ISSN: 2455-1988

Volume 12, Issue 2, 2025

Journal of

Mechatronics and Automation

G

STM JOURNALS

May—August
DOI (Journal): 10.37591/JoMA

https://journals.stmjournals.com/joma

Smart Bionic Hand: Combining Hardware and Al For
Adaptive Prosthetic Functionality

Sujeet More"*, Mandar Karnik?, Vaishnavi Ramgir’, Saraswati Swar®, Vaijanti Rajure’
] g ] ]

Abstract

This research paper presents the development and integration of a bionic arm that leverages both
hardware components and artificial intelligence (Al) models for enhanced functionality and user
interaction. The hardware design includes key components such as servo motors, an Arduino UNO
microcontroller, electromyography (EMG) sensors, and a lithium-ion battery. The EMG sensors detect
muscle signals, which serve as inputs for controlling the arm's movements, while the servo motors are
responsible for translating these signals into mechanical motion. On the software side, Al and machine
learning (ML) algorithms are employed to interpret EMG sensor data, enabling the bionic arm to learn
and adapt to the user's muscle patterns over time. This integration aims to improve the arm's accuracy,
responsiveness, and customization, offering a more natural user experience. The system's adaptability
enhances motor control and opens the door for future prosthetic devices to become more intuitive. This
research explores the potential of combining hardware with Al to develop more functional, user-
friendly prosthetics, addressing challenges such as signal processing, energy efficiency, and real-time
adaptability.

Keywords: Bionic arm prosthetics, artificial intelligence (Al), machine learning (ML), servo motors,
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INTRODUCTION

Advancements in prosthetic technology have significantly enhanced the quality of life for individuals
with limb loss or mobility impairments. Among the cutting-edge developments, bionic arms have
gained prominence due to their ability to mimic natural limb movements through advanced hardware
and intelligent software systems. This paper explores the design and implementation of a bionic arm
that integrates both hardware components and machine learning algorithms to achieve seamless
functionality and adaptability. The hardware configuration consists of servo motors for precise
movement, an Arduino UNO microcontroller for
control, EMG (Electromyography) sensors to detect
muscle activity, and a lithium-ion battery to power
the system. EMG sensors play a crucial role in
capturing the electrical signals generated by muscle
contractions, allowing users to control the bionic
arm through natural muscle movements. On the
software side, artificial intelligence (Al) and
machine learning (ML) models are employed to
interpret the EMG data and translate it into accurate
and efficient motor control. By leveraging Al, the
bionic arm can learn and adapt to individual muscle
patterns over time, resulting in a more intuitive and
responsive user experience. This research aims to
bridge the gap between hardware and software,
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creating a more functional, adaptable, and efficient
prosthetic solution.
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OBJECTIVES

The objective of this research is to design, develop, and implement a bionic arm that integrates both
hardware components and artificial intelligence (Al) to enhance functionality, adaptability, and user
experience. This project aims to achieve the following specific goals:

1. Develop a functional hardware system using servo motors for precise control, an Arduino UNO
for processing, EMG sensors for muscle signal detection, and a lithium-ion battery for power
efficiency and portability.

2. Implement machine learning (ML) models capable of interpreting EMG signals to enable
accurate and intuitive movement control of the bionic arm, improving real-time response and
adaptability.

3. Integrate Al techniques to allow the bionic arm to learn and adjust to the user’s unique muscle
patterns over time, resulting in more natural and fluid movements.

4. Optimize energy consumption and ensure efficient use of the power supply, maximizing the
operational time of the bionic arm.

5. Enhance the usability and customization of the bionic arm, making it more accessible and
effective for a variety of users by creating a system that can adapt to individual needs.

SCOPE OF PROJECT

The development of advanced prosthetic devices, particularly bionic arms, is essential to improving
the quality of life for individuals who have lost upper limbs due to injury, illness, or congenital
conditions. Conventional prosthetic arms often lack the dexterity, control, and adaptability required to
perform complex tasks, limiting their effectiveness. These devices are typically difficult to control,
require significant cognitive effort, and may not adapt well to the user's specific muscle signals, making
everyday activities challenging. There is a growing need for bionic arms that not only mimic natural
movements but also provide a more intuitive, responsive, and adaptable user experience. By
incorporating electromyography (EMG) sensors to capture muscle signals and utilizing Al and machine
learning (ML) models, it becomes possible to create a bionic arm that learns from and adapts to each
individual’s unique muscle patterns. This integration can significantly improve accuracy and
responsiveness, offering users a more natural and seamless interaction with their prosthetic arm

LITERATURE REVIEW
Cost Effective 3D-Printed Bionic Arms with Efficient Design

One of the major breakthrough in 3D printing is it's now possible to develop prosthetic solutions that
are both affordable and customized to individual needs. In 2021, for example, Yadav and his team
revealed a 3D-printed bionic arm that weighs just 428 grams and comes in at around $295. This design
uses electromyography (EMG) to capture muscle signals, which in turn lets the arm perform actions
like closing a fist, opening the hand, or waving. Machine learning techniques process these signals
almost instantly, resulting in smooth and natural movements. Although the primary goal is to help those
with disabilities, this technology could also benefit workers in high-risk environments who require
precise manual control. One challenge remains, however: the materials used in 3D printing sometimes
lack the durability and refined finish of parts produced through conventional manufacturing methods
[1]. In addition, work by Avilés-Mendoza and colleagues in 2023 presented a similar EMG-driven
bionic hand controlled by a neural network, while Maatoug (2023) introduced another design focused
on both reducing costs and enhancing user functionality [2, 3].

Enhancing Natural Grasp, Sensory Feedback, and Adaptive Movement

Efforts to improve prosthetic arms have increasingly focused on mimicking the natural abilities of
human limbs. In 2022, Babu and his team reviewed methods for refining prosthetic performance,
looking at ways to boost grip strength, incorporate myoelectric controls, and use advanced materials.
Their findings suggested that integrating vision-based systems and tactile sensors can offer users
immediate feedback, while hybrid gripper designs—combining elements of soft robotics with
traditional mechanisms—can handle various object shapes and textures. However, these sophisticated
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features often add complexity, making the devices more difficult to maintain and increasing energy
demands, which can shorten battery life [4]. Complementing this work, Guo’s team (2022) developed
adaptive control strategies for bionic arm joints that create smoother, more lifelike movements through
advanced algorithms. In 2024, Zhu and his group applied topology optimization and multi-objective
design techniques to improve both the strength and functionality of these devices, ensuring they meet
the demands of everyday use [5, 6].

Integrating AL, Neural Control, and Brain Interfaces in Prosthetics

The field of prosthetics is also experiencing a revolution thanks to artificial intelligence and brain
computer interfaces. One notable example is an Al enhanced bionic arm developed by Chitra’s team,
which employs gesture recognition to facilitate precise control over complex tasks [7]. Another
breakthrough came in 2024 when R. V and his colleagues engineered a bionic arm that responds to EEG
signals, allowing users to control the device using their brain activity—a promising approach for those
who have lost limbs. Similarly, the Ruoko bot, created by Kiwa’s team in 2023, combines advanced
robotics with neural control systems to offer a highly flexible and responsive prosthetic option. Finally,
research by Okorokova’s team in 2024 explored new methods for decoding natural grip forces in brain-
controlled bionic hands, pushing these devices closer to replicating the dexterity of a human hand [8, 9,
10].

COMPARATIVE ANALYSIS
Control Mechanisms

The Ruoko Bot is notable for utilizing EEG signals, which enable direct brain-to-device control,
facilitating intuitive operation In contrast, the 3D Printed Bionic Hand employs EMG signals, making
it more accessible for users with muscle-based control systems (Avilés-Mendoza et al., 2022) [2]. The
paper focusing on adaptive control for joint modules discusses techniques that enhance the movement
of bionic arms by optimizing joint mechanics for improved functionality (Xu et al., 2023) [11].

Additionally, the biomimetic grasp force decoding approach enhances the precision of grasping
actions by decoding forces directly from neural activity, potentially leading to smoother and more
natural interactions

Design and Manufacturing

The emphasis on 3D printing in the Development of 3D Printed Electromyography Controlled Bionic
Arm illustrates how this technology not only reduces costs but also allows for tailored designs that meet
individual needs . This theme is mirrored in AvilésMendoza et al. (2022), highlighting the advantages
of customization[2].

In terms of design inspiration, the bionic topology optimization paper advocates for mimicking
natural structures to achieve lightweight and efficient designs, enhancing the performance of prosthetics
(Zhu et al., 2024) [6]. The extensive review on holding, grasping, and sensing reinforces the significance
of biomimicry in developing bionic limbs that replicate human-like functions.

Performance and Adaptability

The integration of an online neural network in the 3D Printed Bionic Hand allows for real-time
adjustments, ensuring the device can learn and adapt to the user’s intentions (Avilés-Mendoza et al.,
2022). Similarly, the adaptive control strategies discussed by Xu et al. (2023) aim to improve
responsiveness to varying conditions, enhancing overall usability [11].

The bionic topology optimization design uses a multi-objective approach that strategically balances
weight and strength, representing a sophisticated engineering effort that can be applied across different
bionic systems (Zhu et al., 2024) [6].
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Functional Limitations

Each study acknowledges challenges like signal interference affecting control reliability (Avilés-
Mendoza et al., 2022;) [2]. The review on prosthetic functionality also notes that while advancements
have been made, achieving human-like dexterity remains a significant hurdle The Ruoko Bot, despite
its innovative control method, shares similar concerns regarding the interpretation of signals,
highlighting common obstacles in the field.

Applications and Future Directions

The evolution toward versatile bionic arms capable of performing a variety of tasks is evident across
the studies, with aspirations for devices that can handle intricate movements. Future research should
concentrate on enhancing user training methodologies to maximize device functionality. - An emerging
trend is the integration of sophisticated technologies like neural networks and machine learning, which
aims to refine control mechanisms and improve the adaptability of bionic arms (AvilésMendoza et al.,
2022 [2]; Xu et al., 2023) [11].

DISCUSSION

Our research delves into the process of controlling a bionic arm, which starts with neural activity in
the brain's motor cortex. This neural activity generates signals that travel down the spinal cord through
motor neurons to activate the muscles. The resulting excitation triggers the release of calcium ions,
leading to mechanical changes in the muscles essential for movement. To facilitate the prosthetic arm's
functionality, we utilize sensors that capture the electrical signals generated by muscle contractions.

The system architecture integrates a microcontroller to process various inputs and execute control
commands effectively. Additionally, we implement motors designed to provide precise movement
through modulation techniques, ensuring accurate positioning and speed adjustments. This allows users
to manipulate the bionic arm intuitively by contracting specific muscles, as the sensors translate these
muscle activities into corresponding movements, enabling seamless interaction with the prosthetic
device.

3D Printing

3D printing or additive manufacturing is the creation of three-dimensional objects based on CAD
models or 3D digital models. It is added by adding materials together (such as molten plastic, liquid, or
powder), often layer by layer, through various processes by which information is deposited, joined or
solidified under computer control in a computer system Dimension:

Symmetry in arm length is important for the wearer to avoid severe muscle asymmetry and muscle
pain caused by imbalance. Therefore, the arm design is designed to fit the size of the actual arm.

3D Printing of Arm

The 3D model of the bionic arm is designed and assembled to ensure full harmony of the arm and
hand. The hand has 9 degrees of freedom and 4 degrees of movement. Can perform difficult tasks with
precision. Five motors are connected to the tooth by springs to achieve a straight line. Linear actuators
have feedback that allows for precise fingertip control. The product was printed using PLA (Polylactic
Acid) material to provide a durable structure. Completely handcrafting requires less than 2kg of metal.
The total weight of the bionic arm is just under 350 grams. Figure 1 - 3 depicts the 3D structure of Palm
of the arm, Thumb finger of the arm and Fingers of the hand

Components
1. Microcontroller
e Examples: Arduino, Raspberry Pi, or STM32.
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e Purpose: Acts as the brain of the bionic arm, processing inputs from sensors and controlling

motors.
2. Sensors
e Types:

o Electromyography (EMG) sensors: To detect muscle signals.
o Gyroscope and accelerometer: For orientation and motion sensing.
o Flex sensors: To measure the degree of bending in fingers or joints.
e Purpose: Gather data for controlling the arm's movements.
3. Motors
o Types:
o Servo motors: For precise control of joint movements.
o Stepper motors: For applications requiring fine positioning.
e  Purpose: Provide movement for the bionic arm's joints.
4. Power supply
e Types: Rechargeable batteries (Li-ion or Li-Po).
e Purpose: Provide sufficient power for all electronic components, especially motors.
5. Communication modules
o FExamples: Bluetooth, Wi-Fi, or Zigbee modules.
e Purpose: Facilitate wireless communication between the bionic arm and a control device
(like a smartphone).
6. Mechanical components
e Types: 3D printed parts, brackets, and connectors.
e  Purpose: Create the physical structure of the bionic arm.
7. Signal processing unit
e Purpose: Process signals from sensors to interpret user intentions. This could be integrated
into the microcontroller or a separate unit.
8. Feedback mechanisms
e Examples: Vibration motors or haptic feedback systems.
e Purpose: Provide tactile feedback to the user for a more natural experience.
9. Control software
e Purpose: Develop algorithms for interpreting sensor data and controlling the motors. This
may involve machine learning techniques for gesture recognition.
10. Development tools
o FExamples: IDEs for programming (e.g., Arduino IDE, Visual Studio Code) and simulation
tools for testing designs.
e Purpose: Facilitate coding, debugging, and simulating the arm’s operations before physical
implementation.

SYSTEM ARCHITECTURE OVERVIEW

The Figure 1 illustrates the architecture of a control system for a bionic arm, which integrates user
input, sensors, processing units, and motor components. User muscle signals and gestures are detected
by an EMG sensor and a camera, which serve as input sources. These signals are processed by a
microcontroller, the central hub of the control system, to forward EMG data for analysis and manage
power distribution via the power supply unit. The Al engine processes the signal data received from the
microcontroller, optimizing control adjustments and providing feedback for precise motor control. The
motor drivers then activate the motors and arm components of the bionic arm, enabling movement and
functionality. Feedback loops ensure refined and adaptive responses, with visual and EMG data
enhancing the system's real-time processing and functionality. The overall setup demonstrates the
synergy between sensors, Al, and motor systems in enabling the bionic arm to perform intuitive and
controlled movements.
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Figure 1. Proposed architecture system for smart bionic arm.

CONCLUSION
The development of advanced bionic arm technologies represents a significant leap forward in

prosthetic design, promising to enhance the quality of life for individuals with limb loss. This review
highlighted various innovative approaches, including the integration of EMG signals for control,
machine learning for gesture recognition, and the use of biocompatible materials to improve user

comfort.

Key findings indicate that combining artificial intelligence with robotics can lead to more intuitive
and responsive prosthetic devices, allowing users to perform everyday tasks with greater ease and
precision. Furthermore, the exploration of different sensor technologies can enhance the arm's
functionality, making it capable of adapting to various environments and tasks.

Despite the remarkable progress made in this field, challenges remain, particularly in ensuring the
affordability and accessibility of these technologies. Future research should focus on refining control
algorithms, expanding sensor integration, and conducting user feedback studies to continuously
improve design and functionality.

Ultimately, the continuous evolution of bionic arm technology, driven by interdisciplinary research
and collaboration, holds great potential for transforming the lives of users and addressing the growing

demand for effective prosthetic solutions.
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