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Abstract.  

In response to the high labor intensity of manual operations in coal mines, 

an exoskeleton was developed to assist miners in transporting and carrying 

heavy tools or materials in underground mining workings. The structural 

design and functions of each part of the exoskeleton were introduced. By 

using finite element analysis technology, the equivalent stress and 

displacement distribution law of the core components of waist and leg 

exoskeleton under working conditions were obtained. Based on this, 

combined with topology optimization technology and technological 

characteristics of manufacturing process, the optimal structural scheme of 

the components was obtained. Finally, a lightweight design with a total 

weight of 8.3 kg (23.1% decreasing of weight compared to the original 

design) was developed for the waist and leg exoskeleton, providing a solid 

foundation for the application of exoskeletons in conditions of coal mine. 
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Introduction  

With the advancement of coal mining technology, underground work is developing towards 

mechanization and automation. Ensuring industrial safety and labor protection of workers is one of the 

priorities of a mining enterprise, since mining is a complex and dangerous process associated with the 

risk of accidents and occupational diseases [1]. The application of mining exoskeleton provides strong 

support for miners, enabling them to easily move heavy objects and perform wide range of tasks with 

increased physical exertion. The application of this mechanical device improves the physical fitness of 

operators in specific aspects such as load-bearing capacity and walking durability, while also improving 

the overall production efficiency of coal mining. Exoskeleton equipment is a type of equipment that 

combines mechanical structure and intelligent control technology [2]. The exoskeleton is worn on the 

body completely repeating the structure of the body, providing auxiliary strength and protection for the 

human body [3, 4]. 

Exoskeleton have been widely studied in various application fields. The HULC exoskeleton 

developed in collaboration between Martin Corporation and the University of Berkeley in the United 

States adopts hydraulic transmission, which can assist the human body in weight-bearing walking and 

complete movements such as crawling and squatting [5]. Professor Luo Jinfa from Singapore has 

developed a lower limb exoskeleton, which is driven by an electric motor and provides assistance by 

measuring joint angles through sensors on the inner exoskeleton [6].  

https://creativecommons.org/licenses/by/4.0/deed.ru
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S. Toyama, G. Yamamoto et al. [7-10] have developed an agricultural version of exoskeleton to 

reduce the labor intensity of farmers.  

The University of Tsukuba has developed the HAL series of exoskeleton to assist the movements 

of the elderly and disabled [11].  

Shanghai Fourier Intelligent Technology Co., Ltd., a domestic company, has developed the Fourier 

X1 series exoskeleton, which can help paralyzed patients achieve functions such as walking. Li Xiankun 

et al. [12, 13] developed a lower limb exoskeleton experimental platform and studied the movement 

characteristics of the exoskeleton during squatting. Zhang Bin et al. [14] developed an exoskeleton for 

rehabilitation training and analyzed the characteristics of the control system.  

Developed by Russian scientists at The South-West State University (SWSU), exoskeletons 

minimally limit the operator’s movement in space and help relieve stress from the lower back. With the 

support of industrial partners of SWSU on the implementation of heavy-duty industrial exoskeletons, 

cases were carried out to evaluate the range of possibilities for using exoskeletons. The results of tests 

of exoskeletons of this type showed that heavy exoskeletons «ExoHeaver» make it possible to perform 

such technological operations as: the operation of lifting, transferring and installing a valve weighing 

40 kg on a worktable; lifting, moving, holding a load; assembly of units and units of medium dimensions. 

By removing the load from the musculoskeletal system, operator relief exceeds 90%, and the operating 

weight range when putting on an industrial exoskeleton ranges from 30 to 60 kg [15, 16].  

At present, there are three obvious problems with active exoskeletons used in mining: their volume 

and weight are too large (the existing machine weight is ≥ 11kg), and wearing them on workers in small 

space mining environments can have a great sense of constraint; The existing exoskeletons have poor 

degrees of freedom and limit the flexibility of the human torso too much; Carrying exoskeletons, 

transporting exoskeletons, and assisting with walking exoskeletons each have three sets of systems. 

However, mining work often involves multiple continuous actions, and one set of exoskeletons cannot 

adapt to diverse mine conditions, resulting in relatively single functions. Therefore, it is imperative to 

develop lightweight and wearable exoskeleton robots for mining in the field of coal mining. 

 

Structural design of mining waist and leg exoskeleton  

Design of degrees of freedom 

Many foreign researchers believe that exoskeletons have characteristics similar to those of personal 

protection. Experts recognize that the features of these devices, including the processes of donning, 

fixing, fitting and adjustment carried out directly on the human body, allow them to be considered 

personal protective equipment. ASTM Committee F48 on Exoskeletons and Exosuits, which develops 

standards for exoskeletons and exosuits, noted at one of its meetings that exoskeletons represent a new 

type of personal protective equipment. By reducing the load on joints and muscles, exoskeletons can 

function as smart personal protective equipment, protecting the worker from the rigors of the work 

process, or as a means of increasing labor productivity [17]. 

Normal human walking relies on the coordinated movement of the hip, knee, and ankle joints. The 

human lower limbs have a total of 7 degrees of freedom, with the hip and ankle joints each responsible 

for 3 degrees of freedom, including flexion/extension, abduction/adduction, and pronation/pronation 

movements around the joint motion axis. The knee joint has only one degree of freedom, which is the 

flexion/extension movement around the joint’s axis of motion. Among them, flexion/extension 

movements are mainly used to bend and extend the lower limbs, playing a role in bending and extending 

the legs, allowing the human body to take strides. The abduction/adduction movement is used to regulate 

the balance of the human body and maintain stability during walking. Internal/external rotation can 

achieve the function of changing direction during walking. 

The design of the hip joint shown in Fig. 1 can achieve the three degrees of freedom required for 

the human hip joint. 
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Fig. 1. Hip joint 3-degree-of-freedom design 

Рис. 1. Конструкция тазобедренного сустава с 3 степенями свободы 

 

The ankle joint design shown in Fig. 2 can achieve the three degrees of freedom required for the 

human ankle joint. 

 
Fig. 2. Ankle joint 3-degree-of-freedom design 

Рис. 2. Конструкция соединительного компонента на голени с 3 степенями свободы 

 

The knee joint design shown in Fig. 3 can achieve one degree of freedom required for the human 

knee joint. 

 
Fig. 3. Knee joint 1 degree of freedom design 

Рис. 3. Конструкция коленного сустава с 1 степенью свободы 

 

Design of driving mode 

Research has shown that during normal walking in the human body, the hip and knee joints 

consume the most energy, and the hip joint is larger than the knee joint. That is to say, in the actual work 

of coal mine workers, the flexion/extension direction of the hip joint is the direction with the maximum 

resistance distance [18]. Therefore, in the design process of exoskeletons, the Fig. 4 shows the design 

of the driver for the waist and leg exoskeleton, with one motor on each side. 
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Fig. 4. Design of degrees of freedom for motor drive 

Рис. 4. Конструкция исполнительного привода (электропривода) с несколькими степенями 

свободы 

 

Structural and Mechanical Analysis of Waist and Leg Exoskeleton Machine 

Underground operations usually include two categories: (1) tasks such as moving heavy objects, 

climbing slopes, and walking; (2) carrying injured personnel, equipment, etc. during emergency rescue; 

In order to better cooperate with the coal mine environment operation scene, this article designs two 

types of exoskeletons: the waist handling exoskeleton shown in Fig. 5, and the leg assisted exoskeleton 

shown in Fig. 6. Both types of exoskeletons can be quickly disassembled through special structures, 

collectively referred to as the waist leg exoskeleton in this article. 

 

 
Fig. 5. Waist handling exoskeleton. 1 – Arm suspension system, 2 – Body simulation backboard, 3 

– Bracket, 4 – Electric control and its battery system, 5 – Hip joint adjustment system, 6 – Motor drive 

system, 7 – Waist and leg quick change mechanism, 8 – Leg binding components 

Рис. 5. Экзоскелет верхних конечностей. 1 – система подвески рычага, 2 – панель для 

поддержки спины, 3 – скоба, 4 – контрольно-измерительная система и ее блок питания, 5 – 

система регулировки тазобедренного сустава, 6 – исполнительный привод (электрический 

привод), 7 – механизм быстрой смены элемента крепления ноги с пояса, 8 – элемент крепления 

ноги 

The exoskeleton for waist transportation consists of 8 modules, including 1 – prosthetic arm 

suspension system, 2 – simulated body backboard, 3 – bracket components, 4 – electronic control and 

battery system, 5 – hip joint adjustment system, 6 – motor drive system, 7 – waist leg quick change 

mechanism, and 8 – leg binding components. When coal mine operators bend down to carry lighter 

heavy objects, they can place the heavy objects on the gripper of the prosthetic arm suspension system 

as shown in Fig. 7. At this time, when bending down to carry heavy objects, most of the force for lifting 

them is achieved by the reverse drive torque T of the motor, as shown in Fig. 7, which can greatly 

alleviate waist fatigue in the human body. When coal mine workers are carrying a lighter load, they can 

place heavy objects on a bracket, as shown in Fig. 8. During walking, the motor driving torque T can 

drive the human thigh to swing, thereby alleviating leg fatigue and improving the work efficiency of 

coal mine workers. 
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Fig. 6. Waist and leg exoskeleton. 9 – Hip shock absorption system, 10 – Thigh binding 

component, 11 – Knee joint system, 12 – Lower leg binding components, 13 – Ankle joint system, 14 – 

Shoe system 

Рис. 6. Экзоскелет нижних конечностей. 9 – система амортизации бедра, 10 – бедренный 

соединительный компонент, 11 – система коленного сустава, 12 – голеностопный 

соеденительный компонент, 13 – система голеностопного сустава, 14 – система крепления 

 
Fig. 7. Experimental measurement and force transmission diagram of the lumbar exoskeleton 

prosthetic arm for transporting heavy objects: ① – Shoulders, ② – Back, ③ –Waist, ④ – Legs 

Рис. 7. Эксперементальные измерения и схема передачи услия поясничного экзоскелета, 

оснащенного поддержкой для рук, для транспортировки тяжелых предметов: ① – плечи, ② – 

спина, ③ – талия, ④ – ноги 
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Fig. 8. Measurement and force transmission diagram of the load on the lumbar exoskeleton 

backboard 

Рис. 8. Схема измерения и передачи усилия на заднюю панель поясничного экзоскелета 

 

 
Fig. 9. Actual measurement and force transmission schematic diagram of the waist and leg 

exoskeleton carrying and transporting heavy objects: ① – Shoulders, ② – Back, ③ – Waist, ④ – 

Legs, ⑤ – Ground 

Рис. 9. Фактическое измерение и схема передачи усилия экзоскелета нижних конечностей 

для транспортировки тяжелых предметов: ① – плечи, ② – спина, ③ – талия, ④ – ноги, ⑤ 

– стопа 
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When coal mine operators carry or transport heavy loads (greater than or equal to 25 kg), they can 

place the heavy object on a bracket or gripper, as shown in Fig. 9. The force transmission diagram is 

shown in the figure, and the load weight G1 (or G2) is transmitted to the ground through the structure 

of the exoskeleton. During the process of carrying or transporting, it can greatly reduce the burden on 

the human body while assisting in walking. 

In addition, the overall structure of the machine adopts 7075 aluminum alloy, carbon fiber, 

nylon+glass fiber composite plastic, which reduces the weight of the waist and leg exoskeleton while 

maintaining overall stiffness; In order to match people of different heights, the hip width and leg length 

of the exoskeleton in this article can be adjusted and matched. At the same time, it can ensure that the 

human knee joint and the exoskeleton knee joint are at the same height when wearing and using and 

make the joint rotation axis of the exoskeleton coincide with the human joint axis as much as possible, 

increasing the compatibility and comfort of the exoskeleton. 

 

Structural optimization 

Although the overall weight of the active waist and leg exoskeleton has been reduced to 10.2kg 

through reasonable material selection, the use of exoskeletons in coal mining environments is not yet 

the most solution. Therefore, this article uses topology optimization technology and combines the 

characteristics of later mass production processes (injection molding, die-casting, machining, etc.) to 

obtain the optimal structural scheme of the components in advance, while ensuring that the maximum 

equivalent stress and maximum displacement meet the requirements, Further weight reduction of active 

waist and leg exoskeletons in mechanical structure. 

This article takes one of the core components, the thigh baffle, as an example to use topology 

optimization technology for lightweight design of the thigh baffle. The specific process is shown in Fig. 

10. 

 
Fig. 10. Topology optimization process diagram of thigh baffle 

Рис. 10. Схема процесса оптимизации топологии перегородки бедра 
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Finite element analysis 

The first choice is to conduct strength analysis on the original structure of the thigh baffle. The 

material used for the thigh baffle in this article is PA+30% GF. The loading was applied in Workbench 

according to the actual working conditions, and the equivalent stress-strain values were obtained as 

shown in Fig. 11. It is easy to find that the stress and deformation 0.31 mm experienced by the thigh 

baffle in many areas are much smaller than the actual allowable figure (the maximum allowable stress 

is 80MPA, and the maximum allowable radial displacement is 0.5 mm), So, under the conditions of 

meeting strength and deformation, the material in this area of the thigh baffle can be removed to obtain 

an optimized baffle structure. 

 
Fig. 11. Equivalent Stress Diagram and Equivalent Deformation Diagram of Thigh Shield 

Рис. 11. Диаграмма эквивалентных напряжений и диаграмма эквивалентной деформации 

перегородки бедра 

 

Optimization of topology 

The topology optimization of the thigh baffle in this section is based on its strength analysis, which 

involves removing materials from specific areas while ensuring the structural strength of the baffle. The 

specific processing and analysis process consist the following steps: 

Firstly, pre-processing optimization is carried out. The correct application of loads and constraints 

has a direct impact on the optimization results. Import the thigh guard model into Workbench, set the 

material properties, and ensure that the loading of guard boundary conditions and related loads are 

consistent with those in the strength analysis. At the same time, during the mesh division in Workbench 

Meshing, an intelligent mesh is still used in combination with subdivision at specific locations. As seen 

in the equivalent stress diagram (Fig.11), the stress and strain in region 1 are relatively high and 

approaching the critical value, while the stress values in region 2 are lower and the safety is greater. 

Therefore, region 2 is selected as the focus for key optimization, as shown in the following Fig.12. The 

blue part represents the optimization area, with the remaining parts being the frozen area that does not 

participate in topology optimization. 

Then, set the constraint conditions. Based on the actual assembly conditions, the maximum 

deformation of the thigh guard's main structure must not exceed 0.5mm, otherwise it may cause motion 

wear or interference, hence the displacement constraint condition is s(x) ≤ 0.5mm. Moreover, the 

material PA 30% gf has a yield limit of approximately σs = 180MPa at room temperature. With a safety 

factor of 2, the strength constraint condition is set so that the stress experienced by the guard, σ(x), 

should not exceed σs/2 ≈ 90 MPa. 
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Fig. 12. Defines the blue area as the optimization region 

Рис. 12. Определение синей области как области оптимизации 

 

Once again, set the target amount for optimization. The original weight of the model is 0.265kg, 

and based on multiple iterations of experience, the remaining material percentage is set to 75%, that is, 

the deleted material percentage is 25%. After 33 automatic iterations, topology optimization operations 

were completed. The final result of topology optimization is shown in Fig. 13, with the red part 

indicating the removable materials. 

 
Fig. 13. Topology optimization results of thigh baffle 

Рис. 13. Результаты оптимизации топологии перегородки бедра 

 

Finally, regarding the topology optimization results and analysis. When meeting the strength 

constraint stress σ (x) Under the conditions of ≤ 90 MPa and s (x) ≤ 0.5 mm, it can be clearly seen that 

the optimized structure has extremely irregular shapes and unclear boundaries, indicating poor 

manufacturability of the structure after topology optimization; However, the results of topology 

optimization can serve as an important design reference. This part, combined with the injection molding 

manufacturing process used in later mass production, has been improved in the design of the thigh baffle: 

① According to the injection molding process, the wall thickness of region 2.1 (almost all red area) has 

been normalized (equal wall thickness of 3mm); ② While normalizing the wall thickness in region 2.2 

(partially red) (with an equal wall thickness of 3mm), add 0.8 mm reinforcement bars in both 

longitudinal and transverse directions to increase its strength; ③ All transition parts are rounded. Based 

on the above three points, rebuild the 3D model in Solidworks as shown in Fig. 14. 

Perform strength simulation analysis and verification on the optimized structural scheme, as shown 

in Fig. 14 σ (x) =79 MPa ≤ 90 MPa = σ (allowable), s (x) = 0.48 mm ≤ 0.5 mm. The data is summarized 

in Table 1. It can be seen that, while ensuring that the maximum equivalent stress and maximum radial 

displacement meet the requirements in advance, the weight of the new structure of the thigh baffle has 

been reduced by about 27.17%, achieving the optimization goal of lightweight. 

The other structural components of the active waist leg exoskeleton also achieved a weight 

reduction of 27.2% on individual parts by combining the topology optimization and actual process 

described above; ultimately, the weight of the entire machine was reduced from 10.8 kg to 8.3 kg, with 

a weight reduction of 23.1%. 
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Fig. 14. Baffle model after structural optimization 

Рис. 14. Модель перегородки после структурной оптимизации 

 

 
Equivalent Stress Diagram (in MPa)          Deformation Diagram (in cm) 

Fig. 15. Equivalent stress diagram and deformation diagram of optimized thigh baffle 

Рис. 15. Эквивалентная диаграмма напряжений и диаграмма деформаций 

оптимизированной перегородки бедра 

 

Table 1. Comparison between the final solution and the original model 

Таблица 1. Сравнение полученного результата с исходным вариантом 

 

Programme Baffle quality (kg) 
Maximum equivalent stress 

(MPa) 
Maximum deformation (mm) 

Original 0.265 45.173 0.312 

Optimization 0.193 76.232 0.488 

Contrast Lose weight 27.2% All meet the requirements All meet the requirements 

 

Conclusion 

Based on the scenarios of rescue, rapid evacuation, and auxiliary transportation in coal mines, this 

paper designs and develops an ultra-lightweight active waist and leg exoskeleton. By comparing the 

overall weight and maximum equivalent stress parameters before and after optimization, the feasibility 

of the structural optimization scheme is verified. The main conclusions are as follows: 
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(1) Using topology optimization technology combined with existing processes to reduce the weight 

of the exoskeleton machine to 8.3 kg, greatly solving the problem of strong constraint and binding of 

the exoskeleton worn by underground workers; 

(2) By combining the biomimetic structural design of hip, knee, ankle and other joints with the 

aforementioned lightweight processing, the problem of flexibility in trunk movement is solved; 

(3) In response to the special needs of mining conditions, through modular design methods, we 

innovatively integrate three functions of carrying, transporting, and assisting in movement into a set of 

exoskeletons, and can achieve free switching of the exoskeleton system between three scenarios, better 

matching the actual needs of underground workers. 
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Аннотация.  

В связи с наличием ручных операций на угольных шахтах, 

сопряженных с большой физической нагрузкой, был разработан 

экзоскелет, помогающий рабочим транспортировать и переносить 

тяжелые инструменты или материалы в подземных горных 

выработках. Были представлены конструкция и функции каждой 

части экзоскелета. С помощью технологии конечно-элементного 

анализа был получен эквивалентный закон распределения 

напряжений и смещений основных компонентов экзоскелета нижних 

конечностей в рабочих условиях. На основе этого в сочетании с 

технологией оптимизации топологии и технологических 

характеристик производственного процесса получена оптимальная 

структурная схема компонентов. Наконец, для экзоскелета пояса и ног 

была разработана облегченная конструкция общим весом 8,3 кг 

(снижение веса на 23,1% по сравнению с исходной конструкцией), 

обеспечивающая потенциальный задел для применения экзоскелетов 

в условиях угольных шахт. 
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