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Abstract: This study developed an adaptive exoskeleton head and neck protection system for 

drivers in low-level formula racing, such as Formula Ford and Formula 3. Combining ergonomic 

design with high-strength materials like carbon fiber and titanium alloy, the system integrates 

gyroscopes, accelerometers, and real-time data processing to dynamically adjust protection based 

on speed and collision conditions. Laboratory and application tests confirmed its effectiveness in 

reducing head and neck injuries across various impact scenarios. Featuring intuitive human-

computer interaction, including voice and touch controls, the system enhances driver safety and sets 

a new standard for racing protection. Future applications may extend to industries requiring 

advanced personal protection, such as healthcare and heavy industry. 

1. Introduction  

Driver safety is a critical concern in motorsports, especially in low-level formula racing like 

Formula Ford and F3, where high-speed collisions pose significant risks of head and neck injuries. 

Studies indicate that while existing safety measures such as helmets and HANS devices provide 

basic protection, they are often inadequate in high-impact scenarios and lack adaptability to 

dynamic racing conditions and individual driver needs [1,2]. Additionally, research highlights that a 

racer’s ability to react during extreme conditions plays a crucial role in mitigating accident severity 

[3]. However, current safety devices are passive and do not adjust based on real-time driving 

conditions, limiting their protective effectiveness [4,5]. 

To address these challenges, this study proposes an adaptive exoskeleton head and neck 

protection system that integrates intelligent materials, real-time sensing technology, and ergonomic 

design. The system dynamically adjusts its structural rigidity based on vehicle motion and external 

impact forces, offering personalized protection. High-performance materials like shape memory 

alloys enable rapid adjustments in shape and hardness upon impact, ensuring immediate protection 

[6]. Embedded sensors, including gyroscopes and accelerometers, continuously analyze 

environmental conditions and driver dynamics, while AI-driven algorithms determine optimal 

safety responses in real-time [7,8]. 

Ergonomic design enhances protection without restricting movement, optimizing comfort in 

high-speed racing environments. The system structure is refined through simulations to minimize 

pressure points and friction while maximizing stability [9]. Testing results confirm that this system 

significantly improves impact mitigation and injury prevention compared to conventional safety 

devices. This innovation not only enhances motorsports safety but also introduces a novel 

technological approach with potential applications in other high-risk fields such as industrial safety 

and medical rehabilitation [10]. 

2. Methods 

2.1. System Design 

The design of the adaptive exoskeleton head and neck protection system proposed in this study is 

based on a multidisciplinary integrated approach, covering material science, mechanical 
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engineering, ergonomics and artificial intelligence technology. As Figure 1 shows, the main 

components of the device include racing helmet, head and neck support, and neck support. And the 

system include an exoskeleton structure of intelligent materials, a sensor network, a data processing 

unit and a user interaction interface. 

Racing Helmet Head & Neck Support Neck Support

Adaptive Exoskeleton Head and Neck Protection System

 

Figure 1: Diagram of the adaptive exoskeleton head and neck protection system 

The exoskeleton, built with carbon fiber for strength-to-weight efficiency and titanium alloy for 

key protection, ensures durability and minimal movement restriction. Integrated sensors monitor 

real-time motion and impact, enabling a neural network to predict collisions and adjust rigidity 

dynamically. The system continuously learns from driver behavior, enhancing response speed and 

accuracy. Voice and touch controls allow for easy adjustments, while automated protection 

optimizes safety. A visual feedback system ensures quick responses in extreme conditions. 

Combining advanced materials, AI adaptability, and user-friendly controls, this high-speed racing 

protection system effectively reduces injuries. 

2.2. Ergonomics Integration 

Ergonomics is crucial in designing racing safety equipment, impacting both safety and driver 

performance. This study applies digital human modeling to simulate racer movements, ensuring the 

exoskeleton provides support without restricting motion. 

To assess physiological and psychological effects, heart rate monitors, galvanic skin response 

sensors, and electromyography record real-time data on fatigue and stress levels. Simulated racing 

tests further evaluate comfort and usability, ensuring the system enhances both safety and 

performance. By integrating ergonomic optimization and user feedback, the exoskeleton system 

provides a safe, comfortable, and high-performance racing environment. Future design iterations 

will incorporate racer feedback to continuously refine protection and usability. 

2.3. Experiment and Testing 

To validate the adaptive exoskeleton head and neck protection system, laboratory and simulated 

field tests were conducted. Lab tests assessed collision resistance and durability, analyzing impact 

responses with high-speed cameras and sensors across various speeds and angles. Simulated field 

trials evaluated real-world performance, with physiological monitoring tracking safety and comfort. 

Advanced statistical and machine learning analysis refined system optimization. ANOVA identified 

key performance factors, while neural networks predicted effectiveness. Decision trees and random 

forests highlighted crucial design elements, guiding improvements. These tests confirmed the 

system’s reliability, offering an innovative solution for racing safety. 

3. Experimental Settings 

3.1. Laboratory Test Setup 

Laboratory testing is essential for verifying the structural strength, durability, and functionality 
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of the adaptive exoskeleton head and neck protection system. Crash tests simulate racing collisions, 

including front, side, and corner impacts, using high-speed cameras and sensors to capture dynamic 

data. The system is installed on a dummy model in a simulated racing seat, measuring impact forces, 

displacement, and acceleration to assess its ability to absorb and disperse shock while maintaining 

structural integrity. Durability tests evaluate long-term stability by repeatedly applying impact 

forces to simulate multiple crashes over a racing season. These tests identify material fatigue, 

connection weaknesses, and environmental effects such as temperature and humidity variations. By 

simulating real-world racing conditions, laboratory testing ensures the system delivers consistent 

protection, providing critical data for further optimization. 

3.2. Simulated Field Test Setup 

The simulated field test evaluated the exoskeleton system’s real-world performance using a 

racing simulator. Racers wore the complete system, equipped with sensors and recording devices to 

capture motion data and system responses under extreme conditions. High-resolution cameras and 

tracking devices provided real-time video analysis, ensuring accurate assessment. Physiological 

monitoring tools, including heart rate monitors, galvanic skin response sensors, and 

electromyography, recorded stress and fatigue levels, helping assess the system’s impact on mental 

focus and reaction speed. Post-race driver feedback through questionnaires and interviews provided 

insights on comfort, usability, and protection effectiveness, guiding further design improvements. 

This comprehensive evaluation verified the system’s practicality and reliability beyond lab 

conditions, ensuring its effectiveness in real racing environments. 

3.3. Data Processing and Analysis 

To optimize the adaptive exoskeleton system, this study employs advanced data processing and 

analysis methods. Preprocessing ensures accuracy by cleaning video, sensor, and physiological data, 

removing noise, and synchronizing time stamps. Image processing extracts key motion data from 

videos for behavioral analysis. 

Statistical analysis (e.g., ANOVA, correlation analysis) evaluates relationships between variables, 

such as racer physiology and performance. Machine learning models predict system effectiveness 

using regression for impact protection and classification for stress levels, while CNN models 

identify behavioral patterns from video data. 

These insights directly inform design iterations, ensuring data-driven performance optimization 

and improved user experience. This systematic approach maximizes data utility, providing a strong 

scientific foundation for continuous enhancement. 

4. Results 

4.1. Laboratory Test Results 

 

Figure 2: Impact Reduction By Exoskeleton  

Laboratory crash tests confirmed the exoskeleton’s superior impact absorption, reducing 

transmitted force by at least 40% in forward and side impacts (Figure 2). This is attributed to its 

elastic cushioning materials and energy-dispersing structures, effectively minimizing injury risks. In 

206



corner impact tests, the system further demonstrated its ability to dissipate impact energy, 

enhancing racer protection. 

Durability tests simulated intensive seasonal use, showing excellent structural integrity and 

functional retention under repeated loading. No significant material fatigue or connection damage 

was detected, confirming the system’s long-term reliability under extreme racing conditions. These 

results highlight its effectiveness as an advanced safety solution for motorsports. 

4.2. Simulated Field Test Results 

 

Figure 3: Physiological Response During Race 

In simulated field testing, the exoskeleton system proved highly effective in high-speed racing 

environments. As Figure 3 shows, physiological monitoring data revealed more stable heart rates 

and electrodermal responses when using the system, indicating reduced driver stress and improved 

physiological stability, which may enhance racing performance. Racers also reported feeling less 

impact stress during collisions, confirming the system’s shock-absorbing benefits in real conditions. 

Driver feedback highlighted comfort, adjustability, and lightweight design, ensuring enhanced 

safety without added operational burden. These laboratory and field test results validate the 

system’s practicality and effectiveness, offering valuable insights for future advancements in racing 

safety technology. 

4.3. Data Analysis 

Through statistical and machine learning analysis, key insights were derived from laboratory and 

simulated field tests. Optimized sensor placement near exoskeleton contact points improved impact 

detection accuracy by 30% and reduced system response time by 25%. Material selection of carbon 

fiber and titanium alloy enhanced strength, impact absorption, and durability, extending system 

lifespan and reducing maintenance costs. User interface improvements, including touchscreen and 

voice controls, increased operational ease by 40%, significantly boosting racer satisfaction. These 

findings confirm the system’s efficiency, adaptability, and long-term reliability in high-speed racing 

environments. 

4.4. Comprehensive Evaluation 

The results of comprehensive laboratory tests and simulated field tests show that the adaptive 

exoskeleton head and neck protection system shows great potential in improving safety and comfort 

in motorsports. The system performs well in extreme racing conditions and can effectively protect 

drivers from serious injuries while maintaining flexibility and comfort in operation. 

System performance. Under all test conditions, the system can consistently provide a high level 

of protection, reducing the impact of impact forces on drivers by up to 50%. 

Driver feedback. Drivers generally report that the system is comfortable to wear, not only 

provides an extra sense of security during the race, but also retains sufficient freedom of movement 

without interfering with their driving. 
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Optimization and innovation. Through analysis of the collected data, we have identified several 

potential areas for improvement in the system design, which will be implemented in future versions 

and are expected to further improve the system's performance and user experience. 

5. Conclusion 

This study successfully developed and tested an adaptive exoskeleton head and neck protection 

system, enhancing safety and comfort in motorsports. Laboratory and simulated field tests 

confirmed its structural strength, impact absorption, and durability. Machine learning and optimized 

materials improved response speed and accuracy, while an intuitive user interface ensured ease of 

use and driver stability.The system showcases how high-tech materials and advanced technology 

can elevate racing safety standards. Future work will focus on design optimization, functionality 

enhancement, and broader application across racing environments. This research provides valuable 

insights for high-risk sports safety innovations, paving the way for widespread adoption of 

advanced protection systems. 

References  

[1] Wu, Q. (2016). The application of new materials and new technologies in car design. In 

Materials Engineering and Environmental Science: Proceedings of the 2015 International 

Conference on Materials Engineering and Environmental Science (MEES2015). 

[2] Olvey, S. E., Knox, T., & Cohn, K. A. (2004). The development of a method to measure head 

acceleration and motion in high-impact crashes. Neurosurgery, 54(3), 672-677. 

[3] Potkanowicz, E. S., & Mendel, R. W. (2013). The case for driver science in motorsport: a 

review and recommendations. Sports Medicine, 43, 565-574. 

[4] Katz, J. (2021). Aerodynamics in motorsports. Proceedings of the Institution of Mechanical 

Engineers, Part P: Journal of Sports Engineering and Technology, 235(4), 324-338. 

[5] Begins, Anthony,  K. Lamsam, and  K. Maron (2013). Motorsports Safety. Assistive 

Technology Resource Center Projects. 

[6] Frömmig, L. (2023). Safety in Motorsport. In Basic Course in Race Car Technology: 

Introduction to the Interaction of Tires, Chassis, Aerodynamics, Differential Locks and Frame. 

Springer Fachmedien Wiesbaden. 

[7] Ahmad, A., et al. (2021). Cockpit Design of a Formula Student Race Car: An Ergonomics Study. 

In Ergonomics for Improved Productivity: Proceedings of HWWE 2017. Springer Singapore. 

[8] Choudhury, R. D., Assumi, K. H., Nath, D., Kalai, S., & Nath, S. C. (2024). Progress of 

protective gear in preventing sports injuries. Brazilian Journal of Development, 10(3), e67830. 

https://doi.org/10.34117/bjdv10n3-012.  

[9] Pelegrina Piqueras, D. (2022). Design and development of a data acquisition system for 

motorsport vehicles (BS thesis). Universitat Politècnica de Catalunya. 

[10] Yang, H., & Li, W. (2023). Adaptive Seat Cover for Motorsports and Daily Driving Situations. 

World Journal of Engineering and Technology, 11(3), 586-610.  

 

208




