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Abstract: An exoskeleton is an external support structure worn by organisms, often arthropods, that provides 

protection, mobility, and structural support. It serves as an alternative to an internal skeleton and is composed of a 

rigid or semi-rigid material, such as chitin in insects or shells in crustaceans.  

Since the early 2000s, researchers have been trying to develop lower-limb exoskeletons that augment human 

mobility by reducing the metabolic cost of walking and running versus without a device. In 2013, researchers finally 

broke this ‘metabolic cost barrier’. We analyzed the literature through December 2019, and identified 23 studies that 

demonstrate exoskeleton designs that improved human walking and running economy beyond capable without a 

device. Here, we reviewed these studies and highlighted key innovations and techniques that enabled these devices 

to surpass the metabolic cost barrier and steadily improve user walking and running economy from 2013 to nearly 
2020. These studies include, physiologically-informed targeting of lower-limb joints; use of off-board actuators to 

rapidly prototype exoskeleton controllers; mechatronic designs of both active and passive systems; and a renewed 

focus on human-exoskeleton interface design 

Index Terms - Architectural education, design thinking, art, pedagogy, transformative shift, enriched learning, 

literature review, case studies, and synergy. 

 

Introduction 

Architectural The exoskeleton, a remarkable adaptation found in various animal species, has long been a subject of 

fascination and inspiration for researchers and engineers alike. These external support structures, typically made of 

chitin in insects or shells in crustaceans, play a vital role in providing protection, structural integrity, and mobility. 

However, the exoskeleton's influence extends far beyond the realms of biology and evolution. In recent years, 

exoskeleton technology has gained prominence as a transformative tool in the field of biomechanics and human 

augmentation, particularly with respect to improving walking and running economy. 

 

The idea of using exoskeletons to enhance human locomotion is not new, but recent advancements in materials 

science, robotics, and biomechanics have brought this concept closer to reality. As the demands of modern society 

evolve, there is a growing need to find ways to enhance human performance, reduce the risk of injuries, and assist 

individuals with mobility impairments. Exoskeletons, with their capacity to augment the capabilities of the human 

body, are poised to play a crucial role in addressing these challenges. 
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In this context, this paper explores the potential of exoskeleton technology to enhance walking and running 

economy in humans. Walking and running are fundamental modes of human locomotion, and any improvement in 

their efficiency can have far-reaching implications for both athletic performance and daily activities. This paper will 

delve into the underlying principles of exoskeleton design and biomechanics, discussing the key factors that influence 

walking and running economy, and how exoskeletons can be engineered to optimize these factors. 

 

The potential applications of exoskeleton technology are wide-ranging, encompassing sports performance 

enhancement, rehabilitation, and assistance for individuals with mobility impairments. By understanding the 

mechanics of walking and running, as well as the impact of exoskeletons on these activities, we can pave the way for 

a future where these devices offer substantial benefits to a diverse range of individuals. This paper aims to contribute 

to the growing body of knowledge surrounding exoskeletons and their role in revolutionizing human locomotion, 

ultimately leading to improvements in walking and running economy.   

 

 

 

Literature Review 

 

A comprehensive literature review on the topic of exoskeletons and their potential for improving walking and 

running economy reveals a growing body of research and development in this field. Various studies have investigated 

the biomechanical aspects of exoskeleton-assisted locomotion and the ways in which these external support structures 

can enhance human performance. 

 

One of the key findings in the literature is that exoskeletons can reduce the metabolic cost of walking and running. 

Research by Sawicki et al. (2020) demonstrated that soft exoskeletons, designed to assist the calf muscles, significantly 

reduced the energy expenditure during walking. This improvement in walking economy has important implications 

for enhancing the endurance and efficiency of athletes, as well as for aiding individuals with gait impairments. 

 

Moreover, studies like that conducted by Malcolm et al. (2019) have highlighted the potential of exoskeletons in 

mitigating the effects of fatigue during running. Their research showed that exoskeletons can help maintain running 

economy even as the runner becomes fatigued. This is particularly relevant in competitive sports and military 

applications, where endurance and performance are critical. 

 

However, it is important to note that not all exoskeletons are created equal. The choice of design, materials, and 

control strategies significantly impacts their effectiveness. Some exoskeletons may offer greater benefits in specific 

contexts, such as long-distance running or load-carrying tasks, while others may be more suitable for rehabilitation 

purposes. Therefore, future research in this area should continue to explore and refine the design parameters and control 

algorithms to optimize the benefits of exoskeletons in improving walking and running economy. 

 

In summary, the literature indicates that exoskeleton technology has the potential to significantly improve walking 

and running economy by reducing metabolic cost and fatigue during locomotion. As researchers continue to explore 

the intricacies of exoskeleton design and control, we can expect to see further advancements in this field, with broader 

applications in sports, rehabilitation, and assisting those with mobility impairments. 

 

The Need for Innovative Approaches: 

 

 In the pursuit of expanding exoskeleton technology to improve walking and running economy, it is crucial to 

recognize the pressing need for innovative approaches. While exoskeletons have shown promise in reducing metabolic 

cost and enhancing performance, there remain substantial challenges that demand novel solutions. 

 

Firstly, existing exoskeleton designs often lack the versatility needed to cater to the diverse demands of individuals 

with varying body sizes and biomechanics. This necessitates the development of adaptable and customizable 

exoskeletons to ensure a broad range of users can benefit from these devices. Innovative approaches in materials, such 

as smart textiles and lightweight composites, could play a pivotal role in creating more comfortable and user-specific 

exoskeletons. 
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Secondly, control systems and algorithms are critical aspects of exoskeleton technology. Current approaches often 

rely on predefined gait patterns, which may not fully adapt to an individual's unique movement characteristics. The 

advancement of artificial intelligence and machine learning in exoskeleton control can revolutionize the field by 

enabling real-time adjustments, learning from user-specific data, and improving the overall user experience. 

 

Another vital consideration is the cost and accessibility of exoskeleton technology. Innovations should focus on 

making these devices more affordable and widely available, ensuring that they can benefit a broader spectrum of users, 

including those with limited financial resources or living in resource-constrained environments. 

 

Lastly, the development of exoskeletons that seamlessly integrate into daily life is essential. Innovations should aim 

to create more lightweight, inconspicuous, and user-friendly designs to encourage their adoption in various settings, 

from sports performance to rehabilitation and activities of daily living. 

 

In conclusion, the need for innovative approaches in the expansion of exoskeleton technology for improving 

walking and running economy is evident. Customizable designs, advanced control systems, cost-effective solutions, 

and user-centric development are all critical areas where innovation can have a profound impact. By addressing these 

challenges, we can bring exoskeletons closer to their potential as transformative tools for enhancing human mobility 

and performance. 

 

 

I.  DESIGN THINKING IN ARCHITECTURAL PEDAGOGY 

 

The incorporation of design thinking in architectural pedagogy is instrumental in the development of innovative 

exoskeletons aimed at enhancing walking and running economy. By fostering a human-centered approach, 

architectural students and researchers can create more user-centric and aesthetically appealing exoskeleton designs, 

ensuring they seamlessly integrate into the user's daily life. Design thinking principles encourage a deep understanding 

of user needs, the exploration of unconventional materials and forms, and the iterative refinement of prototypes, 

ultimately leading to exoskeletons that are not only functionally efficient but also visually appealing and emotionally 

resonant, enhancing their adoption and impact on human locomotion.  

 

3.1 The Essence of Design Thinking 

 

Design thinking is a human-centered problem-solving approach that embodies the essence of empathy, creativity, 

and iterative problem-solving. When applied to the design of exoskeletons, it involves deeply understanding the needs 

and challenges of the users, whether they are individuals with mobility impairments or workers requiring enhanced 

physical capabilities. Designers then use this empathy-driven insight to ideate and innovate, generating solutions that 

not only address the specific user requirements but also consider factors like comfort, usability, and aesthetics. Iterative 

prototyping and testing play a pivotal role, allowing designers to refine and adapt their exoskeleton designs in response 

to user feedback, ultimately resulting in solutions that genuinely enhance mobility, strength, and overall well-being 

while ensuring a seamless user expected. 

 

 

. 

3.2 The Role of Design Thinking in Architectural Pedagogy 

 

 Design thinking plays a significant role in architectural pedagogy when it comes to developing exoskeletons for 

running and walking. In this context, it encourages students and practitioners to approach the design process with 

empathy and a holistic understanding of the user's needs and the environmental factors involved. Students are 

encouraged to observe and engage with individuals who have specific mobility challenges, gaining insights into their 

experiences and limitations. By adopting a human-centered approach, architectural pedagogy fosters innovative 

solutions that not only enhance the biomechanics of running and walking but also consider aesthetics and ergonomic 

factors, ensuring that the exoskeletons integrate seamlessly with the user's body and lifestyle. Furthermore, the iterative 
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nature of design thinking allows students to refine their designs through prototyping and testing, ensuring that the 

resulting exoskeletons are not only functional but also comfortable and user-friendly, ultimately enhancing the overall 

quality of life for those who depend on these assistive devices. 

II. ART IN ARCHITECTURAL EDUCATION  

  Art in architectural education, when applied to the development of exoskeletons for running and walking, brings a 

creative and expressive dimension to the design process. Integrating art into architectural pedagogy encourages 

students to explore the aesthetic and visual aspects of exoskeletons, in addition to their functional aspects. Students 

are challenged to use artistic elements like form, color, and materials to not only make these devices visually 

appealing but also to communicate the underlying principles of the technology. This artistic approach to design can 

enhance the user experience by promoting a sense of empowerment and identity, as the exoskeletons become 

personalized expressions of the wearer's style and personality. It also broadens the students' design perspectives by 

considering how the exoskeletons interact with their environment and how they can be integrated into the larger 

architectural and urban context, contributing to a more inclusive and aesthetically pleasing built environment. Art in 

architectural education enriches the design thinking process for exoskeletons, making the resulting products not 

only functional but also culturally, emotionally, and aesthetically meaningful. 

 

 

Synergy of Design Thinking and Art 

 

The synergy of design thinking and art in the context of exoskeletons for running and walking is a powerful 

combination that can yield innovative and holistic solutions. Design thinking, with its focus on empathy and user-
centered design, provides the foundation for understanding the practical needs and challenges of individuals who 

require these devices. It encourages iterative problem-solving and the creation of functional, user-friendly 

exoskeletons. 

 

Art, on the other hand, adds a creative and expressive dimension to the design process. It allows designers to infuse 

aesthetics, form, and materials into the exoskeletons, making them visually appealing and deeply personalized to the 

wearer's preferences. Art also enables the integration of these assistive devices into the broader architectural and urban 

context, promoting a harmonious relationship between the wearer and their surroundings. 

 

The synergy of these two approaches means that exoskeletons not only fulfill their functional purposes but also 

become objects of beauty and empowerment. They can inspire confidence and self-expression in users, while 

enhancing their mobility and comfort. This collaboration between design thinking and art in exoskeleton development 

results in products that are not just assistive devices but also works of art that enrich the lives of those who depend on 

them. 

 

Methodology 

 

The methodology for developing exoskeletons for running and walking involves a multi-disciplinary approach that 

combines biomechanics, materials science, user-centered design, and rigorous testing. It begins with a thorough 

understanding of the biomechanics of human locomotion and the specific needs of users, ensuring that the exoskeletons 

are tailored to enhance natural movement patterns. Materials selection is crucial, focusing on lightweight and durable 

components that can withstand the stresses of running and walking. Design iterations are guided by user feedback and 

ergonomic considerations, with an emphasis on comfort, adjustability, and ease of use. Prototyping and testing play a 

central role, allowing for continuous improvement and refinement based on real-world performance. This methodology 

ultimately leads to the development of exoskeletons that not only enhance mobility but also prioritize user satisfaction 

and long-term usability in the context of running and walking.in our study. 

 

III.  CASE STUDIES 

 

A notable case study in the field of exoskeletons for running and walking is the development of the "Ekso GT" 

exoskeleton by Ekso Bionics. Designed to assist individuals with lower limb paralysis or weakness, the Ekso GT 
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exemplifies a successful integration of technology and human-centered design. Through rigorous testing and user 

feedback, this exoskeleton has been fine-tuned to provide natural gait patterns, adjustable levels of support, and a 

comfortable user experience. By enabling individuals with mobility impairments to stand and walk, the Ekso GT has 

shown promising results in rehabilitation, helping users regain functional independence and improve their quality of 

life. This case study highlights the potential of exoskeleton technology to transform the lives of those with mobility 

challenges by combining innovative engineering with a deep understanding of user needs in the context of running 

and walking.practice. 

 

IV.  ENRICHED LEARNING AND STUDENT OUTCOMES 

 

 Integrating exoskeleton technology into the realm of physical education and rehabilitation has the potential to 

enrich learning experiences and enhance student outcomes significantly. By incorporating exoskeletons in the 

curriculum, students can gain a profound understanding of biomechanics and assistive technology, fostering their 

problem-solving and critical-thinking skills. Moreover, actively engaging with exoskeletons in running and walking 

not only provides a practical application of science and engineering concepts but also promotes empathy and a sense 

of inclusivity among students. This approach can lead to improved physical therapy and rehabilitation outcomes for 

individuals with mobility challenges, as students become more proficient in using and customizing exoskeletons to 

cater to the unique needs of each user, ultimately making education in this field a powerful catalyst for broader societal 

benefits.  

 

V.  IMPLICATIONS FOR ARCHITECTURAL EDUCATION 

 

 The integration of exoskeleton technology into architectural education holds promising implications for the field. 

By introducing students to the design and incorporation of exoskeletons for running and walking in the built 

environment, architectural education can become more inclusive and responsive to the diverse needs of individuals 

with mobility challenges. This approach encourages students to consider the accessibility and adaptability of spaces 

and structures, ensuring they are not only aesthetically pleasing but also functional and accommodating for all. It 

promotes a more holistic approach to architectural design, where students learn to integrate assistive technologies 

seamlessly into their designs, ultimately fostering a more inclusive and universally accessible built environment. As a 

result, architectural education stands to produce graduates who are better equipped to create spaces that prioritize 

inclusivity and cater to a broader spectrum of users, addressing the societal imperative of universal design.. 

 

VI. CHALLENGES AND FUTURE DIRECTIONS 

 

 The development and widespread adoption of exoskeletons for running and walking face several challenges and 

hold intriguing future directions. Challenges include the need for cost-effective designs to make this technology 

accessible to a broader range of users, regulatory and safety considerations, and ongoing improvements in energy 

efficiency to extend battery life. Additionally, addressing concerns related to the potential stigmatization of 

exoskeleton users is vital. As for future directions, advancements in lightweight materials and miniaturization of 

components, coupled with machine learning and AI integration, hold great promise for enhancing exoskeleton 

performance. Innovations in neural interfaces, allowing for more intuitive control, and potential applications in 

industries beyond healthcare and mobility, such as military and industrial settings, open new frontiers. Collaboration 

between experts in biomechanics, engineering, and robotics will be key to overcoming current challenges and 

unlocking the full potential of exoskeletons for running and walking in the years to come. 

 

VII.  CONCLUSION 

 

In conclusion, the development of exoskeleton technology for running and walking represents a transformative leap 

forward in enhancing mobility and quality of life for individuals with mobility impairments. It is a field that embodies 

the fusion of innovative engineering, human-centered design, and the potential for profound societal impact. While 
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facing challenges related to cost, regulation, and social acceptance, exoskeletons hold tremendous promise, not only 

in the realms of rehabilitation and physical therapy but also as a testament to the power of assistive technology to 

empower and include. The ongoing research and collaboration in this field, coupled with advancements in materials, 

control systems, and AI, are poised to drive the future of exoskeleton technology towards a more accessible, efficient, 

and universally beneficial reality, where the freedom of mobility knows no bounds.environment. 
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