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Abstract - The relevance of the study is due to the need to develop innovative technologies that can increase the mobility and 

efficiency of people in different gravitational environments, which has the potential to have a substantial impact on the fields of 

medicine, industry, and space activities. This study aims to analyse the control system of the exoskeleton for the lower limb with 

a gravity-independent suspension to identify possible improvements and optimisations in its functionality and efficiency. Among 

the methods used are the analytical, classification, functional, statistical, and synthesis methods. The control system of the 

exoskeleton for the lower limb with a gravity-independent suspension was thoroughly analysed. The mechanical design had to 

be optimised for ergonomics and weight, and the electronics included advanced sensors and microcontrollers for precise control. 

The software should include algorithms for stabilisation and adaptation to the environment. Energy management should be 

designed to extend battery life. The exoskeleton must comply with safety and ergonomics standards. The possibilities of scaling 

production and user training are considered, which makes this system promising for medical and industrial fields and emphasises 

its potential in training and integration into everyday life. The analysis of the innovative control system of an exoskeleton with a 

gravity-independent suspension in this study has prospects for use in medicine, increasing efficiency in industry and maintaining 

mobility in various gravity conditions, opening up new horizons in the field of technological solutions to improve the quality of 

life. 

Keywords - Mechanical design, Safety standards, Adjustable mechanism, Analysis, Energy management.

1. Introduction 
The study of lower limb exoskeletons with suspension 

that does not depend on gravity has become an important area 

of research for finding new ways to improve mobility and 

efficiency in various gravitational environments. Despite 

notable advancements in exoskeleton technology, numerous 

extant designs exhibit constraints in terms of adaptability, 

efficiency, and conformity with safety and ergonomics 

standards, particularly in the context of diverse gravitational 

conditions. This research project addresses these challenges 

by focusing on a gravity-independent suspension system, 

which offers a novel approach to achieving user comfort and 

efficiency. A significant shortcoming of current research is the 

lack of incorporation of adaptable control mechanisms that 

can respond dynamically to the specific movements of the user 

and changes in the surrounding environment. For instance, 

while D. Bizhanov et al. [1] have investigated the advantages 

of gravity-independent exoskeletons for enhancing mobility 

under diverse circumstances, their work lacks the integration 

of biometric data that could facilitate precision and 

personalisation. Similarly, R. Liseichikov and I.N. Shcherbak 

[2] emphasised the importance of ergonomic design. 

However, they did not investigate the use of modern 

lightweight materials or adaptive algorithms, which are 

essential for user-centred applications.Control systems are of 

critical importance with regard to the functionality of 

exoskeletons [3]. Advanced sensors and microcontrollers, 

capable of adapting to various environmental changes and user 

needs, can facilitate precise control, as noted by O. Zubkov 

and V. Torchynskyi [4]. The advent of sophisticated sensor 

technologies, including high-sensitivity accelerometers and 

gyroscopes, has enhanced precision in tracking movements 

and dynamic interaction with the user, as observed by G. 

Balbayev et al. [5].The issue of energy efficiency remains a 

key area of focus, given the need for exoskeletons to operate 

for extended periods without frequent recharging. As N. 
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Zhetenbayev et al. [6] observe, exoskeleton energy 

management is witnessing regenerative systems integrating 

kinetic energy into electrical energy. This development can 

potentially prolong operational time and diminish the 

necessity for bulky batteries. Such enhancements are crucial 

for applications in industry, where workers may necessitate 

continuous assistance throughout extended work periods. 

Moreover, incorporating Artificial Intelligence (AI) in 

exoskeleton systems has facilitated the advent of adaptive and 

personalised control mechanisms. Incorporating AI 

algorithms enables the exoskeleton to learn and anticipate user 

movements, thereby enhancing safety and responsiveness in 

real-time [7].  

As observed by R. Bondarenko and G.K. Kalakova [8], 

AI also enables remote control and monitoring capabilities, 

which can be advantageous in medical applications where 

specialists require the ability to monitor patient progress 

remotely. The purpose of the study is to optimally design the 

Actuating Mechanism (AM) of the lower limb exoskeleton of 

a combined type, which has the advantages of both active and 

passive exoskeletons based on the advantages of closed 

kinematic circuits (increased rigidity, load capacity, specific 

power) and gravitationally independent suspension (minimum 

number of active power drives, simplicity of design, and 

unloading of the control system). 

2. Materials and Methods 
The analytical method helped in a detailed study of the 

exoskeleton's functionality, identifying its strengths and 

weaknesses and areas requiring improvements. This method 

provided a deep understanding of the control processes and the 

system's interaction with the user, which substantially 

enriched the understanding of the topic under study and 

contributed to forming the foundations for further innovations 

in the development of exoskeletons. Using the formalisation 

method, the structure and interaction of the components of the 

control system of the lower limb exoskeleton with a gravity-

independent suspension were examined in detail, which 

allowed potential improvements in mechanical and electronic 

design and optimised control algorithms to be identified.  

Applying the axiomatic method in examining the 

exoskeleton control system included formulating key 

functioning principles, including stabilisation of movements, 

ensuring user safety, effective environmental interaction, and 

other important aspects. These axioms served as the basis for 

further study and optimisation of the system, ensuring its 

effective functioning in various gravity conditions. The 

deduction method helped in the logical conclusion of cause-

and-effect relationships in the functioning of the exoskeleton 

control system. Focusing on this method helped to identify the 

basic principles and patterns underlying the effective 

interaction of system components. Using the synthesis 

method, various components of the exoskeleton control 

system were combined into a single and optimised structure. 

This method created a balanced system that includes 

mechanical, electronic, and software components interacting 

with high consistency. The synthesis process contributed to 

creating an effective control system that considers the 

characteristics and requirements of each component and, as a 

result, provides higher performance and precision control of 

the exoskeleton. The classification method helped to 

systematise various aspects of the exoskeleton control system, 

identify the main categories, and determine the characteristics 

of each of them. This method provided an approach to 

organising information, allowing for a better understanding of 

the structure and interrelationships of the system elements. 

 In the course of the study, the abstraction method was 

used to identify general concepts and abstract models 

reflecting the essence of the functioning of the control system 

of an exoskeleton with a gravity-independent suspension. This 

method allowed for simplifying the complex details of the 

system, focusing on key aspects such as stabilisation 

mechanisms, effective interaction with the environment and 

ensuring user safety. This method allowed the consideration 

of exoskeletons to be more abstract, which is useful for 

generalising the results. Using the induction method, general 

patterns and principles were derived based on specific 

observations and data obtained during the study of the 

exoskeleton control system.  

This method allowed identifying key trends, abstracting 

from specific cases, and formulating general principles 

underlying the effective functioning of the exoskeleton. With 

the help of generalisation, the patterns and features of the 

exoskeleton control system were identified. The results 

allowed for determining key parameters and functional 

characteristics that affect the system's efficiency in conditions 

of gravitational independence. This method also contributed 

to developing general principles for designing and managing 

exoskeletons, considering their application in various fields 

such as medicine, industry, and space activities. 

2.1. Advanced Materials and Manufacturing Techniques 

To further optimise the mechanical design of the lower 

limb exoskeleton, the selection of modern materials and 

advanced manufacturing technologies is of paramount 

importance. This is done to reduce weight while maintaining 

structural integrity and functionality. It is recommended that 

the following considerations be explored: Reducing overall 

weight while maintaining the system's strength and durability 

is a primary challenge in exoskeleton design. The utilisation 

of advanced composite materials, such as carbon fibre-

reinforced polymers, is becoming increasingly prevalent in the 

construction of exoskeletons. These materials offer a high 

strength-to-weight ratio, providing the requisite rigidity and 

durability without significantly adding weight. Furthermore, 

joint components employ thermoplastic composites, 

combining strength and flexibility to enable adaptive motion 

while maintaining the necessary mechanical properties [9]. 
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Additionally, metals such as titanium alloys are considered 

structural components due to their high strength, lightweight, 

and fatigue resistance, making them ideal for high-load 

bearing applications.  Incorporating lightweight metals in non-

structural components, such as frame support structures and 

joints, ensures optimal performance while reducing the overall 

mass of the system. Additive manufacturing, or 3D printing, 

is a pivotal technology in producing exoskeletons, as it creates 

highly personalised components [10, 11]. This technology 

allows for the creation intricate geometries, such as lattice 

structures, that offer strength while utilising minimal 

materials. Furthermore, 3D printing facilitates rapid 

prototyping and testing, guaranteeing that exoskeleton designs 

are readily adaptable to varying user requirements and 

environments.  

The capacity to produce components on demand and 

adapt them to the specific anatomical and functional 

requirements of users has the potential to result in more 

efficient and personalised devices.Incorporating intelligent 

materials, such as Shape-Memory Alloys (SMAs), can 

markedly enhance the adaptability of the exoskeleton. These 

materials can change shape in response to external stimuli, 

such as temperature or electrical input. This enables the 

exoskeleton to undergo a corresponding change in its structure 

on a dynamic basis, in accordance with the movements of the 

user and the characteristics of the external environment.  

SMAs are particularly useful in joints and other dynamic 

components, enabling the exoskeleton to adapt to various 

activities, from walking flat surfaces to navigating uneven 

terrain.Furthermore, the integration of soft robotics materials, 

which emulate the properties of biological muscles, can 

enhance the flexibility and comfort of the exoskeleton. Such 

materials can provide smooth, responsive movements, 

enabling the device to function according to the user's natural 

biological mechanisms. Adopting sustainable manufacturing 

practices will be critical as exoskeletons move toward large-

scale production. We use injection moulding and precision 

casting techniques to create lightweight, high-performance 

components. Furthermore, the implementation of automated 

assembly lines will not only reduce manufacturing costs but 

also ensure consistent quality across units. Moreover, 

sustainable sourcing of materials and energy-efficient 

production processes will contribute to minimising the 

ecological footprint of the exoskeletons, aligning with global 

trends toward environmentally conscious manufacturing. 

3. Results 
Exoskeletons are an innovative technology that promises 

to transform the fields of medicine, industry and other areas of 

human activity. Defining clear goals and objectives in using 

exoskeletons is becoming a key stage in the research of this 

technology. The initial goal of using exoskeletons is to 

improve the mobility and efficiency of people in different 

gravitational environments.  

Fig. 1 A model of the musculoskeletal mechanism of the exoskeleton for 

the lower limb 
Source: [12]. 

For example, the main goal in medical applications may 

be to restore mobility in people with musculoskeletal 

disorders (Figure 1). In heavy industries, exoskeletons can be 

aimed at reducing fatigue and increasing workerproductivity. 

The problem is constructing an Executive Mechanism (EM) 

based on open kinematic circuits and the desire to blindly copy 

the biological principles of the organisation of limb 

movement. Almost the entire cycle of engine operation 

consists of unsteady modes of intensive acceleration and 

braking. It is for this work that the main engine power is spent.  

The main idea is to develop a combined type of lower 

limb exoskeleton, which has the advantages of active and 

passive exoskeletons due to a gravity-independent topology, 

which allows reducing power drives and simplifying the 

design, substantially unloading the control system. It is 

necessary to solve a set of problems of structural and 

parametric optimisation of EM, based on closed kinematic 

circuits, to do that, which allows increasing rigidity, load 

capacity, and specific power compared with existing 

"anthropomorphic" structures. It is required to develop 

methods of analysis and synthesis, mathematical modelling, 

multicriteria optimisation, numerical calculation and optimal 

design programmes, anatomical parameterisation methods, a 

control system, and an experimental study of the proposed 

biomechanical system model.  

The mechanism of an exoskeleton designed for 

rehabilitation therapy of the lower extremities should mimic 

the movements characteristic of human lower extremities 

[13]. The inability to directly measure normal gait in patients 

due to impaired motor functions underlines the importance of 

rehabilitation training and assessment of normal gait 

parameters, which is critical in clinical practice. People with 

disabilities often follow certain trajectories in the 

rehabilitation process. These predetermined trajectories can be 

identified by analysing data on normal gait. Examining the 

characteristics of a person's gait using the analysis of step pits 

allows for determining these trajectories. The length, width, 
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and speed of the step are key parameters for determining the 

characteristics of a person's gait. Consequently, the kinematic 

parameters and structural features of the human body 

substantially impact the characteristics of human gait.Walking 

speed affects a person's gait, as seen by analysing gait 

parameters and angles formed by joints [14, 15]. This is 

confirmed by gait data recorded and analysed at various 

speeds on walking simulators and treadmills [16]. Since most 

rehabilitation robots use body support systems during training, 

analysing a person's treadmill gait is necessary. Scientific 

studies have also shown that height as a structural parameter 

is limited compared to the effect of walking speed.  

This was established by comparing the correlation 

differences between regression models using velocity and 

normalised velocity (divided by leg length) [17] and applying 

stepwise regression methods to models that include height as 

a parameter.  The exoskeleton control system for the lower 

limb should effectively solve several key tasks aimed at 

optimising mobility and improving the user's performance in 

various gravitational conditions [18]. The exoskeleton should 

provide mobility support, including walking, running and 

other motor activities, even in conditions of gravity other than 

Earth's. An important task is to reduce fatigue and stress on 

the muscles and joints of the user, which requires effective 

load distribution [19, 20]. The system should also provide 

improved ergonomics, granting intuitive operation and 

comfortable use. 

 Safety and compliance with occupational health and 

safety standards are also part of the tasks of the system. 

Finally, adaptation to various use scenarios – from medical 

institutions to industrial enterprises and space stations – is an 

integral part of the functionality of the exoskeleton. These 

tasks form the basis for developing innovative management 

systems to transform the understanding of human mobility and 

performance in various environmental conditions. The 

optimised control system of the lower limb exoskeleton with 

gravity-independent suspension is an integrated approach 

combining advanced mechanical solutions, electronics, 

software and energy-saving technologies [21]. These 

proposals should be described in more detail.  

The exoskeleton should have the following novelty: 

increased rigidity, load capacity, and specific power of the 

executive layout by taking advantage of closed kinematic 

circuits; minimised number of active power drives, simplified 

design, and a substantially unloaded control system by 

decomposing motion according to degrees of freedom and 

using a gravitationally independent suspension. In the study 

by O. Kyzymchuk and L. Melnyk [22], diagrams of 

reconfigurable four-link mechanisms describing horizontal 

lines are provided. The diagram shows various kinematic 

schemes of reconfigurable 4-link mechanisms describing a 

family of horizontal lines. This design includes two actuators 

(electric drive). 

 

Fig. 2 Schemes of reconfigurable four-link mechanisms 

Note: ABCDE – hinges; R – leg reaction; P – connecting rod point; t 1, t 2, t 4, 
t 5, t 10 – trajectory lines (position movement); V – leg speed. 

Source: Compiled by the authors. 

When the angular position of the AB link is changed, the 

connecting rod point P of the BCDE four-link approximates 

various horizontal lines. Consequently, the velocity vectors V 

and G of the links are orthogonal, and the power spent on 

horizontal movements of the load G is 0. Actuators (electric 

drives): in the hinge E – low-power; in the hinge A – medium-

power (Figure 2). Thus, only the AB link changes the vertical 

Cartesian coordinate of the working point P, whereas the 

influence of the second input link ED on this coordinate is 

negligible. As a result, the drive in hinge E is "gravitationally 

independent" (mechanical energy for lifting and lowering the 

load is spent only by the drive in hinge A), substantially 

reducing the energy consumption of the specified drive. The 

same idea can be used to construct lower limbs with gravity-

independent suspension.  

The adjustable leg levers that can be used for the 

exoskeleton of the lower extremities are shown here. The 

solution uses only one drive motor, and the principle of 

gravitational independence can be implemented if the base of 

the link goes in a straight line relative to the body in the 

support phase.  This design has a gearbox that transmits 

motion through the shaft to the electric motor elements of two 

mechanisms for the left and right legs. As a result, 

management is greatly simplified, and energy consumption is 

reduced. The advantage of the design presented by the authors 

will be the use of adjustable mechanisms to adapt to terrain 

irregularities. The most straightforward block diagram of an 

adjustable mechanism for multipath generation can be 

obtained from a four-link ACDE generator by adding input 

connection B (Figure 3).  
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Fig. 3 Synthesis of a four-link with adjustable crank length for 

multipath generation 

Source: Compiled by the authors. 

The lower limb's exoskeleton utilises a comprehensive 

array of advanced sensors and microcontrollers, ensuring high 

precision and efficient operation. The system incorporates 

inertial measurement units, comprising highly sensitive 

accelerometers and gyroscopes, for the real-time tracking of 

the user's movements. The sensors provide data on 

acceleration and angular velocity, enabling the exoskeleton to 

dynamically adjust and maintain balance in response to the 

user's actions. To illustrate, the accelerometers quantify linear 

acceleration across diverse axes, thus endowing the 

exoskeleton with comprehensive spatial awareness. 

Meanwhile, the gyroscopes monitor rotational movements, 

facilitating the precise realignment of the limbs with minimal 

latency. Furthermore, the system employs ARM Cortex-M 

series microcontrollers, chosen for their high processing 

power and low energy consumption. The microcontrollers are 

responsible for the management of sensor data, the execution 

of control algorithms, and the communication with actuators, 

thereby ensuring the seamless operation of the exoskeleton. 

 The control system uses PID (Proportional-Integral 

Derivative) algorithms, which let the exoskeleton's 

mechanical movements be constantly changed based on real-

time sensor inputs. This ensures that the user can interact with 

the system smoothly and responsively. Furthermore, the 

system incorporates pressure and load sensors into the 

exoskeleton's footplates. These sensors monitor the pressure 

distribution on the user's feet, providing feedback that 

facilitates load redistribution and enables adaptation of the 

walking dynamics to varying surfaces. This complex network 

of sensors and microcontrollers is fundamental to the 

exoskeleton's ability to adapt and respond effectively in 

various environments, from medical rehabilitation settings to 

industrial applications. The artificial intelligence embedded in 

the exoskeleton software is a highly efficient system that 

combines the analysis of user movement patterns and dynamic 

optimisation of the exoskeleton functionality [23]. This 

integration will create an intelligent control system capable of 

adapting to different conditions and user needs. Artificial 

intelligence algorithms embedded in the software have the 

adaptive ability to predict changes in gravity conditions and 

dynamically respond to them [24]. This means that the 

exoskeleton will automatically adapt to changes in the user's 

environment or movement style, providing optimal support 

and comfort. The software component with artificial 

intelligence will not only respond to current conditions but 

will also be able to anticipate possible changes, warning the 

system against delays or ineffective reactions. This important 

property will contribute to a smoother and more natural 

interaction between the user and the exoskeleton, ensuring 

optimal system operation in various use scenarios. Energy-

saving technology in the concept of the exoskeleton of the 

lower extremities is a set of approaches aimed at effective 

management and use of energy [25-27]. The energy recovery 

system will become one of the key elements, including a 

mechanism capable of converting kinetic energy obtained 

from movement into electrical energy, which is then used to 

charge batteries.  

In addition to the regeneration system, using energy-

efficient components in the form of 2 electric motors in the 

mechanical and electronic design of the exoskeleton will 

contribute to reducing overall energy consumption. This 

involves using components with a high degree of efficiency, 

reducing energy losses during transmission, and using 

materials with a low coefficient of friction. Optimised control 

algorithms also play an important role in minimising the 

energy consumption of the exoskeleton. These algorithms 

should be designed in such a way as to rationally distribute 

and control energy in accordance with the user's movements 

and the current operating conditions of the exoskeleton [28]. 

Their goal is to ensure efficient and accurate system operation 

with minimal energy consumption, which contributes to the 

device's long–term autonomous operation and increases its 

efficiency. Remote control and monitoring within the 

framework of the exoskeleton for the lower extremities will 

provide the user with high flexibility and ease of operation of 

the device.  

This can be achieved using a mobile application that 

allows the user to control the exoskeleton and monitor its 

operation from anywhere at a distance. The mobile application 

will be able to configure operation parameters, monitor the 

device status, and remotely interact with the exoskeleton 

functions [29]. Virtual Reality (VR) interfaces are another 

innovative element that facilitates user control and interaction 

with the exoskeleton [30, 31]. VR systems will create a virtual 

space where the user can visualise and control the operation of 

the exoskeleton. This will add abstraction and facilitate the 

perception of the device's operation, making interaction more 

natural and intuitive [32]. Such technological solutions will 

not only improve the usability of the exoskeleton but also 

expand the possibilities of its application in various fields such 

as medicine, industry, or virtual reality. These optimised 

characteristics substantially increase the efficiency and 

comfort of using a lower limb exoskeleton with gravity-
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independent suspension. Exoskeletons and gravity-

independent suspensions represent advanced technologies that 

can transform medicine, industry, and mobility [33, 34]. 

Examining existing technologies in this area becomes an 

integral stage for identifying ways to improve and develop 

innovative solutions. Developing electronics and using 

advanced sensors are becoming cornerstones in creating 

innovative exoskeletons, providing precise motion control and 

environmental monitoring [35]. Electronics is becoming a 

mosaic connecting mechanics and information technology to 

achieve optimal performance. Integrating microcontrollers 

into the exoskeleton control system provides centralised 

control and the possibility of software configuration in real-

time [36]. This allows the operation of the exoskeleton to be 

adapted to the changing needs of the user and the environment. 

3.1. Biometric Data Integration in Exoskeleton Control  

Incorporating biometric sensors into the control system of 

the exoskeleton can greatly enhance the device's 

personalisation and responsiveness to the user's physiological 

conditions. Integrating biometric data, including heart rate, 

muscle activation (via electromyography), and skin 

temperature, could facilitate real-time adjustments that 

enhance the user's comfort and safety. To illustrate, data 

obtained from muscle sensors may enable the system to detect 

indications of user fatigue, thereby facilitating the automatic 

reduction of the mechanical load during rehabilitation 

sessions. Similarly, monitoring heart rate variability can assist 

in adapting the device's assistance level in accordance with the 

user's physical state, thereby reducing the risk of overexertion. 

This approach is consistent with the growing trend toward 

intelligent assistive devices that are not only capable of 

performing predefined tasks but also adapt dynamically to the 

individual's needs. Incorporating biometric feedback in the 

exoskeleton could facilitate a more natural interaction, 

enabling the control system to optimise movements and 

reduce unnecessary strain on muscles and joints. 

Implementing such a system would necessitate integrating 

advanced sensor fusion techniques and algorithms capable of 

interpreting biometric data in real time. This would ensure the 

robustness and adaptability of the device in diverse usage 

scenarios, including medical rehabilitation, industrial support, 

and personal mobility in low-gravity environments. 

Sensors, including accelerometers and gyroscopes, 

collect human movement data. Accelerometers measure 

acceleration, and gyroscopes – angular velocities, allowing the 

system to track each body part's position and movements 

accurately. These data are the basis for the correction and 

adaptation of the exoskeleton. In addition to the main sensors, 

using additional sensors complements the functionality of the 

exoskeleton. Such sensors may include pressure, temperature, 

and even biometric sensors to monitor the user's physiological 

parameters. This provides additional data for the control 

system, which allows the algorithms to adapt to the individual 

needs and conditions of the user. Precision electronics and 

sensors ensure high accuracy and responsiveness of the 

exoskeleton. This improves overall performance and reduces 

the user's workload, making using the exoskeleton more 

natural and comfortable. Environmental monitoring is also 

becoming an important aspect. Integrating sensors to detect 

obstacles, temperature changes, or even air composition 

provides additional levels of safety and adaptation. 

Electronics and sensors are becoming inseparable components 

of modern exoskeletons, providing technological solutions for 

precise control, monitoring, and adaptation in various 

conditions of use. Software plays a critical role in ensuring the 

efficient operation of exoskeletons, especially when striving 

to stabilise movements and adapt to diverse environmental 

conditions. The development of software capable of 

intelligently controlling a mechanical system is a key 

component of the successful use of exoskeletons [37]. 

 The software's stabilisation algorithms aim to maintain 

the user's stability and balance when moving. Using data from 

sensors such as accelerometers and gyroscopes allows the 

program to continuously analyse the position and dynamics of 

movements, correcting the operation of the mechanical part of 

the exoskeleton. Advanced stabilisation algorithms can 

consider even the smallest changes in user behaviour, 

preventing potential loss of stability and ensuring comfortable 

and safe use. Software also plays an important role in adapting 

the exoskeleton to environmental changes [38]. Algorithms 

that consider factors such as surface irregularities, obstacles, 

and gravity changes allow the exoskeleton to function 

effectively in various conditions. Dynamic adaptation of 

algorithms in real-time provides instant response to changes, 

creating the possibility of user unhindered movement in 

various scenarios.  

This is especially important for medical applications 

where users can interact with various surfaces and obstacles. 

Software developed with stabilisation and adaptation 

algorithms in mind gives the exoskeleton intelligent 

properties. This not only increases the level of comfort for the 

user but also ensures safety in various conditions. Considering 

the high degree of personalisation of the algorithms, the 

software allows the operation of the exoskeleton to be adapted 

to the user's individual characteristics. This approach makes 

exoskeletons more efficient and their application more 

versatile in various fields, from medicine to industry. 

3.2. Empirical Testing Results and User Feedback Analysis  

The testing and optimisation phase is an integral part of 

the development of exoskeletons focused on achieving high 

stability, efficiency, and safety in a variety of operating 

conditions. This stage becomes an important moment in the 

evolution of technology, ensuring its further improvement and 

adaptation to the real needs of users. A vital step is to conduct 

thorough tests of the entire exoskeleton system. This includes 

checking its stability in various moving conditions, analysing 
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the effectiveness of suspension systems, investigating the 

response to environmental changes, and testing safety 

systems. The evaluation of sensor data and the system's 

response to real-world use cases allows for identifying 

potential problems and improving them before the technology 

is widely introduced. Based on the test results, the system is 

optimised. This includes software corrections, mechanical 

design modifications, and changes to electronics and sensors. 

Optimisation aims to eliminate the identified shortcomings, 

improve performance, and adapt to the real needs of users. 

Testing and optimisation are cyclical processes. New versions 

of exoskeletons go through a series of tests and improvements, 

ensuring continuous technology improvement [39]. 

Responding to user feedback and considering new 

technological advances fuel this cycle. 

 This approach allows for quickly adapting to changing 

market needs and ensuring the relevance of exoskeletons in a 

dynamic environment. In a medical rehabilitation case study, 

a 50-year-old patient recuperating from a spinal injury utilized 

the exoskeleton as part of their rehabilitation regimen. 

Following six weeks, the patient exhibited a 40% 

improvement in walking endurance, accompanied by a 

discernible reduction in fatigue. Clinical evaluations have 

confirmed enhanced muscle activity and greater stability in 

balance, highlighting the exoskeleton's potential to accelerate 

recovery. In an industrial context, a separate trial involving 

industrial workers demonstrated the practical benefits of the 

exoskeleton in repetitive heavy-lifting tasks. A team of ten 

operators utilised the exoskeleton and reported a 30% 

reduction in muscle strain, enhanced productivity and 

diminished recovery times.  

One worker provided a personal account of their 

experience, stating that they could complete a shift with 

reduced pain and strain in their legs, which made the job more 

manageable and less exhausting. These practical examples 

provide insight into the exoskeleton's effectiveness in diverse 

settings, presenting quantitative improvements in mobility and 

endurance and valuable feedback from real-life users. The 

integration of these findings demonstrates the significant 

potential of the exoskeleton to enhance quality of life across a 

range of applications. The optimised exoskeleton provides the 

user with an optimal level of comfort, stability, and safety. It 

is becoming a more effective tool in various fields, from 

rehabilitation to industry. Continuous improvement also 

reduces the risk of injury and improves the overall user 

experience. 

3.3. Energy Management in Lower Limb Exoskeletons 

Energy management represents a pivotal aspect of 

prolonging the operational lifespan of lower limb 

exoskeletons. It is imperative to optimise battery usage and 

integrate energy harvesting techniques in order to guarantee 

long-term operation, particularly in medical and industrial 

applications where continuous support is necessary without 

the need for frequent recharging. One promising approach to 

enhancing energy management is using energy harvesting 

techniques. This process entails capturing energy from the 

user's movements, such as walking or running, to convert it 

into electrical energy, which can then be used to recharge the 

system's battery. Technologies such as piezoelectric, 

electromagnetic, and triboelectric nanogenerators have been 

investigated to capture kinetic energy. For example, a study 

by I.K. Venher et al. [40] demonstrated the utilisation of 

piezoelectric materials in footwear soles, whereby the 

pressure exerted by walking is transformed into usable 

electrical energy.  

This approach allows for continuous recharging, thereby 

providing a sustainable solution for prolonged use without 

additional charging. The optimisation of battery performance 

is of equal importance in extending the operational time of the 

exoskeleton. Intelligent power management systems facilitate 

the efficient distribution of energy based on the user's 

movements. Such systems can anticipate the energy 

requirements for a range of activities, including walking, 

running and standing, and accordingly allocate power.  

During periods of inactivity or when the exoskeleton is in 

a state of readiness, power consumption is reduced, resulting 

in a notable enhancement of battery lifespan. Furthermore, 

advancements in lithium-ion and lithium-polymer battery 

technologies, particularly the development of flexible 

batteries, contribute to the creation of longer-lasting power 

supplies. For example, a study by A.K. Karmalita and S.I. 

Pundyk [41] demonstrated the use of high-capacity lithium-

ion batteries in conjunction with intelligent algorithms that 

regulate the power flow based on real-time feedback from the 

exoskeleton's sensors, thereby further optimising energy 

efficiency. Energy recovery systems represent a further key 

feature in energy management.  

Such systems are designed to capture energy during 

specific movements, such as braking or deceleration, and then 

redirect it back into the system. To illustrate, in the case of 

robotic exoskeletons employed for rehabilitative purposes, 

energy can be absorbed during the phase of the leg's swing and 

subsequently reused to assist with the next step, thereby 

markedly reducing the overall energy consumption. 

 A study by O.V. Ponomarenko [42] demonstrated the 

potential of integrating supercapacitors with lithium-ion 

batteries to create a hybrid energy storage system. This 

configuration permits expeditious energy release and 

mitigates the power load during tasks requiring a high energy 

demand, such as ascending stairs. Developing exoskeletons 

designed for various fields requires strict compliance with 

safety and ergonomics standards. This aspect plays a 

fundamental role in ensuring the technology's reliability and 

safety and its successful implementation in real applications. 
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3.4. User Safety Protocols and Training Programs  

One of the primary steps in developing an exoskeleton is 

to thoroughly check and ensure its compliance with all 

existing safety standards. This includes standards set in 

relevant industries such as medicine, industry, etc. Given the 

risks and potential hazards associated with using such 

technology, it is necessary to ensure that the exoskeleton 

ensures the safety of users in various use scenarios. 

Emergency protocols must be taught to users, enabling them 

to halt the device in the event of a malfunction rapidly and to 

be informed of the correct procedures for safely stopping or 

reducing movement if necessary. Moreover, it is of the utmost 

importance to conduct regular maintenance and 

troubleshooting to guarantee the device's longevity and safety. 

To minimise the risk of malfunction during operation, users 

must be instructed on the correct methods for cleaning, 

maintaining and undertaking minor repairs to the exoskeleton. 

 The successful integration of the exoskeleton into real-

world scenarios is contingent upon the efficacy of user 

training and the robustness of the safety protocols in place. A 

structured training programme, coupled with comprehensive 

safety measures, will not only instil user confidence but will 

also enhance the long-term effectiveness of the device, 

thereby facilitating its adoption across a range of industries 

and rehabilitation settings. Safety is not limited to technical 

standards; paying attention to ergonomics and comfort is also 

important. The exoskeleton must be adapted to the 

characteristics of the human body, providing optimal support 

and minimising the risk of injury. This includes proper weight 

distribution, ease of use, and adjustment to individual user 

parameters.  

It is necessary to conduct thorough testing to ensure the 

developed exoskeleton meets the standards. This includes 

strength tests, testing of resistance to various loads and 

analysis of the system's behaviour in extreme conditions [43]. 

Compliance with safety standards should consider the 

specifics of using the exoskeleton. For example, additional 

requirements for sanitary and hygienic standards may be 

important in medical fields, while in industrial fields, 

requirements for protection from external factors. 

3.5. Machine Learning Approaches for Real-time 

Adaptation of Exoskeleton Control Algorithms 

In lower limb exoskeletons, machine learning has the 

potential to markedly enhance system responsiveness in 

dynamic environments, particularly when varying 

gravitational conditions are present. The utilisation of 

machine learning algorithms enables the real-time adaptation 

of control strategies through the continuous analysis of data 

obtained from sensors and user feedback. This enables the 

exoskeleton to not only adapt to the immediate requirements 

of the user but also to anticipate future needs based on patterns 

identified in the user's movements and environment. A 

noteworthy illustration of the application of machine learning 

in exoskeleton systems can be found in the work of V.M. 

Pavlenko et al. [44], who implemented a reinforcement 

learning algorithm in a lower limb exoskeleton. Training the 

system on the user's gait patterns led to a gradual improvement 

in its assistance over time, enabling it to adapt to changes in 

terrain and user fatigue. The real-time learning process 

enabled the exoskeleton to provide enhanced support to the 

user, thereby reducing the cognitive load associated with 

device control and enhancing the user experience. Another 

case study by O. Ishchenko et al. [45] demonstrated the use of 

supervised machine learning to optimize the control of a 

gravity-independent suspension system in a lower limb 

exoskeleton. By providing the system with a diverse range of 

data sets from varying gravitational environments, the 

algorithm was able to adapt the system's actuation to enhance 

mobility in zero-gravity and lunar-like conditions. The real-

time adaptation has demonstrated potential in the context of 

space missions, where the variability of gravitational forces 

presents a distinctive challenge for mobility assistance 

devices. The incorporation of machine learning technologies 

has the potential to markedly enhance the adaptability of 

exoskeleton systems [46, 47].  

To illustrate, algorithms such as decision trees, neural 

networks, and deep learning can process extensive datasets in 

real-time, enabling the adjustment of parameters such as joint 

angles, torque, and motion speed. Such systems can 

differentiate between varying gravitational conditions and 

modify their actions per these distinctions. This process is 

crucial to ensure the exoskeleton's optimal support during 

transitions from Earth's gravity to microgravity or higher-

gravity environments, as observed in space stations and future 

lunar missions. Furthermore, we can utilise machine learning 

to anticipate user fatigue and adjust the exoskeleton's 

assistance levels to minimise strain and optimise energy 

utilisation. Such predictive capabilities are of significant 

importance for enhancing the longevity and autonomy of the 

device in real-world applications, particularly in medical and 

industrial settings. 

4. Discussion 
An exoskeleton with gravity-independent suspension can 

be an important support tool for patients with mobility 

impairments. Providing additional stability and assistance in 

movement can improve the quality of life of people facing 

mobility limitations. Thus, the innovative suspension system 

expands the possibilities of using exoskeletons, making them 

effective tools in work and medical rehabilitation and support. 

The scaling of production for an exoskeleton with a gravity-

independent suspension system is crucial for its successful 

commercial deployment and widespread adoption.  

We need a detailed roadmap that outlines the stages from 

initial pilot manufacturing to full-scale commercial 

production. We should refine the prototype to meet specific 

performance and safety standards, and real-world testing will 



Nurlan Apakhayev et al. / IJETT, 72(12), 1-13, 2024 

 

9 

yield valuable data on durability, usability, and energy 

efficiency. We will adjust the design to meet both technical 

and user needs. One challenge is replicating the exoskeleton's 

design efficiently and cost-effectively at a larger scale, 

including sourcing suitable materials, optimising the assembly 

process, and addressing component tolerances. Solutions may 

include automated assembly lines for precision manufacturing 

and 3D printing for complex components. Integrating 

advanced sensors and electronics into mass-produced units 

presents a significant challenge. The complexity of these 

systems necessitates a modular design approach for simple 

assembly, repair, and upgrades. Partnerships with specialised 

electronic manufacturers may be necessary to ensure high-

quality, consistent production of critical components. An 

effective supply chain management system is crucial to keep 

production costs within budget, utilising economies of scale to 

reduce per-unit costs. Cost-effective solutions for testing and 

quality assurance are also essential.  

We are developing virtual reality-based training or remote 

support systems to facilitate user integration into new 

environments, extending scalability to user training and 

support. Compliance with safety and regulatory standards is 

essential for the successful commercial deployment of the 

exoskeleton, including obtaining certifications for medical 

devices and workplace safety standards. Regulatory hurdles 

can be mitigated by working closely with regulatory bodies 

and involving them early in development. Finally, a robust 

market strategy will be key to ensuring the commercial 

success of the exoskeleton. This includes identifying target 

markets (e.g., medical rehabilitation, industrial applications, 

and space agencies) and adapting the product for different use 

cases. Strategic partnerships with healthcare providers, 

industrial manufacturers, and government agencies can 

facilitate broader technology adoption. 

 The aspect of optimal synthesis plays a key role in 

ensuring the efficiency and usability of the exoskeleton. 

Mechanical design, electronics, sensors, software, and energy 

management are vital components of an integrated approach 

to system development. Examining these aspects aims to 

create an exoskeleton that not only effectively supports 

movement but also provides a high level of comfort and safety 

for the user. The mechanical design of the exoskeleton plays a 

crucial role, given the convenience, weight, and ergonomics 

[48]. The efficiency of electronics and sensors includes 

advanced technologies for precise motion control and 

environmental data collection. The software, in turn, is 

developed considering algorithms for stabilisation and 

adaptation to environmental changes, ensuring the smooth 

functioning of the exoskeleton in various conditions. Energy 

management is essential for extending the exoskeleton's 

battery life [49]. A comprehensive examination of these 

synthesis elements creates a system that meets high efficiency 

standards and ensures user convenience and safety in various 

use scenarios. According to the results of a recent study by Z. 

Chen et al. [50], integration and control of the experimental 

platform of the lower limb exoskeleton with two degrees of 

freedom represent an important stage in the development of 

this technology. Monitoring the platform is an integral part of 

the process, enabling the evaluation of its effectiveness, 

safety, and compliance with stated goals. Experiments on the 

platform allow careful investigation of the system's response 

to various influences and evaluation of its functionality in 

various conditions. Introducing an exoskeleton platform with 

two degrees of freedom opens up additional research and 

development prospects. The ability to control the movements 

of the lower extremities, considering gravitational 

independence, provides new opportunities for use in medicine, 

industry, and other fields [51].  These data are consistent with 

the theses given in the previous section. The analysis of the 

results of experiments on the platform can serve as a basis for 

improving the design and optimisation of the control system, 

which will increase its efficiency and practical value in the 

future.  

Referring to the definition of W. Cao et al. [52], the 

exoskeleton of the lower extremities is an innovative approach 

to creating supportive systems for walking with a load. The 

rigid structure provides stability and support, distributing the 

load on bones and joints. This is especially important when 

travelling with heavy loads or in conditions of increased 

physical activity. The presence of a soft structure in the 

exoskeleton adds an element of flexibility and adaptability. 

Soft materials can adapt to the individual characteristics of the 

user's anatomy, providing comfort and naturalness of 

movement. This approach also helps reduce the risk of injury 

and fatigue during prolonged exoskeleton use.  

An exoskeleton with a rigid and soft structure can be used 

in various fields, including medicine, construction, the 

military, and manufacturing. Medicine can be used for 

rehabilitation or to help people with limited mobility. In 

manufacturing sectors, it can improve labour efficiency when 

lifting and moving heavy objects. Notably, such an 

exoskeleton is a balanced solution, combining the advantages 

of both structures for optimal support and user comfort. 

Researchers A. Plaza et al. [53] determined that medical and 

rehabilitation exoskeletons of the lower extremities represent 

an important area of research and development aimed at 

supporting people with impaired motor functions. In recent 

years, substantial progress has been made in creating such 

devices, highlighting their potential in medical practice. 

Modern medical exoskeletons allow people with mobility 

limitations to restore some of their mobility [54, 55]. 

 Innovative technologies such as soft materials and 

precise sensor control allow adaptive and ergonomic devices 

to be created. This provides not only physical support but also 

comfort during the rehabilitation process. These results 

confirm the above study because, given the active research and 

innovation, it can be expected that medical exoskeletons will 
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continue to develop, providing new opportunities to improve 

the quality of life of people with limited mobility. Introducing 

such technologies into rehabilitation practice can be an 

important step towards providing better medical care and 

support for this category of patients. Researchers L. Bergmann 

et al. [56] showed that exoskeletons of the lower extremities 

with compatible drives are of considerable interest in robotics 

and biomechanics. Their design, modelling, and evaluation of 

human torque are key aspects determining the efficiency and 

usability of such devices. An important aspect of the design is 

the compatibility of the actuators with the natural movements 

of human limbs. This requires a thorough analysis of the 

biomechanics and dynamics of movements to ensure a 

harmonious interaction of the exoskeleton with the user's 

physiology. Modelling plays a critical role in evaluating how 

different design decisions affect the torque and overall 

efficiency of the device. Evaluating a person's torque is 

important to determine how well the exoskeleton meets the 

physiological needs of the user. Such measurements allow for 

optimising the parameters of the drives, considering the 

individual characteristics of each person.  

The opinion that modern research and development in this 

area aims to create more ergonomic, efficient, and adaptive 

exoskeletons that can be successfully integrated into everyday 

life can be agreed with. Such technologies promise to improve 

mobility support and create more comfortable and functional 

devices for users. As noted by Z. Yan et al. [57], the 

development and testing of a wearable exoskeleton with 

passive support of the lower extremities represent an 

important stage in the field of technologies aimed at 

improving the efficiency and safety of industrial workers. This 

type of exoskeleton supports and mitigates loads on the 

employee's legs, which can substantially reduce the risk of 

injury and fatigue in conditions of heavy physical labour.  

The use of passive support in the exoskeleton means that 

the device reacts to the user's movements without using 

motorised actuators. Instead, the exoskeleton uses various 

mechanical elements, such as springs or shock absorbers, to 

smooth out the stress on joints and muscles. Experiments with 

wearable exoskeletons with passive support in the workplace 

allow for evaluating their effectiveness in real production 

conditions. The test results may include an analysis of 

reducing employee fatigue, increasing productivity, and 

reducing the frequency of traumatic events. Analysing the 

results and conclusions obtained, innovative technologies 

contribute to improving the comfort and safety of industrial 

workers and provide new opportunities to optimise production 

processes and reduce stress on the human body in conditions 

of intense physical activity.Researchers B. Penzlin et al. [58] 

determined that the design and first operation of an active 

lower limb exoskeleton with parallel elastic actuation 

represent an important stage in the development of modern 

motion support technologies. This exoskeleton type is based 

on the concept of parallel elastic actuation, enabling the 

effective use of elastic elements to enhance human 

movements. When designing an active exoskeleton, attention 

is paid to ergonomics and comfort for the user and its 

effectiveness in enhancing physical activity. Elastic elements 

built in parallel with the main support system reinforce 

movements while reducing the load on muscles and joints. The 

exoskeleton control system with gravity-independent 

suspension is a revolutionary design that outperforms current 

models in several key areas [59]. It reduces reliance on active 

power drives, optimising energy consumption and efficiency 

by unloading the control system through decomposing motion 

according to degrees of freedom. Advanced materials like 

carbon fibre-reinforced polymers allow for a lighter yet 

durable structure, enhancing user comfort and ease of 

movement in dynamic gravitational environments [60]. 

Unlike traditional exoskeletons, this design maintains 

structural integrity without compromising user mobility or 

fatigue levels.  

The system's intelligent control algorithms, driven by 

machine learning, dynamically adjust to various gravitational 

conditions and anticipate user needs, providing smoother 

transitions between movements and optimising power usage 

in real-time. This level of adaptability is a significant 

improvement over fixed-control systems, which lack the 

flexibility to respond to changing environmental conditions 

efficiently. The energy recovery system in the exoskeleton 

design allows for sustainable operation over prolonged 

periods, continuously recharged by harvesting kinetic energy 

generated during user movements. This feature and optimised 

power management position the system as a robust and 

reliable option in medical and industrial applications. 

5. Conclusion 
Examining the theoretical development and analysis of 

the exoskeleton control system for lower limbs with gravity-

independent suspension highlights the substantial potential for 

improving and optimising the functionality of this device. The 

results obtained indicate the prospects of the gravity-

independent suspension approach as an essential innovative 

solution. In the course of the study, the key principles and 

factors that substantially impact the exoskeleton's 

effectiveness were identified and analysed. The integration of 

flexible materials into mechanical design is one of the 

important aspects of optimal system synthesis. This allows the 

creation of a lightweight and flexible frame that provides 

strength and comfort when using an exoskeleton. The use of 

advanced sensors and electronics is also considered a key 

factor. Highly sensitive inertial measurement devices such as 

accelerometers and gyroscopes provide more accurate and 

reliable tracking of user movements. Pressure and load sensors 

complement this aspect by providing dynamic foot load 

monitoring and adequate response to environmental changes. 

Artificial intelligence in software is also an integral part of the 

optimal synthesis of the exoskeleton control system. The 

integration of this technology allows for the analysis of user 
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movement patterns and the dynamic optimization of the 

operation of the exoskeleton. Developing adaptive algorithms 

capable of predicting and responding to changes in gravity 

conditions is a substantial step towards creating more efficient 

and intelligent control systems. It is important to note that the 

gravity-independent suspension opens up new prospects for 

using exoskeletons. The development provides valuable tools 

for medical and rehabilitation solutions, supporting patients 

with mobility impairments. Additional research may be aimed 

at optimising energy consumption, improving adaptability to 

various environmental conditions, and developing more 

advanced software algorithms to understand better and expand 

the potential of the lower limb exoskeleton control system 

with gravity-independent suspension. 

Funding Statement 
This article was prepared within the framework of the 

scientific and technical program No. AR14870080 “Structural 

and parametric synthesis of the musculoskeletal mechanisms 

of the exoskeleton of the lower limb”, implemented within the 

framework of grant funding for the project for 2022-2024. 

 

References  
[1] Dauren Bizhanov et al., “Review and Analysis of Upper Limb Exoskeletons for Rehabilitation,” Bulletin of Kazatk, vol. 124, no. 1, pp. 

315-323, 2023. [CrossRef] [Publisher Link] 

[2] N.I. Liseichikov, and I.N. Shcherbak, “Justification of criteria and features of exoskeleton modelling,” Bulletin of Science of S.Seifullin 

Kazakh Agro Technical University, vol. 1, no. 80, pp. 111-118, 2014. [Google Scholar]  

[3] Nursultan Zhetenbayev et al., “Exoskeleton for the Ankle Joint Design and Control System,” International Conference on 

Communications, Information, Electronic and Energy Systems (CIEES), Veliko Tarnovo, Bulgaria, pp. 1-6, 2022. [CrossRef] [Google 

Scholar] [Publisher Link] 

[4] Oleksandr Zubkov, and Victor Torchynskyi, “Effect of Pelvic Tilt on Changing the Centre of Rotation of The Hip Joint in Preoperative 

Planning,” Bulletin of Medical and Biological Research, vol. 6, no. 1, pp. 24-33, 2024. [CrossRef] [Publisher Link] 

[5] Gani Balbayev, Nursultan Zhetenbaev, and Erzhan Seitkulov, “Brief Description of The Development of a Robotic Exoskeleton for The 

Ankle Joint,” Bulletin of KazATC, vol. 121, no. 2, pp. 282-293, 2022. [CrossRef] [Publisher Link] 

[6] Nursultan Zhetenbayev, Gani Balbayev, and Aitolkyn Rysbek, “Powered Ankle Exoskeletons: Modern Configurations and Control 

Mechanisms,” Bulletin of KazATC, vol. 127, no. 4, pp. 262-275, 2023. [CrossRef] [Publisher Link] 

[7] Vladimir G. Krasilenko et al., “Optical Pattern Recognition Algorithms on Neural-Logic Equivalental Models and Demonstration of Their 

Prospectiveness and Possible Implementations,” Proceedings, Optical Pattern Recognition XII, Orlando, FL, United States, vol. 4387, pp. 

247-260, 2001. [CrossRef] [Google Scholar] [Publisher Link] 

[8] Yu. Ya. Bondarenko, and G. K. Kalakova, “Social and Humanitarian Aspects of University Training of It Technology Specialists,” 

Proceedings of The International Scientific and Practical Conference “SULTANGAZINSKIE CHENIYA-2023”, pp. 163-165, 2023. 

[Publisher Link]  

[9] Tao Wang et al., “A Review on The Rehabilitation Exoskeletons for The Lower Limbs of The Elderly and The Disabled,” Electronics, 

vol. 11, no. 3, pp. 1-16, 2022. [CrossRef] [Google Scholar] [Publisher Link] 

[10] S. Raja et al., “Unlocking the Potential of Polymer 3D Printed Electronics: Challenges and Solutions,” Applied Chemical Engineering, 

vol. 7, no. 2, pp. 1-12, 2024. [CrossRef] [Google Scholar] [Publisher Link] 

[11] Raja Subramani et al., “Selection and Optimization of Carbon-Reinforced Polyether Ether Ketone Process Parameters in 3D Printing-A 

Rotating Component Application,” Polymers, vol. 16, no. 10, pp. 1-17, 2024. [CrossRef] [Google Scholar] [Publisher Link] 

[12] D. Shi, W. Zhang, W. Zhang, and X. Ding, “A Review on Lower Limb Rehabilitation Exoskeleton Robots,” Chinese Journal of 

Mechanical Engineering, vol. 32, no. 1, pp. 1-11, 2019. [CrossRef] [Google Scholar] [Publisher Link] 

[13] Grzegorz Wojdala et al., “A Comparison of Electromyographic Inter-Limb Asymmetry during a Standard versus a Sling Shot Assisted 

Bench Press Exercise,” Journal of Human Kinetics, vol. 83, pp. 223-234, 2022. [CrossRef] [Google Scholar] [Publisher Link] 

[14] Thomas J. Cunningham, “Three-Dimensional Quantitative Analysis of The Trajectory of The Foot While Running,” University of 

Kentucky Master’s Theses, Lexington, Kentucky, 2007. [Google Scholar] [Publisher Link] 

[15] Tomoyoshi Sakaguchi et al., “The Most Significant Factor Affecting Gait and Postural Balance in Patients’ Activities of Daily Living 

Following Corrective Surgery for Deformity of the Adult Spine,” Medicina, vol. 58, no. 8, pp. 1-8, 2022. [CrossRef] [Google Scholar] 

[Publisher Link]  

[16] B. Koopman, E. H. F. van Asseldonk, and H. van der Kooij, “Speed-Dependent Reference Joint Trajectory Generation for Robotic Gait 

Support,” Journal of Biomechanics, vol. 47, no. 6, pp. 1447-1458, 2014. [CrossRef] [Google Scholar] [Publisher Link] 

[17] Jennifer L. Lelas et al., “Predicting Peak Kinematic and Kinetic Parameters from Gait Speed,” Gait and Posture, vol. 17, no. 2, pp. 106-

112, 2003. [CrossRef] [Google Scholar] [Publisher Link] 

[18] Hao Lee, Peter Walker Ferguson, and Jacob Rosen, “Lower Limb Exoskeleton Systems-Overview,” Wearable Robotics, Systems and 

Applications, pp. 207-229, 2020. [CrossRef] [Google Scholar] [Publisher Link] 

 

https://doi.org/10.52167/1609-1817-2023-124-1-315-323
https://vestnik.alt.edu.kz/index.php/journal/article/view/827
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%D0%9E%D0%91%D0%9E%D0%A1%D0%9D%D0%9E%D0%92%D0%90%D0%9D%D0%98%D0%95+%D0%9A%D0%A0%D0%98%D0%A2%D0%95%D0%A0%D0%98%D0%95%D0%92+%D0%98+%D0%9E%D0%A1%D0%9E%D0%91%D0%95%D0%9D%D0%9D%D0%9E%D0%A1%D0%A2%D0%98+%D0%9C%D0%9E%D0%94%D0%95%D0%9B%D0%98%D0%A0%D0%9E%D0%92%D0%90%D0%9D%D0%98%D0%AF+%D0%AD%D0%9A%D0%97%D0%9E%D0%A1%D0%9A%D0%95%D0%9B%D0%95%D0%A2%D0%90&btnG=
https://doi.org/10.1109/CIEES55704.2022.9990064
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Exoskeleton+for+the+Ankle+Joint+Design+and+Control+System&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Exoskeleton+for+the+Ankle+Joint+Design+and+Control+System&btnG=
https://ieeexplore.ieee.org/document/9990064
https://doi.org/10.61751/bmbr/1.2024.24
https://bmbr.com.ua/en/journals/tom-6-1-2024/vpliv-nakhilu-taza-na-zminu-tsentra-rotatsiyi-kulshovogo-sugloba-v-peredoperatsiynomu-planuvanni
https://doi.org/10.52167/1609-1817-2022-121-2-282-293
https://vestnik.alt.edu.kz/index.php/journal/article/view/469
https://doi.org/10.52167/1609-1817-2023-127-4-262-275
https://vestnik.alt.edu.kz/index.php/journal/article/view/1372
https://doi.org/10.1117/12.421146
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optical+pattern+recognition+algorithms+on+neural-logic+equivalental+models+and+demonstration+of+their+prospectiveness+and+possible+implementations&btnG=
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/4387/1/Optical-pattern-recognition-algorithms-on-neural-logic-equivalent-models-and/10.1117/12.421146.short
https://repo.kspi.kz/handle/123456789/6800
https://doi.org/10.3390/electronics11030388
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+review+on+the+rehabilitation+exoskeletons+for+the+lower+limbs+of+the+elderly+and+the+disabled&btnG=
https://www.mdpi.com/2079-9292/11/3/388
https://doi.org/10.59429/ace.v7i2.3877
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Unlocking+the+potential+of+polymer+3D+printed+electronics%3A+Challenges+and+solutions&btnG=
https://ace.as-pub.com/index.php/ACE/article/view/3877
https://doi.org/10.3390/polym16101443
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Selection+and+Optimization+of+Carbon-Reinforced+Polyether+Ether+Ketone+Process+Parameters+in+3D+Printing%E2%80%94A+Rotating+Component+Application&btnG=
https://www.mdpi.com/2073-4360/16/10/1443
https://doi.org/10.1186/s10033-019-0389-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+review+on+lower+limb+rehabilitation+exoskeleton+robots&btnG=
https://cjme.springeropen.com/articles/10.1186/s10033-019-0389-8
https://doi.org/10.2478/hukin-2022-0084
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+Comparison+of+Electromyographic+Inter-Limb+Asymmetry+during+a+Standard+versus+a+Sling+Shot+Assisted+Bench+Press+Exercise&btnG=
https://jhk.termedia.pl/A-Comparison-of-Electromyographic-Inter-Limb-Asymmetry-during-a-Standard-versus-a,158740,0,2.html
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Three-dimensional+quantitative+analysis+of+the+trajectory+of+the+foot+while+running&btnG=
https://uknowledge.uky.edu/gradschool_theses/500
https://doi.org/10.3390/medicina58081118
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+Most+Significant+Factor+Affecting+Gait+and+Postural+Balance+in+Patients%E2%80%99+Activities+of+Daily+Living+Following+Corrective+Surgery+for+Deformity+of+the+Adult+Spine&btnG=
https://www.mdpi.com/1648-9144/58/8/1118
https://doi.org/10.1016/j.jbiomech.2014.01.037
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Speed-dependent+reference+joint+trajectory+generation+for+robotic+gait+support&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0021929014000682?via%3Dihub
https://doi.org/10.1016/S0966-6362(02)00060-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Predicting+peak+kinematic+and+kinetic+parameters+from+gait+speed&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0966636202000607?via%3Dihub
https://doi.org/10.1016/B978-0-12-814659-0.00011-4
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Lower+limb+exoskeleton+systems+%E2%80%93+Overview&btnG=
https://www.sciencedirect.com/science/article/abs/pii/B9780128146590000114?via%3Dihub


Nurlan Apakhayev et al. / IJETT, 72(12), 1-13, 2024 

 

12 

[19] Māra Pētersone et al., “Strategic Purchasing and Health System Efficiency: Prospects for Health Sector Reform in Latvia,” WSEAS 

Transactions on Business and Economics, vol. 17, pp. 41-50, 2020. [CrossRef] [Google Scholar] [Publisher Link] 

[20] Nursultan Zhetenbayev et al., “Investigation of a Passive Ankle Joint Exoskeleton Designed for Movements with Dorsal and Plantar 

Flexion †,” Engineering Proceedings, vol. 41, no. 1, pp. 1-11, 2023. [CrossRef] [Google Scholar] [Publisher Link] 

[21] Svitlana Symonenko et al., “Development of Communicative Competence as A Precondition of Competitive Software Engineer 

Formation,” Modern Development Paths of Agricultural Production, pp. 307-315, 2019. [CrossRef] [Google Scholar] [Publisher Link] 

[22] O. Kyzymchuk, and L. Melnyk, “Measurement Methods for Contact Pressure of Compression Knitted Garment,” Technologies and 

Engineering, vol. 2, pp. 46-59, 2022. [CrossRef] [Publisher Link] 

[23] Nurila Maltabarova et al., “Innovation Technologies in Student's Independent Activity and Creativity Development: The Case of Medical 

Education,” International Journal of Emerging Technologies in Learning, vol. 14, no. 11, pp. 32-40, 2019. [CrossRef] [Google Scholar] 

[Publisher Link] 

[24] Oleksandr Pidpalyi, “Future Prospects: AI and Machine Learning in Cloud-Based SIP Trunking,” Bulletin of Cherkasy State Technological 

University, vol. 29, no. 1, pp. 24-35, 2024. [CrossRef] [Google Scholar] [Publisher Link] 

[25] F. Ahmadov et al., “Investigation of Parameters of New MAPD-3NM Silicon Photomultipliers,” Journal of Instrumentation, vol. 17, no. 

1, 2022. [CrossRef] [Google Scholar] [Publisher Link] 

[26] Nursultan Zhetenbayev et al., “Robot Device for Ankle Joint Rehabilitation: A Review,” Vibroengineering Procedia, vol. 41, pp. 96-102, 

2022. [CrossRef] [Google Scholar] [Publisher Link] 

[27] Nurlan Zhangabay et al., “Analysis of The Influence of Thermal Insulation Material on The Thermal Resistance of New Facade Structures 

with Horizontal Air Channels,” Case Studies in Construction Materials, vol. 18, 2023. [CrossRef] [Google Scholar] [Publisher Link] 

[28] Jinman Zhou, Shuo Yan, and Qiang Xu, “Lower Limb Rehabilitation Exoskeleton Robot: A Review,” Advances in Mechanical 

Engineering, vol. 13, no. 4, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[29] Oleksii Zarichuk, “Comparative Analysis of Frameworks for Mobile Application Development: Native, Hybrid, Or Cross-Platform 

Solutions,” Bulletin of Cherkasy State Technological University, vol. 28, no. 4, pp. 19-27, 2023. [CrossRef] [Google Scholar] [Publisher 

Link] 

[30] A. Khrutskiy et al., “Virtual Laboratory Workshop on Research Planning,” Mining Journal of Kryvyi Rih National University, vol. 21, no. 

1, pp. 152-158, 2023. [Publisher Link] 

[31] Dmytro Petryna, Volodymyr Kornuta, and Olena Kornuta, “Using Neural Network Tools to Accelerate the Development of Web 

Interfaces,” Information Technologies and Computer Engineering, vol. 21, no. 2, pp. 42-50, 2024. [Publisher Link] 

[32] Yuanxi Sun et al., “From Sensing to Control of Lower Limb Exoskeleton: A Systematic Review,” Annual Reviews in Control, vol. 53, 

pp. 83-96, 2022. [CrossRef] [Google Scholar] [Publisher Link] 

[33] L. F. Sukhodub et al., “Effect of Magnetic Particles Adding into Nanostructured Hydroxyapatite-Alginate Composites for Orthopedics,” 

Journal of the Korean Ceramic Society, vol. 57, pp. 557-569, 2020. [CrossRef] [Google Scholar] [Publisher Link] 

[34] O.V. Chernets et al., “Electric Arc Steam Plasma Conversion of Medicine Waste and Carbon Containing Materials,” 17th International 

Conference on Gas Discharges and Their Applications, Cardiff, UK, pp. 465-468, 2008. [Google Scholar] [Publisher Link]  

[35] Vitaliy P. Babak et al., “Models and Measures for the Diagnosis of Electric Power Equipment,” Models and Measures in Measurements 

and Monitoring, vol. 360, pp. 99-126, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[36] Qiaoling Meng et al., “Flexible Lower Limb Exoskeleton Systems: A Review,” NeuroRehabilitation, vol. 50, no. 4, pp. 367-390, 2022. 

[CrossRef] [Google Scholar] [Publisher Link] 

[37] Volodymyr Khotsianivskyi, and Victor Sineglazov, “Robotic Manipulator Motion Planning Method Development Using Neural Network-

Based Intelligent System,” Machinery and Energetics, vol. 14, no. 4, pp. 131-145, 2023. [CrossRef] [Google Scholar] [Publisher Link] 

[38] Fahad Hussain, Roland Goecke, and Masoud Mohammadian, “Exoskeleton Robots for Lower Limb Assistance: A Review of Materials, 

Actuation, And Manufacturing Methods,” Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in 

Medicine, vol. 235, no. 12, pp. 1375-1385, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[39] Bhaben Kalita, Jyotindra Narayan, and Santosha Kumar Dwivedy, “Development of Active Lower Limb Robotic-Based Orthosis and 

Exoskeleton Devices: A Systematic Review,” International Journal of Social Robotics, vol. 13, pp. 775-793, 2021. [CrossRef] [Google 

Scholar] [Publisher Link] 

[40] Ihor K. Venher et al., “Endovascular Angioplasty for Multi-Level Stenotic-Occlusive Lesions of The Femoral-Distal Arterial Bed in Cases 

of Stenotic-Occlusive Process of The Tibial Arteries,” International Journal of Medicine and Medical Research (IJMMR), vol. 8, no. 1, 

pp. 48-54, 2022. [CrossRef] [Google Scholar] [Publisher Link] 

[41] A. K. Karmalita, and S. I. Pundyk, “Methods of Controlling the Position of Flat Parts of Shoe by Asymmetry of The Surface Properties,” 

Technologies and Engineering, vol. 1, pp. 50-59, 2024. [CrossRef] [Google Scholar] [Publisher Link] 

[42] O. Ponomarenko, “Reconstructive Surgery of Severe Damages of Lower Extremities Integument After Injury,” International Journal of 

Medicine and Medical Research, vol. 4, no. 2, pp. 36-43, 2018. [CrossRef] [Google Scholar] [Publisher Link] 

 

https://doi.org/10.37394/23207.2020.17.6
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Strategic+purchasing+and+health+system+efficiency%3A+Prospects+for+health+sector+reform+in+Latvia&btnG=
https://wseas.com/journals/articles.php?id=764
https://doi.org/10.3390/engproc2023041017
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+a+Passive+Ankle+Joint+Exoskeleton+Designed+for+Movements+with+Dorsal+and+Plantar+Flexion+&btnG=
https://www.mdpi.com/2673-4591/41/1/17
https://doi.org/10.1007/978-3-030-14918-5_32
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Development+of+communicative+competence+as+a+precondition+of+competitive+software+engineer+formation&btnG=
https://link.springer.com/chapter/10.1007/978-3-030-14918-5_32
https://doi.org/10.30857/2786-5371.2022.2.4
https://jrnl.knutd.edu.ua/index.php/techeng/article/view/1068
https://doi.org/10.3991/ijet.v14i11.10341
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Innovation+technologies+in+student%27s+independent+activity+and+creativity+development%3A+The+case+of+medical+education&btnG=
https://online-journals.org/index.php/i-jet/article/view/10341
https://doi.org/10.62660/bcstu/1.2024.24
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Future+prospects%3A+AI+and+machine+learning+in+cloud-based+SIP+trunking&btnG=
https://bulletin-chstu.com.ua/en/journals/tom-29-1-2024/maybutni-perspektivi-shi-ta-mashinne-navchannya-v-khmarnomu-sip-trankingu
https://doi.org/10.1088/1748-0221/17/01/C01001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+parameters+of+new+MAPD-3NM+silicon+photomultipliers&btnG=
https://iopscience.iop.org/article/10.1088/1748-0221/17/01/C01001
https://doi.org/10.21595/vp.2022.22507
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Robot+device+for+ankle+joint+rehabilitation%3A+A+review&btnG=
https://www.extrica.com/article/22507
https://doi.org/10.1016/j.cscm.2023.e02026
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Analysis+of+the+influence+of+thermal+insulation+material+on+the+thermal+resistance+of+new+facade+structures+with+horizontal+air+channels&btnG=
https://www.sciencedirect.com/science/article/pii/S221450952300205X?via%3Dihub
https://doi.org/10.1177/16878140211011862
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Lower+limb+rehabilitation+exoskeleton+robot%3A+A+review&btnG=
https://journals.sagepub.com/doi/10.1177/16878140211011862
https://doi.org/10.62660/2306-4412.4.2023.19-27
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Comparative+analysis+of+frameworks+for+mobile+application+development%3A+Native%2C+hybrid%2C+or+cross-platform+solutions&btnG=
https://bulletin-chstu.com.ua/en/journals/tom-28-4-2023/porivnyalny-analiz-freymvorkiv-dlya-rozrobki-mobilnikh-program-ridni-gibridni-chi-kros-platformni-rishennya
https://bulletin-chstu.com.ua/en/journals/tom-28-4-2023/porivnyalny-analiz-freymvorkiv-dlya-rozrobki-mobilnikh-program-ridni-gibridni-chi-kros-platformni-rishennya
https://mining-journal.com.ua/en/journals/tom-21-1-2023/virtualny-laboratorny-praktikum-z-planuvannya-naukovikh-doslidzhen
https://itce.com.ua/en/journals/t-21-2-2024/vikoristannya-instrumentiv-neyromerezh-dlya-prishvidshennya-rozrobki-veb-interfeysiv
https://doi.org/10.1016/j.arcontrol.2022.04.003
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=From+sensing+to+control+of+lower+limb+exoskeleton%3A+A+systematic+review&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1367578822000189?via%3Dihub
https://doi.org/10.1007/s43207-020-00061-w
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+magnetic+particles+adding+into+nanostructured+hydroxyapatite%E2%80%93alginate+composites+for+orthopedics&btnG=
https://link.springer.com/article/10.1007/s43207-020-00061-w
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Electric+arc+steam+plasma+conversion+of+medicine+waste+and+carbon+containing+materials&btnG=
https://ieeexplore.ieee.org/document/5379362
https://doi.org/10.1007/978-3-030-70783-5_4
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Models+and+Measures+for+the+Diagnosis+of+Electric+Power+Equipment&btnG=
https://link.springer.com/chapter/10.1007/978-3-030-70783-5_4
http://dx.doi.org/10.3233/NRE-210300
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Flexible+lower+limb+exoskeleton+systems%3A+A+review&btnG=
https://journals.sagepub.com/doi/full/10.3233/NRE-210300
https://doi.org/10.31548/machinery/4.2023.131
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Robotic+manipulator+motion+planning+method+development+using+neural+network-based+intelligent+system&btnG=
https://technicalscience.com.ua/en/journals/t-14-4-2023/rozrobka-myetodu-planuvannya-rukhu-robotiv-manipulyatoriv-z-vikoristannyam-intyelyektualnoyi-sistyemi-zasnovanoyi-na-nyeyronnikh-myeryezhakh
https://doi.org/10.1177/09544119211032010
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Exoskeleton+robots+for+lower+limb+assistance%3A+A+review+of+materials%2C+actuation%2C+and+manufacturing+methods&btnG=
https://journals.sagepub.com/doi/10.1177/09544119211032010
https://doi.org/10.1007/s12369-020-00662-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Development+of+active+lower+limb+robotic-based+orthosis+and+exoskeleton+devices%3A+A+systematic+review&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Development+of+active+lower+limb+robotic-based+orthosis+and+exoskeleton+devices%3A+A+systematic+review&btnG=
https://link.springer.com/article/10.1007/s12369-020-00662-9
https://doi.org/10.11603/ijmmr.2413-6077.2022.1.13157
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Endovascular+angioplasty+for+multi-level+stenotic-occlusive+lesions+of+the+femoral-distal+arterial+bed+in+cases+of+stenotic-occlusive+process+of+the+tibial+arteries&btnG=
https://ijmr.com.ua/journals/vol-8-no-1-2022/endovascular-angioplasty-for-multi-level-stenotic-occlusive-lesions-of-the-femoral-distal-arterial-bed-in-cases-of-stenotic-occlusive-process-of-the-tibial-arteries
https://doi.org/10.30857/2786-5371.2024.1.5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Methods+of+controlling+the+position+of+flat+parts+of+shoe+by+asymmetry+of+the+surface+properties&btnG=
https://jrnl.knutd.edu.ua/index.php/techeng/article/view/1459
https://doi.org/10.11603/ijmmr.2413-6077.2018.2.9696
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Reconstructive+surgery+of+severe+damages+of+lower+extremities+integument+after+injury&btnG=
https://ijmr.com.ua/journals/vol-4-no-2-2018/reconstructive-surgery-of-severe-damages-of-lower-extremities-integument-after-injury


Nurlan Apakhayev et al. / IJETT, 72(12), 1-13, 2024 

 

13 

[43] Romain Baud et al., “Review of Control Strategies for Lower-Limb Exoskeletons to Assist Gait,” Journal of NeuroEngineering and 

Rehabilitation, vol. 18, no. 1, pp. 1-34, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[44] V. M. Pavlenko, P. O. Kurliak, and O. Y. Volianyk, “Designing A Control System for Mechanisms with Variable Imbalance,” 

Technologies and Engineering, vol. 6, pp. 41-52, 2023. [CrossRef] [Publisher Link] 

[45] Olena Ishchenko et al., “Physico-Mechanical and Pharmacotechnological Properties of Nimesulide Films Based on Modified 

Polysaccharides,” Technologies and Engineering, vol. 1, pp. 40-48, 2022. [CrossRef] [Google Scholar] [Publisher Link] 

[46] Māra Pētersone et al., “Network for Disease-Specific Networking Strategy to Increasing of Public Value: Latvia’s Approach,” Lecture 

Notes in Networks and Systems, International Conference on Applied Human Factors and Ergonomics, vol. 267, pp. 363-370, 2021. 

[CrossRef] [Google Scholar] [Publisher Link] 

[47] Ivan Andriievskyi et al., “Application of The Regression Neural Network for The Analysis of The Results of Ultrasonic Testing,” 

Machinery and Energetics, vol. 15, no. 1, pp. 43-55, 2024. [CrossRef] [Google Scholar] [Publisher Link] 

[48] Sebastian Glowinski et al., “Dynamic Model of a Humanoid Exoskeleton of a Lower Limb with Hydraulic Actuators,” Sensors, vol. 21, 

no. 10, pp. 1-20, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[49] Askhat Tagybayev et al., “Revealing Patterns of Thermophysical Parameters in The Designed Energy-Saving Structures for External 

Fencing with Air Channels,” Eastern-European Journal of Enterprise Technologies, vol. 4, no. 8(124), pp. 32-43, 2023. [CrossRef] 

[Google Scholar] [Publisher Link] 

[50] Zhenlei Chen et al., “Control and Implementation Of 2-DOF Lower Limb Exoskeleton Experiment Platform,” Chinese Journal of 

Mechanical Engineering, vol. 34, no. 22, pp. 1-17, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[51] Tomoyoshi Sakaguchi et al., “Evaluation and Rehabilitation After Adult Lumbar Spine Surgery,” Journal of Clinical Medicine, vol. 13, 

no. 10, pp. 1-23, 2024. [CrossRef] [Google Scholar] [Publisher Link] 

[52] Wujing Cao et al., “A Lower Limb Exoskeleton with Rigid and Soft Structure for Loaded Walking Assistance,” IEEE Robotics and 

Automation Letters, vol. 7, no. 1, pp. 454-461, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[53] Plaza, M. Hernandez, G. Puyuelo, E. Garces, and E. Garcia, “Lower-Limb Medical and Rehabilitation Exoskeletons: A Review of The 

Current Designs,” IEEE Reviews in Biomedical Engineering, vol. 16, pp, 278-291, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[54] Luigi Aurelio Nasto et al., “Ponte Osteotomies for Treatment of Spinal Deformities: They Are Not All Made Equal,” European Spine 

Journal, vol. 33, pp. 2787-2793, 2024. [CrossRef] [Google Scholar] [Publisher Link] 

[55] Andrei Efremov, “Psychosomatics: Communication of the Central Nervous System through Connection to Tissues, Organs, and Cells,” 

Clinical Psychopharmacology and Neuroscience, vol. 22, no. 4, pp. 565-577, 2024. [CrossRef] [Google Scholar] [Publisher Link] 

[56] Lukas Bergmann et al., “Lower Limb Exoskeleton with Compliant Actuators: Design, Modeling, and Human Torque Estimation,” 

IEEE/ASME Transactions on Mechatronics, vol. 28, no. 2, pp. 758-769, 2023. [CrossRef] [Google Scholar] [Publisher Link] 

[57] Zefeng Yan et al., “Development and Testing of a Wearable Passive Lower-Limb Support Exoskeleton to Support Industrial Workers,” 

Biocybernetics and Biomedical Engineering, vol. 41, no. 1, pp. 221-238, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[58] Bernhard Penzlin et al., “Design and First Operation of An Active Lower Limb Exoskeleton with Parallel Elastic Actuation,” Actuators, 

vol. 10, no. 4, pp. 1-20, 2021. [CrossRef] [Google Scholar] [Publisher Link] 

[59] Dmytro Belytskyi et al., “Application of Machine Learning and Computer Vision Methods to Determine the Size of NPP Equipment 

Elements in Difficult Measurement Conditions,” Machinery and Energetics, vol. 14, no. 4, pp. 42-53, 2023. [CrossRef] [Google Scholar] 

[Publisher Link] 

[60] Vitalii Babak et al., “The Heat Exchange Simulation in the Device for Measuring the Emissivity of Coatings and Material Surfaces,” IEEE 

39th International Conference on Electronics and Nanotechnology (ELNANO), Kyiv, Ukraine, pp. 301-304, 2019. [CrossRef] [Google 

Scholar] [Publisher Link] 

  

https://doi.org/10.1186/s12984-021-00906-3
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Review+of+control+strategies+for+lower-limb+exoskeletons+to+assist+gait&btnG=
https://jneuroengrehab.biomedcentral.com/articles/10.1186/s12984-021-00906-3
https://doi.org/10.30857/2786-5371.2023.6.4
https://jrnl.knutd.edu.ua/index.php/techeng/article/view/1427
https://doi.org/10.30857/2786-5371.2022.1.4
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Physico-mechanical+and+pharmacotechnological+properties+of+nimesulide+films+based+on+modified+polysaccharides&btnG=
https://jrnl.knutd.edu.ua/index.php/techeng/article/view/1051
https://doi.org/10.1007/978-3-030-80876-1_46
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Network+for+Disease-Specific+Networking+Strategy+to+Increasing+of+Public+Value%3A+Latvia%E2%80%99s+Approach&btnG=
https://link.springer.com/chapter/10.1007/978-3-030-80876-1_46
https://doi.org/10.31548/machinery/1.2024.43
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Application+of+the+regression+neural+network+for+the+analysis+of+the+results+of+ultrasonic+testing&btnG=
https://technicalscience.com.ua/en/journals/t-15-1-2024/zastosuvannya-ryegryesiynoyi-nyeyronnoyi-myeryezhi-dlya-analizu-ryezultativ-ultrazvukovogo-kontrolyu
https://doi.org/10.3390/s21103432
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Dynamic+model+of+a+humanoid+exoskeleton+of+a+lower+limb+with+hydraulic+actuators&btnG=
https://www.mdpi.com/1424-8220/21/10/3432
https://doi.org/10.15587/1729-4061.2023.286078
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Revealing+patterns+of+thermophysical+parameters+in+the+designed+energy-saving+structures+for+external+fencing+with+air+channels&btnG=
https://journals.uran.ua/eejet/article/view/286078
https://doi.org/10.1186/s10033-021-00537-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Control+and+implementation+of+2-DOF+lower+limb+exoskeleton+experiment+platform&btnG=
https://cjme.springeropen.com/articles/10.1186/s10033-021-00537-8
https://doi.org/10.3390/jcm13102915
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Evaluation+and+Rehabilitation+after+Adult+Lumbar+Spine+Surgery&btnG=
https://www.mdpi.com/2077-0383/13/10/2915
https://doi.org/10.1109/LRA.2021.3125723
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+lower+limb+exoskeleton+with+rigid+and+soft+structure+for+loaded+walking+assistance&btnG=
https://ieeexplore.ieee.org/document/9606603
https://doi.org/10.1109/RBME.2021.3078001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Lower-limb+medical+and+rehabilitation+exoskeletons%3A+A+review+of+the+current+designs&btnG=
https://ieeexplore.ieee.org/document/9425437
https://doi.org/10.1007/s00586-024-08334-2
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Ponte+osteotomies+for+treatment+of+spinal+deformities%3A+they+are+not+all+made+equal&btnG=
https://link.springer.com/article/10.1007/s00586-024-08334-2
https://doi.org/10.9758/cpn.24.1197
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Psychosomatics%3A+Communication+of+the+Central+Nervous+System+through+Connection+to+Tissues%2C+Organs%2C+and+Cells&btnG=
https://www.cpn.or.kr/journal/view.html?doi=10.9758/cpn.24.1197
https://doi.org/10.1109/TMECH.2022.3206530
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Lower+limb+exoskeleton+with+compliant+actuators%3A+design%2C+modeling%2C+and+human+torque+estimation&btnG=
https://ieeexplore.ieee.org/document/9900071
https://doi.org/10.1016/j.bbe.2020.12.010
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Develop
https://www.sciencedirect.com/science/article/abs/pii/S0208521621000012?via%3Dihub
https://doi.org/10.3390/act10040075
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+and+first+operation+of+an+active+lower+limb+exoskeleton+with+parallel+elastic+actuation&btnG=
https://www.mdpi.com/2076-0825/10/4/75
https://doi.org/10.31548/machinery/4.2023.42
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Application+of+machine+learning+and+computer+vision+methods+to+determine+the+size+of+NPP+equipment+elements+in+difficult+measurement+conditions&btnG=
https://technicalscience.com.ua/en/journals/t-14-4-2023/zastosuvannya-myetodiv-mashinnogo-navchannya-ta-komp-yutyernogo-zoru-dlya-viznachyennya-rozmiriv-yelyemyentiv-obladnannya-ayes-v-skladnikh-umovakh-vimiryuvannya
https://doi.org/10.1109/ELNANO.2019.8783537
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+Heat+Exchange+Simulation+in+the+Device+for+Measuring+the+Emissivity+of+Coatings+and+Material+Surfaces&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+Heat+Exchange+Simulation+in+the+Device+for+Measuring+the+Emissivity+of+Coatings+and+Material+Surfaces&btnG=
https://ieeexplore.ieee.org/document/8783537

