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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
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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].
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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
Puc. 1. Koncmpykyusa mazobedpennozo cycmaga ¢ 3 cmeneHamu c80000bl

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

Stretch Bend
Adduction i Exter!lal
Rotation

Fig. 2. Ankle joint 3-degree-of-freedom design
Puc. 2. Koncmpykyus coeOuHumenbHo20 KOMIOHEHmMa Ha 20eHU ¢ 3 cmeneHamu c60000bl

H

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

Stretch

Bend

Fig. 3. Knee joint 1 degree of freedom design
Puc. 3. Koncmpyxyus konennozo cycmasa ¢ 1 cmenenvio c60600b1

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
Puc. 4. Koncmpykyusa ucnoinumensHo2o npugooa (31eKkmponpueooa) ¢ HeCKOIbKUMU CIeneHaMU
€80600b1

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
Puc. 5. Dx3ockenem eepxnux koneunocmeil. 1 — cucmema noosecku pviuaza, 2 — namend 0s
n000epXCcKU Chunbl, 3 — ckoba, 4 — KOHMPOILHO-UMEPUMENbHAS CUcmeMa U ee 00K numanus, 5 —
cucmema pe2yiuposKu mazooeopeHno2o cycmasd, 6 — UCHOIHUMENbHbII NPUBOO (INEKMPUUECKULL
npusoo), 7 — mexanusm Oblcmpou cMeHbl D1eMeHma KpenaeHus Ho2u ¢ nosaca, 8 — 91eMeHm KpenieHus
Ho2U
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

Puc. 6. Dxzockenem nudicrhux koneunocmei. 9 — cucmema amopmuszayuu 6eopa, 10 — beopennulii
coeQuHumenvHulil Komnonenm, 11 — cucmema xonennozo cycmasa, 12 — 2oneHocmonmbiii
coedenumenvwill KomMnonenm, 13 — cucmema 2onenocmonnozo cycmasa, 14 — cucmema xpennenus

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
Puc. 7. Dxcnepemenmanvivie usmepenusi u cxema nepeoayu yCius NOSCHUYHO20 IK30CKeemd,
OCHAWEHIH020 NOODEPHCKOIL OISl PYK, OISl MPAHCHOPMUPOSKY madicenvix npeomemos: (1)— nueuu, (2)—
cnuna, (3)— manus, (4)— noeu
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Fig. 8. Measurement and force transmission diagram of the load on the lumbar exoskeleton
backboard
Puc. 8. Cxema usmepenus u nepeoauu ycunus Ha 3a0HI0I0 NAHENb NOSACHUYHO20 IK30CKelema

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

Puc. 9. @axmuueckoe usmepenue u cxema nepeoayu yCUiust IK30CKeena HUNCHUX KOHeYHOCmell
Ons mpancnopmupoeku msicenvix npeomemos: (1)— nneuu, (2)— cnuna, (3)— manus, (4)— nozu, (5)
— cmona
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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.

‘ Finite element model J

L

Define material properties, loads, J

constraints, optimization areas

!

Structural finite element
analysis (strength, strain)

Change
relevant Design iterations and constraints
parameters L

Set objective
function solving

onvergence
or not?

Y

Optimize the
structure diagram

[ Output optimization results }

Fig. 10. Topology optimization process diagram of thigh baffle
Puc. 10. Cxema npoyecca onmumuzayuu monoiocuu nepe2opooxu 6eopa
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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.

0.5
0.44444
0.32839

0.31207 Max

0.22222
0.16667
01111
0.055556
0 Min

Fig. 11. Equivalent Stress Diagram and Equivalent Deformation Diagram of Thigh Shield
Puc. 11. JJuacpamma 3xk68u8a1eHMHBIX HANPANXCEHU U OUAZPAMMA IKBUBAIEHMHOU Jehopmayuu
nepe2opooxu beopa

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 os = 180MPa at room temperature. With a safety
factor of 2, the strength constraint condition is set so that the stress experienced by the guard, o(x),
should not exceed os/2 = 90 MPa.
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Fig. 12. Defines the blue area as the optimization region
Puc. 12. Onpeoenenue cunetl obnacmu kax 0o1acmu onmumusayuu

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
Puc. 13. Pezynbmamel onmumusayuu monoio2uu nepe2opooxu 6eopa

Finally, regarding the topology optimization results and analysis. When meeting the strength
constraint stress ¢ (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 o (x) =79 MPa < 90 MPa = ¢ (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
Puc. 14. Mooenwb nepecopooxu nocie cmpykmypHot OnmumMu3ayuu

76.23Z Max 0.6
67.762 04884 Max
50.202

04
30.822 0.33333
42.352 0.26667
33.882 02
25412 0.13333
16.943 0.066667
84727 @ Min
0.0027975 Min

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

Fig. 15. Equivalent stress diagram and deformation diagram of optimized thigh baffle
Puc. 15. Dxeusanenmunas ouazpamma HaAnpsaXceHutl u Ouazpamma oegopmayuil
ONMUMUSUPOBAHHOLL NEPe2opoOKU bedpa

Table 1. Comparison between the final solution and the original model
Tabnuna 1. CpaBHeHUE MOTYYSHHOTO PE3yJIbTaTa ¢ UCXOIHBIM BAPHAHTOM

Maximum equivalent stress

Programme  Baffle quality (kg) Maximum deformation (mm)

(MPa)
Original 0.265 45.173 0.312
Optimization () 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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AKMUBHO20 IKK30CKENeMAd HUNCHUX KOHEUHOCHell Oisl 20PHBIX. ..

! Ky3bacckwuii rocyapcTBeHHBIM TeXHUYECKHU yHuBepcuTeT nMeHn T.®D. ["'opbadera
2 YyHIMHCKUHA TOPOACKOH MPOQeCcCHOHATBHBIN KOSk
> YyHIIMHCKUI YHUBEPCUTET UCKYCCTB U HAYKH

@ AHHOTALUA.
B cBMm3m ¢ HagmumeM py4YHBIX ONepanuii Ha YTONBHBIX IIaxTax,

HNudopmanus o cratbe

COTIPSDKEHHBIX ¢ OONbHmION (U3MYeCKOod Harpys3koi, Obul pa3paboTaH
9K30CKEJIET, IOMOTaloMUi paboyuM TPAaHCIOPTHPOBAaTh M MEPEHOCHTH
TSDKETble MHCTPYMEHTBHl WJIM MarepHaibl B IIOJ3EMHBIX TOPHBIX

IToctynuna: i
22 smBaps 2024 ¢ BBIPa0OTKax. BbpUIM mpeacTaBiIeHbl KOHCTPYKIMS W (YHKIUHM KaXIOW
P ' gacTu 3k30ckeneTa. C MOMOIIbI0 TEXHOJOTMH KOHEUHO-3JIEMEHTHOTrO
aHanu3a ObUI  IOJyYeH OKBHMBAJICHTHBIH 3aKOH  pacHpesiesieHHs

PenensupoBanue:

12 mapra 2024 1.

[Ipunsra k neyatu:
25 mapra 2024 1.

KiroueBble cj10Ba: 25K30CKEIIET
JJIA FOpHOﬁ MPOMBIINIICHHOCTH,

HAaIpsHKEHUI U CMEIIEHNH OCHOBHBIX KOMIIOHEHTOB 9K30CKeJIeTa HHKHUX
KOHEYHOCTeH B paboumx ycnoBusX. Ha OCHOBe 3TOro B COYETaHHH C
TEXHOJIOTHEH  ONTUMM3ALUH  TOMOJOTHM M TEXHOJIOTHYECKHX
XapaKTEePUCTHK TPOW3BOJACTBEHHOIO IIpoliecca IMONydeHa ONTHMalbHAas
CTPYKTYpHas cXeMa KOMITIOHEHTOB. HakoHe, 71t 5K30cKereTa nosica 1 Hor
Oputa paszpaboraHa oOJerdeHHas KOHCTPYKOHsA OOmNM BecoMm 8,3 Kr
(cHmxenne Beca Ha 23,1% MO CPaBHEHUIO C UCXOJHOM KOHCTPYKIHEH),
oOecrieunBaronas MOTCHIUAIBHBIA 337l I TPUMEHEHHS SK30CKEIETOB

KOHCTPYKIUA; ONTUMHU3ATUA

TOIIOJIOTHH; 00JIerYeHHast

B YCJIOBUSX YT'OJIBHBIX HIAaXT.

KOHCTPYKIUA, METOJA KOHEYHBIX
9JICMCHTOB

Hdas uutupoBanus: Yens L., Jlo T., Xopemok A., BapnaBckuii K., Epmakos A., II3sn L., Cu T., Y T.
Pa3paboTKka W ONTUMH3ALUS KOHCTPYKIIMH KapKACHOTO aKTHBHOTO 3KK30CKEJIETa HHKHUX KOHEYHOCTEH Uist
TOpHBIX padot // Texwuka u mexuonozus coprozo dena, 1(24):43. DOIL: 10.26730/2618-7434-2024-1-43-57,
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