Chapter 25: Safety Considerations in Human-Robot Inter-
action

Introduction

As robotics technology increasingly integrates into industrial, commercial, and
civil engineering environments, the interaction between humans and robots
has become more common and more critical. In particular, civil engineering
applications such as construction automation, structural inspections, and remote
site operations now rely on semi-autonomous or fully autonomous robotic systems.
However, with the benefits of automation come inherent risks to human safety.
This chapter discusses in detail the various safety considerations, guidelines,
and mechanisms necessary to ensure safe and effective human-robot interaction
(HRI) within civil engineering domains.

25.1 Understanding Human-Robot Interaction (HRI)

Human-Robot Interaction refers to the study and design of robotic systems that
can safely and efficiently coexist, cooperate, or collaborate with humans. In civil
engineering, this may include robots used in tasks like:

o Bricklaying

¢ Concrete spraying

o Demolition

e Bridge and tunnel inspection
o Hazardous material handling

Key aspects of HRI include:

¢ Communication and intent understanding between humans and robots
o Physical proximity and shared workspace challenges

e Operator control interfaces and feedback mechanisms

e Adaptive behavior in unpredictable environments

25.2 Types of Human-Robot Interaction Scenarios

Understanding the nature of interaction is key to determining the safety require-
ments. These interaction types include:

25.2.1 Coexistence Humans and robots work in the same area but are not
performing the same task or sharing tools or space. Example: A robot monitoring
structural cracks while workers carry out formwork.



25.2.2 Cooperation Robots and humans perform tasks in a shared space but
not at the same time. Sequential use of the same work cell.

25.2.3 Collaboration Humans and robots work simultaneously on the same
task. This is common in prefabricated structure assembly or pipeline welding.

25.2.4 Teleoperation Human operators control robots remotely, often used in
hazardous or hard-to-reach civil infrastructure inspections.

25.3 Hazards in Human-Robot Interaction

Robots, if not properly controlled or designed, can pose significant dangers to
human workers. The main types of hazards include:

25.3.1 Mechanical Hazards

e Crushing injuries from uncontrolled robotic arm movement
e Pinch points between joints or between robot and fixed structures
o Impact forces in collaborative environments

25.3.2 Electrical Hazards

o Exposure to high-voltage circuits used in heavy-duty construction robots
e Faulty insulation or grounding
o EMI interference causing unintentional behavior

25.3.3 Environmental Hazards

e Poor lighting and visibility
o Unstable surfaces at construction sites
e Dust, heat, and moisture affecting sensors and actuators

25.3.4 Software/System Failure

o Erroneous commands due to bugs
¢ Inadequate error handling in real-time systems
o Misinterpretation of sensor data

25.4 Standards and Safety Regulations

Several international and national bodies have developed safety standards for
robots, particularly for industrial and construction settings:

25.4.1 ISO 10218 Safety requirements for industrial robots including system
design, control systems, installation, and operation.

25.4.2 ISO/TS 15066 Technical specification for collaborative robots including
force/pressure limits for safe contact.



25.4.3 ANSI/RIA R15.06 American standard for industrial robot safety,

often aligned with ISO 10218.

25.4.4 BIS and Indian Guidelines Bureau of Indian Standards has started
developing specific safety guidelines for robotic systems in construction and

infrastructure projects.

25.5 Risk Assessment in HRI

Risk assessment is essential in all phases of robotic system deployment.

process includes:
25.5.1 Hazard Identification

o Identifying tasks that involve robot-human interaction
¢ Assessing the potential for mechanical or software failure

25.5.2 Risk Estimation

o Evaluating the severity of potential injury
o Probability of occurrence
e Frequency and duration of exposure

25.5.3 Risk Reduction Measures

e Design modifications
o Additional sensors and controls
e Administrative measures like training and signage

25.6 Safety Design Principles

Robotic systems should incorporate design features that mitigate risks.

principles include:
25.6.1 Inherently Safe Design

e Limit maximum speed and force of robot
e Use of rounded edges and soft materials on arms or grippers

25.6.2 Protective Measures

e Emergency stop mechanisms
e Safety-rated monitored stops
o Guarding systems (e.g., cages, laser curtains)

25.6.3 Information for Use

o Clear visual/auditory alerts
e User manuals and warnings
¢ On-device displays for robot status
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25.6.4 Additional Protection

e Personal protective equipment (PPE) for workers
¢ Redundant safety systems (e.g., dual-sensor cross-verification)

25.7 Safety Mechanisms in Robotic Systems
Modern robotic systems integrate several layers of safety features:
25.7.1 Proximity Sensors

¢ Infrared, ultrasonic, LiDAR, or vision-based sensors detect human presence.
25.7.2 Force/Torque Sensors

e Used in collaborative robots to detect abnormal resistance and halt motion.
25.7.3 Safety PLCs and Controllers

e Dedicated processors that manage safety-critical functions independently
of general control systems.

25.7.4 Vision and AI-Based Systems

¢ Real-time human pose estimation
e Activity recognition for predictive safety control

25.8 Training and Human Factors
Safety is not only a matter of hardware and software but also of human behavior.
25.8.1 Operator Training

e Proper handling, override, and reset procedures
¢ Understanding robot limitations and behavior

25.8.2 Ergonomic Interface Design

o Interfaces should reduce cognitive load
o Use of intuitive touch panels, joysticks, and AR/VR-based interaction

25.8.3 Fatigue and Stress Considerations

e Design systems that reduce worker fatigue
e Automated alerts during repetitive or hazardous tasks




25.9 Future Trends in Safe HRI
25.9.1 AI for Predictive Safety

¢ Using machine learning to anticipate accidents before they occur.
25.9.2 Wearable Sensors

o Workers wearing devices that communicate with robots to avoid collisions.
25.9.3 Augmented Reality (AR) Safety Visualization

¢ AR headsets can provide real-time robot motion overlays and danger zones.
25.9.4 Ethics in HRI

e As autonomy increases, ensuring ethical use and control of robots becomes
essential.

25.10 Collaborative Robot Safety (Cobots in Civil Engineering)

Collaborative robots (cobots) are specifically designed to work safely alongside
humans. Unlike traditional industrial robots that require cages and barriers,
cobots are equipped with sensors, limited force output, and compliant joints.

25.10.1 Key Features of Cobots in HRI

e Power and Force Limiting: Cobots are engineered to halt immediately
when contact with a human is detected.

¢ Speed and Separation Monitoring: Robots reduce speed as a human
approaches and stop if close contact is detected.

¢« Hand Guiding Mode: Cobots can be manually guided by a worker for
tasks like material positioning.

« Emergency Stop Integration: Cobots have accessible emergency stop
buttons to halt all operations instantly.

25.10.2 Application in Civil Engineering

e Assisting in bricklaying and tile placement

o Handling and transferring materials

o Bolt tightening in steel structures

e Supporting formwork and scaffolding installation

25.11 Case Studies in Human-Robot Safety

25.11.1 Case Study 1: Semi-Autonomous Excavator (Japan) In a
Japanese smart construction site, a semi-autonomous excavator was equipped
with 360-degree cameras, LIDAR, and ultrasonic proximity sensors. Human



workers wore RFID tags for real-time tracking. Outcome: Zero incidents over
a 3-month period; higher productivity observed.

25.11.2 Case Study 2: Bridge Inspection Robot (USA) A robotic crawler
used for cable-stayed bridge inspections in the U.S. employed thermal cameras
and LIDAR to navigate cables. Human operators worked on the deck. Safety
Approach: Robot movement was geofenced with alert systems linked to workers
wristbands. Result: Improved inspection efficiency with no human interference.

)

25.11.3 Case Study 3: India’s Road Laying Automation Project In India,
automated paver and robotic roller systems were tested in highway projects.
Issue: Improper demarcation of human paths resulted in minor near-miss
incidents. Solution: Integration of wearable GPS trackers and boundary
warnings.

25.12 Legal and Ethical Considerations in HRI Safety
25.12.1 Legal Framework in India and Globally

o India: As of now, robot safety is governed through general occupational
safety laws like the Factories Act and IS codes.

o Internationally: OSHA (USA), ISO/IEC, and EU directives form the
legal basis for robot safety.

25.12.2 Liability in Case of Incidents

e Determining fault in HRI is complex — could be the robot manufacturer,
system integrator, or site operator.
o Emphasis is placed on documentation, logging systems, and audits.

25.12.3 Ethical Design Principles

o Transparent behavior (robot must indicate intent)

o Predictable and consistent responses

o Fail-safe and privacy-conscious systems

e No over-reliance on autonomous decision-making for critical operations

25.13 Simulation and Virtual Testing for HRI Safety

25.13.1 Importance of Simulation Before deployment in real civil engineering
environments, safety scenarios must be simulated virtually to evaluate robot
behavior under different human proximity conditions.

25.13.2 Software Tools Used

e Gazebo, Webots: For robot movement and collision testing
¢ MATLAB Simulink: For control logic and safety circuit simulation



¢ ANSYS and CAD tools: For mechanical stress and structure simulation
under failure

25.13.3 Digital Twin in Civil HRI

¢ Creating a virtual replica of the entire worksite, with real-time sensor
inputs

o Predictive safety via simulation of human movement patterns

o Early detection of unsafe behaviors or deviations from standard protocols

25.14 Emergency Handling and Fail-Safe Mechanisms
25.14.1 Emergency Stop Protocols

¢ Robots must stop safely and quickly on emergency triggers.
o Triggers include software halt, physical buttons, sensor breach, or voice
command.

25.14.2 Redundancy Systems

¢ Dual-channel encoders
¢ Redundant safety relays
¢ Cross-checking via dual Al systems to prevent sensor spoofing or failures

25.14.3 Post-Incident Procedures

o Lockout/Tagout (LOTO) for safe human intervention
o Data log review for forensic investigation
o Safety review before reactivation

25.15 Safety Audits and Certification in Robotic Projects

25.15.1 Third-Party Safety Audits Before and during civil projects, third-
party audits can help identify safety weaknesses in human-robot systems.

25.15.2 Certification Standards

e CE Marking for EU-compliant robotic systems
e UL Certification for American markets
o ISO 13849 for functional safety of control systems

25.15.3 Site-Level Safety Audits Audits should include:

¢ Visual inspection

e System override tests

o Review of safety documentation

o Worker interviews for feedback on robot behavior
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