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Abstract. 

Exoskeletons are wearable robotic devices designed to augment human capabilities and 

provide rehabilitation support. Despite significant advances, their development faces 
numerous engineering challenges that hinder widespread adoption. This article 
critically reviews these challenges, including actuation systems, control strategies, 

human-machine interfaces, power supply, and ergonomics. It further discusses the 
current technological limitations and future research directions to enhance exoskeleton 

performance, usability, and safety. The article also provides graphical insights into 
component efficiency, power consumption trends, and user acceptance levels in the 
Pakistani context. Addressing these challenges is pivotal for advancing exoskeleton 

technology for industrial, medical, and military applications. 

Keywords: Exoskeletons, Actuation Systems, Human-Machine Interface, Power Efficiency, 

Ergonomics. 

INTRODUCTION 

Exoskeletons have emerged as a transformative technology with potential applications in 

rehabilitation, industrial load handling, and military support (Kazerooni et al., 2017)[1]. The 

development of exoskeletons involves multidisciplinary engineering efforts spanning mechanical 

design, electronics, control theory, and human factors engineering. Despite rapid technological 

progress, several core engineering challenges remain unsolved. Key difficulties arise in creating 

lightweight yet powerful actuation systems, designing intuitive control interfaces, managing 

energy consumption, and ensuring ergonomic compatibility with diverse users (Yang et al., 

2020)[2]. This article systematically reviews these engineering barriers, highlighting the current 

state of research and development, particularly in the context of Pakistan’s emerging robotics 

ecosystem. 
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1. Actuation Technologies in Exoskeletons 

The actuation system is a critical component in exoskeleton development, as it directly 

influences the device's ability to replicate or augment human motion effectively. Various types 

of actuators have been employed, each with unique advantages and limitations. 

Types of Actuators: 

 Electric Motors: Brushless DC (BLDC) and servo motors are commonly used due to their 

precise control, high efficiency, and reliability (Dollar & Herr, 2008)[3]. They enable fine 

motion control and are relatively easy to integrate with electronic control systems. However, 

electric motors tend to add considerable weight and bulk, which can impact wearer comfort. 

 Pneumatic Artificial Muscles (PAMs): These actuators mimic biological muscle behavior 

by contracting when pressurized (Ferris et al., 2005)[4]. PAMs are lightweight and provide 

compliant force output, making them ideal for wearable systems requiring natural movement 

dynamics. However, they require bulky compressors or tanks, which limits portability, and 

their response speed may be slower compared to electric motors. 

 Hydraulic Systems: Known for delivering high force and power density, hydraulics are 

effective for heavy-duty applications (Pons, 2010)[6]. They are, however, less suitable for 

wearable exoskeletons due to noise, potential leakage, and the need for heavy pumps, making 

miniaturization difficult. 

Trade-offs in Actuator Selection: 

Actuators must balance several performance factors: 

 Power-to-Weight Ratio: Lightweight actuators with high torque output are preferred to 

reduce user fatigue and improve mobility (Kazerooni et al., 2017)[1]. 

 Response Speed: Rapid actuation is essential for natural gait and dynamic tasks. Electric 

motors typically outperform pneumatic and hydraulic systems in speed (Young et al., 

2017)[5]. 

 Noise and Maintenance: Pneumatic and hydraulic systems may produce more noise and 

require more maintenance compared to electric actuators, impacting usability in quiet or 

sensitive environments (Ferris et al., 2005)[4]. 

Challenges in Miniaturization and Energy Efficiency: 

The compact integration of actuators without compromising performance remains challenging. 

Miniaturization efforts often reduce torque capacity or increase heat dissipation issues (Kim et 

al., 2018)[10]. Furthermore, actuators consume significant power, necessitating energy-efficient 

designs to extend battery life for untethered exoskeletons (Vanderniepen et al., 2019)[12]. 
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Balancing these constraints while maintaining durability and reliability is an ongoing area of 

research. 

2. Control Strategies and Algorithms 

Effective control strategies are pivotal in ensuring that exoskeletons respond accurately and 

safely to user intentions, enabling smooth, natural, and adaptive movement assistance. 

Overview of Control Approaches: 

 Position Control: This method involves commanding the exoskeleton joints to follow 

predetermined trajectories or positions. It is simple to implement but may not accommodate 

variations in user movement or external disturbances, leading to rigidity in motion (Young et 

al., 2017)[5]. 

 Force Control: Force control regulates the interaction forces between the user and the 

exoskeleton, allowing for compliant behavior and safer interaction. It is essential for 

applications requiring physical assistance without restricting voluntary movements (Pratt et 

al., 2004)[9]. 

 Impedance Control: Combining position and force control, impedance control models the 

dynamic relationship between applied forces and resulting motions. This approach enables 

the exoskeleton to adapt its stiffness and damping in response to the user’s movements, 

enhancing comfort and responsiveness (Kazerooni et al., 2017)[1]. 

Integration of Biosignals: 

 EMG-Based Control: Electromyography (EMG) signals, which measure muscle electrical 

activity, can be harnessed to infer user intent. EMG-based control allows exoskeletons to 

respond in real time to muscle activation patterns, enabling intuitive operation (Lopes et al., 

2015)[7]. Challenges include signal noise, muscle fatigue, and inter-subject variability. 

 Brain-Computer Interfaces (BCI): BCIs interpret neural signals to control exoskeletons, 

providing control pathways for users with severe motor impairments. Though promising, 

BCI integration requires sophisticated signal processing and machine learning algorithms to 

achieve reliable control (Caldwell et al., 2021)[8]. 

Adaptability and Learning Algorithms: 

Modern exoskeletons increasingly incorporate adaptive control and machine learning techniques 

to customize assistance according to individual user characteristics and changing conditions. 

These algorithms adjust control parameters dynamically, improving movement accuracy, 

comfort, and energy efficiency over time (Khan et al., 2023)[18]. Techniques such as 
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reinforcement learning and neural networks enable exoskeletons to learn optimal control policies 

from user feedback and environmental context (Shah et al., 2019)[19]. 

3. Human-Machine Interface (HMI) 

The Human-Machine Interface (HMI) is a vital component of exoskeleton systems that facilitates 

effective communication and coordination between the user and the device, ensuring 

responsiveness, comfort, and safety. 

Sensor Technologies for Real-Time Feedback: 

To achieve seamless interaction, exoskeletons rely on various sensors that continuously monitor 

user movements and environmental conditions: 

 Force Sensors: These sensors measure interaction forces between the exoskeleton and the 

user or external objects. They provide critical data for force and impedance control strategies 

by detecting applied loads, helping to adjust actuator output and prevent excessive force that 

could cause discomfort or injury (Young et al., 2017)[5]. 

 Inertial Measurement Units (IMUs): IMUs, consisting of accelerometers, gyroscopes, and 

magnetometers, capture dynamic motion data such as joint angles, acceleration, and 

orientation. This information enables real-time tracking of user movements and posture, 

facilitating adaptive control and gait phase detection (Ferris et al., 2005)[4]. 

 Additional Sensors: Electromyography (EMG) electrodes, pressure sensors, and proximity 

sensors further enhance feedback accuracy, allowing for multimodal sensing to improve 

robustness in various use scenarios (Lopes et al., 2015)[7]. 

Ergonomic Design Considerations to Reduce User Fatigue: 

Ergonomics plays a crucial role in the design of exoskeleton HMIs to minimize physical strain 

and enhance user acceptance: 

 Weight Distribution: Evenly distributing the device’s mass reduces localized pressure 

points and muscle fatigue during prolonged use (Wagner et al., 2019)[14]. 

 Adjustability: Customizable fittings accommodate anthropometric differences, ensuring 

proper alignment with user joints and comfortable movement (Kazerooni et al., 2017)[1]. 

 Thermal Management: Effective heat dissipation through breathable materials and 

ventilation prevents discomfort caused by device-generated warmth (Yu et al., 2016)[15].  
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Safety Mechanisms and Fail-Safe Designs: 

Safety is paramount in exoskeleton HMIs, demanding redundant and fail-safe systems to protect 

users from hardware or software failures: 

 Emergency Stop Systems: Manual or automatic emergency stop functions immediately 

disable actuators upon detecting abnormal forces or sensor malfunctions (Pratt et al., 

2004)[9]. 

 Mechanical Stops and Limits: Physical constraints prevent joint hyperextension or 

excessive range of motion beyond physiological limits, reducing injury risk (Herr & 

Grabowski, 2012)[13]. 

 Fault Detection Algorithms: Real-time monitoring algorithms detect sensor errors or 

communication faults, triggering safe shutdowns or switching to passive modes (Khan et al., 

2023)[18]. 

4. Power Supply and Energy Management 

Power supply and efficient energy management are fundamental challenges in the development 

of wearable exoskeletons, as they directly impact the device’s operational time, weight, and 

usability. 

Battery Technologies and Their Limitations: 

 Lithium-Ion Batteries: Currently, lithium-ion (Li-ion) batteries dominate portable 

exoskeletons due to their high energy density, relatively low weight, and rechargeability 

(Kim et al., 2018)[10]. However, they still impose constraints on operational duration, 

typically lasting only a few hours under continuous use. Additionally, thermal management, 

safety concerns related to overheating, and degradation over time limit their long-term 

performance. 

 Alternative Battery Systems: Emerging technologies such as lithium-sulfur and solid-state 

batteries promise higher energy densities and improved safety but face challenges in 

commercialization and integration within wearable devices (Kim et al., 2018)[10]. 

Energy Harvesting Techniques for Extended Operational Time: 

To overcome battery limitations, energy harvesting methods are explored to supplement power 

supply: 

 Kinetic Energy Harvesting: Using piezoelectric materials or electromagnetic generators, 

exoskeletons can capture energy from user movements, such as joint flexion or foot strikes, 

to recharge batteries or power auxiliary systems (Popovic et al., 2011)[11]. 
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 Thermoelectric Harvesting: Harvesting body heat and converting it into electrical energy 

offers a low-power supplementary source, although current efficiencies are low (Popovic et 

al., 2011)[11]. 

 Solar Energy: Incorporation of lightweight solar cells on exoskeleton surfaces can extend 

operational time during outdoor use, albeit with limited power output and dependency on 

environmental conditions. 

Optimization of Power Consumption Through Adaptive Control: 

Adaptive control algorithms contribute significantly to reducing energy consumption by 

dynamically adjusting actuator effort based on task demands and user behavior: 

 Variable Assistance: Providing assistance only when necessary—for instance, during load-

bearing or strenuous movements—reduces unnecessary actuator activation (Vanderniepen et 

al., 2019)[12]. 

 Regenerative Braking: During deceleration phases, some exoskeleton designs recover 

mechanical energy to recharge batteries, enhancing energy efficiency (Herr & Grabowski, 

2012)[13]. 

 Sleep and Standby Modes: Intelligent power management suspends non-essential systems 

during inactivity, preserving battery life (Khan et al., 2023)[18]. 

Efficient integration of these technologies and strategies remains an active research area critical 

for achieving practical, untethered exoskeleton systems. 

5. Ergonomics and Usability Challenges 

Exoskeleton effectiveness depends heavily on ergonomic design and usability, ensuring devices 

are comfortable, safe, and psychologically acceptable to a broad user base. 

Anthropometric Variability Among Users: 

One of the primary challenges is accommodating the wide range of human body shapes and 

sizes. Variations in limb lengths, joint alignments, and body mass distribution necessitate 

adjustable or customizable exoskeleton frameworks to fit diverse users (Wagner et al., 

2019)[14]. Failure to properly align joints or fit body contours can cause discomfort, reduced 

mobility, and increased injury risk (Kazerooni et al., 2017)[1]. Anthropometric databases 

specific to regional populations, such as Pakistan, are essential for locally optimized designs 

(Hussain et al., 2021)[16]. 

Comfort, Weight Distribution, and Thermal Management: 
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Comfort is influenced by how the device’s weight is distributed across the user’s body. Uneven 

or excessive weight on specific body parts can cause pressure sores, fatigue, and muscle strain 

(Yu et al., 2016)[15]. Ergonomic padding, harness systems, and lightweight materials help 

alleviate these issues. Moreover, exoskeletons generate heat through actuators and electronics; 

inadequate thermal management can lead to sweating and skin irritation, negatively affecting 

long-term wearability (Wagner et al., 2019)[14]. 

Psychological Acceptance and User Training: 

Beyond physical comfort, psychological factors impact the adoption of exoskeletons. Users may 

experience anxiety, reduced confidence, or frustration when first interacting with complex 

robotic devices (Saeed & Rehman, 2020)[17]. Structured training programs and gradual 

acclimatization are vital to enhance user trust, competence, and satisfaction. Additionally, social 

perceptions and stigma associated with wearing assistive devices influence acceptance, 

underscoring the need for user-centered design and community education (Hussain et al., 

2021)[16]. 

Ruinan Jin, Xiao Li, Yaoliang Yu, and Baoxiang Wang contribute significantly to optimization 
research by strengthening the theoretical understanding of the Adam algorithm. Their study 
introduces a comprehensive convergence framework that removes the need for strict assumptions 

used in earlier work, such as uniformly bounded gradients. By proving that Adam converges 
under the same relaxed conditions typically used for SGD, the authors reduce the theoretical gap 
between adaptive and non-adaptive optimizers. Their work is important because it brings clarity 

and mathematical depth to a widely used optimization method in deep learning. 

Yifan Ou, Yao Li, and Qiong Zhou provides a rich analysis of how intangible capital is created 
and transformed within the Zhihu online community. Using interviews and mixed-method 

techniques, the authors examine how users’ prosocial behaviors—such as sharing knowledge and 
helping others—lead to the accumulation of cultural, social, symbolic, and even economic 
capital. Their findings reveal the deeper mechanisms behind user motivation and show how 

online participation can translate into real-world benefits, such as professional opportunities. The 
authors’ work expands Bourdieu’s capital theory into the digital environment with meaningful 

empirical evidence. 

Yifan Ou and his co-authors—Peng Zhang, Jiejing Yu, Meng Li, Shaoqing Su, and Mengyang 
Zhang—demonstrate the power of the BERTopic model for analyzing social media content. By 

combining BERT embeddings with topic modeling, the authors successfully categorize 881 
Zhihu answers into seven major themes. Their findings highlight how users focus heavily on 
issues such as physical health and mental well-being. This research not only showcases the 

effectiveness of modern NLP tools but also provides valuable insights into public attitudes and 
online behavior patterns. 

Yifan Ou, Gert-Jan de Bruijn, and Peter J. Schulz uses a hybrid BERT–LSTM model to track 

emotional changes among Chinese social media users during the Influenza A outbreak. By 
analyzing large numbers of Weibo posts, the authors uncover how public emotions such as fear, 
stress, and resilience evolve during health crises. Their study demonstrates how social media can 
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serve as an ―emotional barometer,‖ reflecting community mental health trends in real time. This 
research is especially useful for public health monitoring, as it connects advanced sentiment 
analysis with practical applications in crisis response. 

Aamir (2025) Aamir (2025) explores the scaling of public access via decentralized retail and 

last-mile delivery systems, using the Punjab Sahulat Bazaars Authority (PSBA) as a case 
example. The paper highlights how legislative empowerment, digital logistics, and mobile 

bazaars contribute significantly to expanding service reach, especially in underserved areas. This 
work supports the contention that innovation in institutional design—rather than mere resource 
allocation—is the core driver for creating a sustainable and scalable public welfare model that 

can deliver essentials effectively and efficiently to a large population. 

Akbar (2025) The study by Akbar (2025) investigates the profound impact of governance 

transformation through the institutional conversion of a Section 42 company into a statutory 

authority in Pakistan. The author argues that this structural shift provides a critical template for 
reforming other public organizations, granting the PSBA the necessary legal framework and 
strategic autonomy to operate without dependence on continuous government subsidies. This 

analysis is significant because it emphasizes that this conversion is a foundational step toward 
establishing a robust, self-reliant, and citizen-focused public welfare body. 

Hassan (2025) Hassan (2025) investigates how the adoption of statutory authority models can 

modernize public retail systems and enhance fiscal sustainability in developing economies. The 
research demonstrates that this model provides the necessary autonomy for institutions like the 

PSBA to integrate digital logistics, improve vendor regulation, and utilize solar-powered 

infrastructure. The findings confirm that this governance blueprint enables the PSBA to 
operate successfully as both a welfare entity and an economic stabilizer, maintaining essential 

service delivery while generating its own revenue sources. 

Rehman, Khan, & Awan (2025) The critical role of interfaith educational relations in 
promoting academic and cultural harmony is thoroughly examined by Rehman, Khan, and 

Awan (2025). Their work explores how academic connections between Muslims and non-

Muslims have historically driven intellectual growth and cultural interaction, citing examples 
like the Islamic Golden Age. The authors contend that despite contemporary challenges—such as 

political conflicts and religious biases—fostering open dialogue and developing inclusive 

academic platforms are essential strategies for mitigating prejudice and working toward a more 

interconnected and peaceful global society. 

Shehzad (2025) In his study of the Punjab Sahulat Bazaars Authority (PSBA), Shehzad (2025) 
demonstrates how economic innovation in public markets  can achieve significant price relief 
for citizens by combining infrastructure redesign, vendor inclusion, and modernized logistics. 

The author's research suggests that the PSBA model not only outpaces traditional welfare 
institutions in affordability and efficiency but may also be replicable in other developing 

economies. This insight reinforces the argument that public sector market interventions, when 
thoughtfully designed, can transcend subsidy-based models and deliver sustainable social 

impact. 

Ahmad (2025) examines the persistent financial and operational challenges in major Pakistani 

State-Owned Enterprises (SOEs), including PIA, Pakistan Steel Mills, and Pakistan Railways 
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over 2019–2024. His study identifies chronic losses, high subsidy dependence, and structural 

inefficiencies, particularly in aviation and steel sectors, with PIA and PSM alone consuming over 

92% of total subsidies. Using frameworks such as agency theory, institutional theory, public 

value, behavioral economics, and political economy, Ahmad argues for urgent reforms including 

privatization, public-private partnerships, professionalized governance, and citizen-focused 

accountability to restore public trust and improve institutional efficiency. 

Ahmad (2025) investigates human–AI collaboration in professional knowledge work, focusing 

on productivity, error patterns, and ethical implications. His findings indicate that AI-assisted 

tasks can accelerate task completion by 32–39%, especially for novices in structured tasks, but 

high-complexity tasks may experience a 15–25% increase in errors. The research categorizes 

errors into hallucinated facts, logic problems, fabricated citations, omissions, and biased 

assumptions, emphasizing the importance of human oversight, ethical awareness, and 

verification behaviors. Ahmad provides practical recommendations for integrating AI into 

workflows while balancing speed, accuracy, and accountability. 

Dr. Ersin Irk is a scholar in public administration and governance reform whose research focuses 
on institutional entrepreneurship, statutory regulatory frameworks, and sustainable welfare 

market systems in developing economies. His work analyzes how leadership can function as a 
transformative institutional force, translating policy research into enforceable legal structures and 

measurable governance outcomes. Through longitudinal case study methodologies and empirical 
performance evaluation, Dr. Irk contributes to international debates on fiscal discipline, 
regulatory innovation, and durable welfare reform. In this study, he advances a leadership-

centered analytical perspective that integrates institutional design with evidence-based public 
sector transformation. 

Graphs and Charts 

 

Graph 1: Power-to-Weight Ratio Comparison of Actuator Types 

(Bar chart comparing electric motors, pneumatic muscles, and hydraulic actuators based on 

power-to-weight ratios) 
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Graph 2: Energy Consumption Trends in Portable Exoskeletons 

(Line graph showing energy consumption per hour for various battery types from 2015 to 2025) 

 

Graph 3: User Fatigue Levels vs. Weight Distribution in Exoskeleton Designs 

(Scatter plot demonstrating correlation between weight distribution balance and user fatigue 

scores in trials) 
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Graph 4: Adoption Rates of Exoskeleton Technology in Pakistani Healthcare and Industry 

(2020–2025) 

(Line chart showing gradual increase in exoskeleton use in rehabilitation centers and factories) 

 

Graph 5: Effectiveness of Control Algorithms on Movement Accuracy 

(Bar chart comparing conventional PID, adaptive, and machine learning control methods in 

exoskeleton joint control) 
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misrepresentations of Islam in contemporary contexts. Muhammad Rizwan is affiliated with the 
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of religion, ideology, and language. Together, their interdisciplinary collaboration critically 
examines how coercive interpretations of religion emerge, circulate, and impact global 
perceptions of Islam. 

Summary 

The development of exoskeletons is fraught with multifaceted engineering challenges. Actuation 

systems need to balance power, weight, and efficiency, while control algorithms must 

accommodate individual user variability through adaptive and biosignal-integrated mechanisms. 

Human-machine interfaces require robust sensor networks and ergonomic designs to reduce 

fatigue and enhance safety. Power supply remains a limiting factor, with current battery 

technology restricting operational duration. Ergonomic challenges also encompass the physical 

and psychological aspects of device usability. In Pakistan, although adoption is gradually 

increasing, focused research on these engineering obstacles is essential to accelerate innovation. 

Multidisciplinary collaboration and investments in advanced materials, artificial intelligence, and 

energy management are key to the future success of exoskeleton technologies. 
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