technologies. 

A potential solution to the limitations of individual 

methods is to use hybrid systems which combine a 

number of energy harvesting methods. All limb 

movements were utilised by Zhu et al. [9] to develop 

a high power Biom mechanical Energy harvester. 

But their system yielded superior energy output and 

adaptability, which can be further optimized to 

reduce complexity and weight. 

While there have been great advancements in these, 

common challenges faced by existing systems are 

low energy conversion efficiency, limited energy 

storage, and poor user comfort due to the bulkiness 

or weight of these systems. The performance 

limitations of present energy harvesting system 

necessitate the development of a more efficient, 

adaptive and user friendly system. The present study 

addresses these challenges by exploiting the 

potential of servo motor technology, a precision gear 

mechanism, an ergonomic design, for higher energy 

output and a more enjoyable user experience. 

3. Proposed System 

An advanced servo motor and precision gear 

mechanism are integrated into a compact, ergonomic 

design to overcome limitations of existing 

biomechanical energy harvesting systems and to 

propose a knee energy harvester. Natural motion of 

the knee during activities such as walking and 

running are converted to electrical energy with high 

efficiency by the system. It aims to come up with the 

best energy conversion design with desirable user 

comfort levels and durability for future usage in 

different applications. The proposed system 

incorporates several key components: Energy 

conversion using a servo motor, transmission of 

mechanical energy through a gear mechanism, real 

time motion detection sensors, a microcontroller for 

system control, a power management unit for energy 

stabilization, and a high capacity energy storage 

unit. 

http://www.ijsrem.com/
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The heart of the system is a servo motor placed at 

the knee joint to capture energy during flexion and 

extension. A gear mechanism is employed to 

provide a true mechanical loss, precise energy 

transfer while driving the motor. The movement of 

the knee is continuously monitored by sensors – 

accelerometer and gyroscope – and send real time 

data to the microcontroller. The system can 

dynamically adjust the operation of the servo motor 

and gear mechanism according to the user’s motion 

patterns, in order to maximize energy harvesting 

using this data. The microcontroller also drives the 

flow of energy to the power management unit that 

stabilizes                    the voltage and shuts off the 

power unit when is over charged. 

The energy storage unit, consisting of a high 

capacity battery or super capacitor, stores the 

harvested energy efficiently for use now or later. 

The system's modular and scalable architecture 

enables integration of additional features, including 

remote monitoring communication module or real 

time user interface. Due to the lightweight and 

compact design, the device does not interfere with 

user’s natural gait to allow for everyday use as well 

as for activities in a prolonged manner. 

Several innovative features are demonstrated by the 

proposed system, such as an energy conversion 

efficiency equaling approximately 80%, adapted to 

diverse motion patterns, and easy integration into 

wearable devices. A system that uses the 

technological power of reliable and sustainable 

energy source to the energy consumption of portable 

electronic devices, wearable technologies, and 

medical implants through the use of advanced servo 

motor technology and precise control mechanisms. 

Our proposed design strives to overcome these 

critical limitations of present systems in terms of 

efficiency, discomfort and limited or incomplete 

adaptability, and stands as a promising solution for 

many application areas. This system will 

demonstrate new standards of experimental 

evaluation and optimization in the field of 

biomechanical energy harvesting. 

 

                     FIG 1 : Interaction Principle 

4. Results 

To assess the performance, functionality and 

practicality, knee energy harvester was therefore 

evaluated under various conditions. Through use of 

the natural motion of the knee joint during activities 

such as walking and running, the system showed it's 

effectiveness for converting biomechanical energy 

into electrical energy. The integration of the servo 

motor and the gear mechanism enabled the harness 

of kinetic energy effectively, and provided a reliable 

energy conversion with little mechanical losses. The 

system was designed to be lightweight and 

ergonomic, so that the user’s gait was not hindered 

by the system. 

FIG 2 : Kit & Generated Voltage 
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Table 1: Energy Conversion Efficiency and 

Power Output Under Different Conditions 

Activity Power 

Output 

(mW) 

Energy 

Conversion 

Efficiency 

(%) 

Notes 

Walking 

(Normal

) 

150 80% Continuous, 

low-intensity 

motion 

Running 250 80% High-

intensity 

motion 

Climbin

g Stairs 

200 78% Higher 

flexion and 

extension 

Walking 

(Slow) 

120 75% Slow-paced, 

low knee 

movement 

Walking 

(Fast) 

170 80% Faster-paced 

motion 

Running 

(Sprinti

ng) 

260 82% High-

intensity 

sprinting 

Table 2: System Performance Evaluation (User 

Comfort and Durability) 

Parame

ter 

Result Notes 

User 

Comfor

High System is ergonomic, 

no hindrance to gait 
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t 

Energy 

Storage 

High-capacity 

Battery/Capacito

r 

Efficient storage of 

harvested energy 

Adapta

bility 

High Adjusts to different 

motion patterns 

Durabil

ity 

Robust No significant wear 

during prolonged 

testing 

System 

Weight 

Lightweight Comfortable for long-

term use 

 

Noteworthy was the ability of the system to adapt to 

different motion patterns, including three different 

walking speeds, running, and climbing stairs. Under 

these variations conditions, it always existed and 

showed its versatility and the use of it in various 

applications. Inclusion of sensors and a 

microcontroller allowed real time monitoring and 

adaptation to perform optimally through changes in 

motion dynamics. The system’s practicality is 

illustrated by its adaptability for everyday activities 

as well as specialized applications. 

The evaluation included critial factors — user 

comfort — and the result was that the system was 

unobtrusive and comfortable to wear. Its compact 

and flexible design created a perfect incision into the 

user's body, without impacting their mobility. 

Energy stored in the energy storage components 

effectively stabilized and stored the harvested 

energy to provide a reliable power source for 

connected devices. Prolonged testing showing 

durability and robustness while operating with no 

significant wear or degradation was demonstrated. 

The potential by this system to integrate with 

wearable technologies and portable electronic 

devices was also exhibited. Its relevance in fields 

like healthcare, where it can supply a sustainable and 

self sufficient energy source for medical implants or 

monitoring devices, extends in wearable electronics 

for fitness and communication. To address key 

challenges identified in existing technologies (user 

discomfort, limited adaptability, and inefficiencies in 

energy conversion and storage), the system’s design 

was developed. 

The results show that the proposed knee energy 

harvester can effectively harvest energy from a knee 

with practicality and thus can be used as a 

sustainable energy harvesting solution. Capable of 

adapting to various motion patterns yet easy to use 

and ergonomic, it represents an important 

breakthrough in the emerging field of wearables for 

energy harvesting. Finally, this is shown to be 

validated by the qualitative findings concluding the 

potential of the system to provide the energy needs 

for a variety of applications in a cost and energy 

efficient manner as well as improving user comfort 

and functionality. 
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     Energy Output vs Activity Type 

 

Energy Conversion Efficiency vs Activity Type 

5. Conclusion 

The proposed knee energy harvester based on a 

servo motor addresses critical limitations of 

previously reported methods while being a highly 

significant advancement in the field of 

biomechanical energy harvesting. Together, this 

system achieves the effective conversion of kinetic 

energy from knee motion to electrical energy with 

high efficiency and user comfort and adaptability. 

With its lightweight and ergonomic design, it 

disrupts as little of natural gait as possible allowing 

for continuous and uninterrupted use in the course of 

walking, running and climbing stair. The system is 

demonstrated to integrate advanced components 

such as a servo motor, precision gear mechanism, 

sensors and an optimized power management unit to 

provide versatility and reliability for wearable 

electronics, medical devices and portable 

communication technologies. This work presents 

potential of using biomechanical energy harvesting 

as a sustainable power solution for powering 

portable devices, reducing battery dependency and 

establishment of eco-friendly power generation. 

Future enabling improvements in energy storage, 

material design, and scalabilty of this system would 

further enhance its applicability and performance, 

thus making it a key transformative technology for 

sustainable energy. 
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