
Chapter 28: Search and Rescue Robotics

Introduction
Search and Rescue (SAR) Robotics is a specialized application of robotics
technology aimed at assisting emergency response teams in locating, rescuing,
and providing aid to victims in disaster-struck or hazardous environments. These
robots are engineered to navigate through rubble, collapsed structures, flooded
zones, or fire-affected areas where human access is restricted or dangerous. Civil
engineers, especially in urban planning and disaster management domains, need
to understand the integration of such robotic systems in real-world scenarios for
improving safety infrastructure and optimizing emergency response operations.

This chapter provides an in-depth understanding of the principles, technologies,
design considerations, and operational strategies involved in the development
and deployment of search and rescue robots. It includes classifications, sensors,
control systems, communication frameworks, AI integration, and challenges faced
during field operations.

28.1 Need for Search and Rescue Robotics
• Importance in disaster response (earthquakes, building collapse, floods,

landslides)
• Limitations of human rescue teams in dangerous terrains
• Case studies: 9/11 Twin Tower Rescue, Fukushima nuclear disaster, Turkey-

Syria earthquake

28.2 Classification of SAR Robots
28.2.1 Based on Mobility

• Wheeled Robots: Suitable for even, semi-damaged terrains
• Tracked Robots: Enhanced mobility on uneven, rough terrain
• Legged Robots: Inspired by animal locomotion; ideal for navigating

debris
• Aerial Robots (Drones/UAVs): Used for locating victims from air,

thermal imaging
• Underwater Robots (ROVs/AUVs): Deployed in flood or submerged

environments
• Hybrid Robots: Combines features of multiple mobility systems
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28.2.2 Based on Functionality

• Reconnaissance Robots: For environmental mapping and victim detec-
tion

• Medical Assistance Robots: Equipped with tools to provide first aid
• Evacuation Robots: Designed to carry or drag victims to safety

28.3 Design Considerations for SAR Robots
• Size and Form Factor: Compact to maneuver through tight spaces
• Robustness: Durable to withstand dust, water, heat, or radiation
• Payload Capacity: Should carry sensors, communication devices, or

small tools
• Power Management: Battery life optimization, solar or hybrid systems
• Thermal and Shock Resistance: To function in extreme temperatures

and shock loads

28.4 Sensor Technologies Used in SAR Robots
28.4.1 Vision Sensors

• RGB Cameras
• Infrared/Thermal Cameras
• 3D Vision Systems (Stereo Vision, Time-of-Flight)

28.4.2 Proximity and Mapping Sensors

• LiDAR (Light Detection and Ranging)
• Ultrasonic and Infrared Range Finders
• RADAR

28.4.3 Environmental Sensors

• Gas Sensors (CO2, methane, toxic gases)
• Temperature and Humidity Sensors
• Vibration and Acoustic Sensors (for detecting trapped victims)

28.4.4 Biosensors

• Heartbeat and respiration detection (through walls or rubble)
• Wearable health monitors for remote tracking of victims
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28.5 Control Systems and Navigation
• Teleoperated vs. Autonomous Systems

• Path Planning Algorithms:

– A*, Dijkstra’s, Rapidly-exploring Random Tree (RRT)

• Obstacle Avoidance Techniques:

– SLAM (Simultaneous Localization and Mapping)
– Potential Field Method

• Sensor Fusion and Decision Making

28.6 Communication Systems in SAR Robots
• Wireless Communication Protocols:

– Wi-Fi, ZigBee, LTE, Satellite

• Signal Propagation in Collapsed Structures

• Mesh Networking in Swarm Robotics

• Real-time Data Transmission Challenges

• Latency Management in Remote Operation

28.7 Artificial Intelligence and Machine Learning Applica-
tions

• Object and Human Recognition (using CNNs)
• Autonomous Decision-Making in Unmapped Terrain
• Predictive Modeling of Structural Collapse
• Emotion and Voice Recognition for Victim Interaction
• Reinforcement Learning for Movement Optimization

28.8 Human-Robot Interaction (HRI)
• User Interfaces for Operators (VR, AR, Joysticks, Haptic Feedback)
• Situational Awareness and Feedback Mechanisms
• Voice-Controlled or Gesture-Based Control Systems
• Psychological Comfort for Victims (robot design that mimics empathy)
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28.9 Deployment Strategies and Operational Workflow
• Pre-Deployment Mapping and Planning
• Robot Entry Point Decision in Collapsed Structures
• Coordination with Human Rescuers and Drones
• Multi-Robot Coordination and Task Allocation
• Post-Mission Data Analysis and Review

28.10 Swarm Robotics in SAR
• Use of multiple simple robots coordinating for:

– Area coverage
– Victim detection
– Relay communication networks

• Decentralized Decision-Making

• Self-healing Networks for Broken Communication Links

28.11 Ethical, Legal, and Safety Concerns
• Privacy of Disaster Victims (camera and sensor limitations)
• Malfunction Risks and Fail-Safe Mechanisms
• Regulations Governing UAVs and Ground Robots in Civil Areas
• Ethical Use of AI in Decision-Making
• Liability in Case of Injury or Damage by Robot

28.12 Challenges and Limitations
• Harsh Environmental Conditions: Fire, Dust, Water
• Unreliable GPS and Communication Signals
• Limited Power Supply in Field Operations
• Dynamic Terrain and Continuous Debris Shifting
• Cost of Development and Maintenance
• Training Requirements for Operators

28.13 Emerging Trends and Future Scope
• Integration with 5G for ultra-low latency control
• Use of bio-inspired designs (snake robots, flying insects)
• Autonomous drone fleets for mapping and medical supply
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• Integration with Civil Infrastructure Health Monitoring
• Use of SAR robots in smart cities and post-disaster rebuilding

28.14 Case Studies of Real-World SAR Robot Deployments
28.14.1 World Trade Center Collapse (2001)

• Early deployment of snake robots, PackBots, and tethered systems
• Challenges: collapsed structures, dust, poor visibility
• Lessons learned: need for compact design and robust communication

28.14.2 Fukushima Daiichi Nuclear Disaster (2011)

• Radiation-proof robots used for inspection and repair
• Remote-controlled robots mapped interior damage
• Introduced autonomous mapping under radiation exposure

28.14.3 Turkey–Syria Earthquake (2023)

• UAVs with thermal imaging used to locate victims in snow-covered rubble
• Robots worked alongside drones and ground personnel
• Demonstrated synergy between civil response teams and autonomous tools

28.14.4 Thailand Cave Rescue (2018)

• Use of small, waterproof drones and underwater ROVs
• Robotics provided navigation support in tight submerged spaces
• Enabled pre-planning of rescue routes with 3D mapping

28.15 Integration with Civil Engineering Practices
28.15.1 Structural Health Monitoring and Damage Assessment

• Use of SAR robots post-disaster for structural scanning
• LiDAR and photogrammetry for civil structure integrity evaluation

28.15.2 Robotics in Urban Search and Rescue (USAR)

• Civil engineers can plan urban layouts to accommodate rescue robot
mobility

• Embedding robot-friendly access points in modern building design

28.15.3 Infrastructure Mapping and Debris Removal

• Robots deployed to clear hazardous zones prior to civil restoration work
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• Assist in assessing bridges, tunnels, dams after disaster events

28.16 Robot Testing and Validation in Simulated Environ-
ments
28.16.1 Testing Standards

• National Institute of Standards and Technology (NIST) protocols
• ASTM standards for robot performance metrics (speed, agility, vision)

28.16.2 Simulation Environments

• Sandia National Labs Rubble Fields
• RoboCup Rescue Simulation League
• DARPA Subterranean Challenge test beds

28.16.3 Environmental Replication

• Simulated collapsed buildings, tunnel collapses, underwater hazards
• Stress testing for thermal, acoustic, vibration, and toxic environments

28.17 Software and Simulation Tools
• Gazebo and ROS (Robot Operating System): Widely used for SAR

simulation and control logic
• Unity/Unreal Engine: For simulating terrain and victim interaction in

virtual SAR missions
• V-REP/CoppeliaSim: Multi-robot coordination and testing under con-

strained environments
• OpenCV and TensorFlow: Vision and ML-based decision-making

frameworks

28.18 Interdisciplinary Collaboration
28.18.1 Role of Civil Engineers

• Pre-disaster planning and structural vulnerability mapping
• Designing infrastructure with built-in robotic access

28.18.2 Collaboration with Computer Scientists

• Development of AI/ML algorithms for autonomous navigation
• Real-time control systems and communication frameworks
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28.18.3 Role of Mechanical Engineers

• Mechanical design of rugged robots with adaptive limbs
• Material science for radiation, water, and heat resistance

28.18.4 Role of Medical Experts

• Integration of telemedicine and first-aid delivery mechanisms
• Designing payloads to support physiological monitoring

28.19 Future Innovations and Research Directions
28.19.1 Self-Healing Robots

• Use of soft robotics and self-repairing polymers
• Enables continued operation post minor mechanical failures

28.19.2 Quantum Sensors in SAR

• Ultra-sensitive motion detectors to locate trapped individuals
• Improved navigation in magnetically noisy environments

28.19.3 Neuromorphic Chips for Energy Efficiency

• Real-time, low-power computation mimicking brain-like responses
• Enhances on-field AI performance under limited power

28.19.4 Shape-Shifting Robots

• Origami-based compacting structures
• Navigate through cracks and expand in open spaces

28.19.5 SAR Robotics in Space and Extraterrestrial Missions

• Martian cave explorations, Moon lava tubes search
• Search operations on uninhabitable planetary terrains

28.20 Disaster-Resilient Infrastructure through Robotics
• Embedding sensors and robotic response units in smart buildings
• Real-time structural diagnostics during tremors or shocks
• Self-inspecting bridges and tunnels after quakes or floods
• Feedback loop between robotics data and civil engineering retrofitting
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