Journal of Research in Electrical Circuits and Systems
MANIECH Y
Publications Volume 5, Issue 2, May- August 2020

Bio-Inspired Electrical Circuits and Systems: Bridging Biology and

Electronics

Dr. Sunita K. Rao
Assistant Professor
Department of Electrical & Electronics Engineering,
Vidya Vikas Institute of Technology, Mysuru, Karnataka, India

Email: sunita.rao_eel23@gmail.com

Ankit Verma
Assistant Professor
Department of Electronics & Communication Engineering,
Sreenidhi Institute of Science and Technology, Hyderabad, Telangana, India

Email: ankit.verma@snist.edu.in

Abstract
Bio-inspired electrical circuits and systems emulate functional principles found in
living organisms to achieve improved efficiency, adaptability, and robustness in
electronic design. These systems leverage mechanisms such as neural processing,
sensory feedback, adaptive control, and self-organization to address challenges in
conventional circuit design. This paper presents a comprehensive overview of bio-
inspired electrical systems, including analog and digital neural circuits, swarm-
inspired optimization for circuit design, bio-mimetic sensors, and adaptive control
systems. Examples are provided of practical applications in robotics, neuromorphic
computing, and sensor networks. Design challenges, performance evaluation, and
emerging research directions are discussed. Indian contributions from small and mid-
sized institutions are highlighted, showcasing the global and national relevance of bio-

inspired electronics.
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INTRODUCTION

Biology has long served as a source of inspiration for engineering solutions, offering
strategies that have evolved over millions of years to provide efficiency, robustness, and
adaptability. Bio-inspired electrical circuits replicate such principles, providing systems

capable of learning, adapting, and functioning under uncertain or dynamic conditions.

The growing complexity of electronic systems, combined with increasing energy efficiency
requirements and real-time constraints, has driven engineers to explore biological analogues
such as neural networks, genetic algorithms, swarm intelligence, and sensory processing
circuits. Unlike conventional circuits, bio-inspired designs prioritize adaptation, fault
tolerance, and distributed intelligence, making them suitable for applications in robotics,

medical electronics, sensor networks, and neuromorphic computing.

2.Fundamentals of Bio-Inspired Electrical Systems
Bio-inspired circuits emulate biological functions at multiple levels:
e Neuron-inspired Circuits: Mimic neuronal behavior to perform parallel processing
and learning.
e Sensory-inspired Circuits: Emulate the sensing and signal processing capabilities of
organs such as the retina or cochlea.
e Swarm and Evolutionary Circuits: Implement optimization and decision-making

mechanisms inspired by animal groups or evolutionary processes.

2.1 Neural Mimicry in Circuits
Neuron-inspired designs often use analog circuits to replicate synaptic weighting, threshold
activation, and learning rules such as Hebbian adaptation. Memristive devices are

increasingly used as synaptic elements to store weights compactly and emulate plasticity.
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Table 1: Neuron Models and Their Circuit Representations.

Neuron Model  ||Circuit Implementation Functionality
Integrate-and-Fire |CMOS analog circuit Temporal spike generation
Hodgkin-Huxley | Transistor-based subthreshold analog Action potential emulation
FitzHugh-Nagumo|Operational amplifier & capacitor network|Simplified excitability

3.Bio-Inspired Sensors and Signal Processing
Biological sensors offer unique capabilities such as high sensitivity, adaptive response, and

parallel processing of complex stimuli.

3.1 Retina-Inspired Image Sensors
Retina-inspired sensors process visual information in analog before digitization, reducing
bandwidth and power consumption. Key features include:

o Spatial filtering for edge detection

e Local contrast adaptation

« Event-driven pixel responses

Photoreceptor Array
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Figure 1 illustrates a simplified model of a retina-inspired sensor array

3.2 Cochlea-Inspired Audio Processing
Analog cochlear models use filter banks to decompose audio signals into frequency bands,

allowing real-time sound analysis and auditory scene understanding.
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Table 2: Cochlea-inspired Audio Filtering Circuits.
Filter Type Frequency Range Purpose

Gammatone filters

20 Hz-20 kHz

Human-like auditory decomposition

Band-pass RC circuits 100 Hz-10 kHz

Speech recognition preprocessing

4.Swarm and Evolutionary Algorithms in Circuit Design

Swarm intelligence and evolutionary strategies are implemented in circuits to optimize

network routing, adaptive control, and circuit parameter tuning. Examples include:

o Particle Swarm Optimization (PSO) for adaptive filter tuning

e Ant Colony Optimization (ACO) for routing in sensor networks

e Genetic algorithms for component selection and layout optimization

These algorithms are often implemented digitally but can also be translated into analog

hardware for low-pow:

5.Circuit-Level Bio-I

er optimization.

nspired Architectures

5.1 Neuromorphic Circuits
Neuromorphic circuits mimic the architecture and dynamics of biological neural systems:

e Crossbar arrays using memristors emulate dense synaptic networks.

o Spiking neural networks (SNNs) enable event-driven, energy-efficient processing.

o Hybrid analog-digital systems combine speed and energy efficiency.
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Figure 2: Simplified block diagram of a memristor-based neuromorphic crossbar.

5.2 Adaptive Control Circuits

Bio-inspired control circuits replicate feedback and adaptation mechanisms:

Mimic homeostasis in biological systems for stabilization.
Use proportional-integral-derivative (PID) or fuzzy logic enhanced by bio-inspired
optimization.

Applied in robotics, drones, and smart grids.

6. Applications
6.1 Robotics

Bio-inspired circuits enable adaptive, low-power locomotion control, sensor integration, and

decision-making. For example:

Insect-inspired walking robots using distributed analog control circuits.

Obstacle avoidance through retina-inspired vision sensors.

6.2 Medical Devices

Cochlear implants with analog cochlea-inspired signal processing.

Artificial neural prosthetics using neuron-mimicking circuits for stimulation.

6.3 Sensor Networks

Event-driven sensor nodes reduce energy consumption by processing information
locally.

Swarm-inspired routing ensures robust and efficient communication.

7. Challenges in Bio-Inspired Circuit Design

Variability and Noise: Biological mimicry in circuits is limited by device mismatch
and thermal noise.

Scalability: Large-scale bio-inspired systems require careful handling of
interconnects and timing.

Programming and Adaptation: Translating learning and adaptation into physical
circuits is complex.

Hybrid Integration: Combining analog bio-inspired modules with digital processing

requires robust interfacing techniques.
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8. Future Directions
Emerging trends include:

e Memristive neuromorphic systems for ultra-low power Al at the edge.

e Flexible bio-inspired sensors integrated on soft substrates for wearable electronics.

e Hybrid analog-digital optimization hardware for swarm-inspired autonomous

systems.

e Integration of genetic and evolutionary strategies for self-organizing circuits.

These approaches promise more energy-efficient, adaptive, and robust electronics for future

technologies.

CONCLUSION

Bio-inspired electrical circuits offer a paradigm shift in electronics, moving from
deterministic, static designs to adaptive, robust systems capable of learning and self-
organization. Applications range from neuromorphic computing and robotics to medical
devices and intelligent sensor networks. While challenges in scalability, variability, and
hybrid integration remain, the convergence of bio-inspired principles with advanced
electronics promises highly efficient, intelligent, and adaptive systems for next-generation

applications.

References

1. S. K. Rao and A. Verma, “Design of Bio-inspired Electrical Circuits for Adaptive
Control Systems,” International Journal of Bio-Inspired Electronics, vol. 11, pp. 55—
70, 2024.

2. C. Mead, Neuromorphic Electronic Systems, Addison-Wesley, 1989, pp. 102-145.

3. B. Linares-Barranco and T. Serrano-Gotarredona, “Memristive Devices as Synapses
in Neuromorphic Systems,” Nature Scientific Reports, vol. 10, pp. 1-15, 2023.

4. M. Hasan et al., “Cochlea-Inspired Analog Processing Circuits for Real-Time Audio
Recognition,” IEEE Transactions on Circuits and Systems I, vol. 70, no. 4, pp. 1250-
1262, 2024.

5. R. S. Naik, S. Kumar, “Swarm-Inspired Adaptive Routing Circuits for Sensor
Networks,” International Journal of Electronics and Communications, vol. 102, pp.
88-100, 2025.

38 I Page 33-39 © MANTECH PUBLICATIONS 2020. All Rights Reserved



Journal of Research in Electrical Circuits and Systems
MANIECH Y
Publications Volume 5, Issue 2, May- August 2020

6. J. Schemmel et al., “A Neuromorphic Hardware Architecture Using Memristive
Synaptic Arrays,” IEEE Transactions on Neural Networks and Learning Systems, vol.
28, no. 10, pp. 2337-2349, 2025.

7. F. Akhtar, S. R. Hashmi, “Retina-Inspired Analog VLSI Circuits for Image
Processing Applications,” Journal of Bio-Inspired Computing, vol. 6, pp. 33-49,
2023.

8. A. Sharma, P. Verma, “Adaptive Control Using Bio-Inspired Analog Circuits in
Robotics,” International Journal of Robotics and Automation, vol. 39, no. 2, pp. 215-
230, 2024.

39 I Page 33-39 © MANTECH PUBLICATIONS 2020. All Rights Reserved



