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Abstract: The complex environment of comprehensive coal mine excavation and mining
operations exposes workers to prolonged high-intensity physical labor, resulting in joint shear
overload, muscle fatigue accumulation, and significant equipment vibration, which threaten
both operational safety and efficiency. This study applies biomechanical analysis to measure
joint force, muscle fatigue, and vibration exposure under different operation modes and
implements optimized ergonomic designs. Experimental results show that the optimized
operation mode reduces joint shear force by an average of 22.2%, with a 24% reduction
during integrated excavator operations. Muscle fatigue indices for the erector spinae and
quadriceps decreased by 30%, while upper limb muscle fatigue dropped by 29%. Vibration
exposure was reduced by an average of 35%, and operational efficiency improved by up to
23%. These findings demonstrate the significant engineering value of biomechanical
optimisation in improving safety, reducing occupational injury risk, and enhancing efficiency
in coal mine operations.

Keywords: biomechanical optimisation; coal mining; musculoskeletal load; occupational
safety; operational efficiency

1. Introduction

Coal mine comprehensive excavation and mining operations are characterized
by extreme environmental constraints, prolonged high-intensity physical labor, and
complex equipment operation, which collectively pose serious biomechanical risks
to workers. Operators are frequently subjected to prolonged stooping, kneeling,
twisting, and lifting postures, resulting in musculoskeletal overload, particularly
lumbar spine shear forces exceeding 2600 N-2800 N, which is well above the
NIOSH-recommended safety threshold of 1800 N. Muscle fatigue accumulates
rapidly when muscle load exceeds 50% of maximum voluntary contraction, with
field data showing biceps and deltoid muscles operating at 65%—70% of maximum
strength during support material handling.

Studies indicate that the incidence of lumbar intervertebral disc herniation
among coal miners can reach 48%, with chronic knee injuries and hand-arm
vibration syndromes also prevalent due to long-term static loading and equipment
vibration exposure in the 16—30 Hz range. These factors not only reduce operational
efficiency but also significantly increase the risk of occupational injuries.
Biomechanics offers a scientific framework to address these issues by analyzing
joint stress, muscle activity, and postural stability, enabling targeted optimisation of
equipment design, working posture, and workflow. While prior studies have applied
biomechanical principles in sports or rehabilitation contexts, few have systematically
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examined their role in hazardous industrial environments such as underground
mining.

This study aims to fill this gap by developing and applying a biomechanical
measurement and optimisation system tailored to coal mine operations. By
combining motion capture, electromyography (EMG), load sensors, and vibration
analysis, we quantitatively assess the biomechanical load on workers under standard
and optimized conditions. The optimized operation strategy involves ergonomic
redesign of equipment handles, auxiliary support systems, fatigue management
protocols, and postural training. Experimental results validate the optimisation
approach through measurable reductions in joint shear forces, muscle fatigue indices,
equipment vibration, and task completion time. The findings provide an evidence-
based biomechanical framework for enhancing occupational safety and productivity
in coal mine operations and lay the foundation for future integration with intelligent
monitoring and adaptive safety management systems.

2. Application of biomechanics to operational safety

The application of biomechanics in operation safety is mainly reflected in the
reduction of musculoskeletal injuries caused by high-intensity and long-time
operation, the improvement of work efficiency, and the optimisation of the operation
environment to reduce the risk of occupational diseases. In coal mine comprehensive
excavation and comprehensive mining operations, workers are in a state of bending,
semi-squatting, arm lifting or repetitive operation for a long time, which is easy to
cause muscle fatigue and joint injury. The incidence of lumbar disc herniation and
muscle strain among coal miners is much higher than in other industries, with the
incidence of lumbar spine injury reaching 38.7% [1]. To quantify these risks, a
human kinematic analysis model was used to decompose the posture of workers
when operating equipment into different joint movements, and the forces on each
joint were calculated through inverse kinetic equations:

M=I-a+F-d (1)

where M is the joint moment, I is the moment of inertia, « is the angular acceleration,
F is the external force, and d is the force arm length. The shear force on the lumbar
spine of a worker in a hewing operation can be up to 2500 N, far exceeding the
recommended safety threshold of 1800 N (NIOSH recommended standard), which
directly leads to an increase in the probability of workers suffering from lumbar
disorders.

Through electromyography (EMGQG) testing, it was found that in the process of
moving the frame in the comprehensive mining face, the load on workers’ erector
spinae, trapezius, and biceps muscles exceeded 60% of their maximum muscle
strength, and exceeding the 50% threshold would cause rapid muscle fatigue, which
would in turn affect the operating efficiency. The optimisation of working posture
(e.g., lowering the table height and increasing auxiliary support points) can
effectively reduce the muscle load. Experimental data show that the amplitude of
EMG signals decreases by about 30% after optimisation, and the muscle fatigue time
is extended by 15%, which indicates that the safety of operation has been improved.
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In addition, the impact of high vibration and high humidity on the joint load in the
coal mine operating environment cannot be ignored, and the use of a damping handle
can reduce the vibration amplitude by 25%, reducing the risk of wrist joint injury.
See Figure 1 for details.
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Figure 1. Combined diagram of biomechanics in industrial safety.

3. Analysis of biomechanical problems in integrated excavation and
mining operations

3.1. Biomechanical issues in integrated excavation operations

In integrated excavation operations, workers need to operate integrated
excavators, carry support materials, and perform equipment maintenance for long
periods of time, which involve a variety of poor postures and high-intensity muscle
loads that are prone to biomechanical problems. Lumbar spine shear force overload is
one of the most significant problems. When operating in bending, squatting, and
semi-kneeling postures, the lumbar spine can be subjected to shear forces of up to
2400 N-2600 N, which is far more than the safety recommendation of 1800 N,
resulting in an incidence of chronic lumbar spine injuries of up to 42% [2]. The upper
limb muscle overload phenomenon is obvious; especially when carrying roadway
support materials (such as anchor rods and metal mesh), the load on the biceps and
deltoid muscles can reach 65%—70% of the maximum muscle strength, exceeding the
50% fatigue threshold, which is easy to induce muscle strain. Vibration load is also a
problem that can not be ignored; the vibration frequency of the handle of the hewing
machine is usually in the range of 10—50 Hz, of which the frequency of 16 Hz—30 Hz
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has the most serious impact on the wrist joints, and long-term operation will lead to a
28% increase in the incidence of carpal tunnel syndrome. Prolonged static loading of
the lower limbs is a prominent problem, and the load borne by the knee joints during
standing operation is nearly three times the body weight, which increases the risk of
meniscus injuries, leads to increased fatigue of the lower limbs of workers, and affects
the stability of the operation. These problems not only affect workers’ health but also
reduce operational efficiency and increase the risk of work-related injuries.

3.2. Biomechanics in integrated mining operations

With the narrow and dusty environment of general mining operations, workers
need to operate general mining equipment, carry supports, and adjust conveyors in
low spaces, which involve extreme postures, high-load handling, and vibration
impacts, bringing about serious biomechanical problems. Abnormal spinal force due
to flexion posture is one of the most prominent problems. In the low working surface
of 0.9—1.2 m, workers need to keep bending, kneeling or semi-squatting posture for a
long period of time, and the lumbar spine shear force can be up to 2600 N-2800 N,
which is far more than the safety threshold of 1800 N, resulting in the incidence of
lumbar intervertebral disc herniation and chronic lower back pain of as high as 48%
[3]. The load on the upper limbs is too high when pushing and shifting the hydraulic
support, and the weight of the support is usually more than 10 tonnes. Although there
is a hydraulic boost, the muscle strength of workers’ shoulder and biceps muscle
consumes more than 70% of the maximal muscle strength when manually cooperating
with the support, which is higher than 50% fatigue threshold, and it is easy to induce
rotator cuff injury and tendonitis. The vibration impact during coal machine operation
is also a key risk factor. The vibration frequency of the coal mining machine drum is
12-35 Hz, of which 16-20 Hz has the greatest impact on the arm nerves, resulting in
a 30% incidence of hand-arm vibration disease and increasing the risk of carpal
tunnel syndrome. In addition, the slope of the roadway and slippery environment
increases the instability of the lower limbs, and the force on the knee joint can be up
to four times the body weight, exacerbating the risk of meniscus injury. The long-
term accumulation of these problems not only affects workers’ health, but also
reduces operational efficiency and increases the likelihood of safety accidents. See
Figure 2 for details.

Biomechanical Issues in Longwall Mining
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Figure 2. KBiomechanicalissuesin longwall mining.
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3.3. Effects of operating postures and loads on workers’ health

In comprehensive excavation and mining operations, workers are in long-term
stooping, squatting, kneeling, twisting, and lifting and other bad postures, resulting in
the musculoskeletal system having to withstand the overload stress, which is very
likely to cause occupational diseases. Excessive lumbar spine load is the most
common problem, especially in the low working face of comprehensive mining;
workers often maintain a stooping posture to operate equipment, and lumbar spine
shear force can reach 2600 N—2800 N, which is far more than the safety standard of
1800 N, resulting in lumbar intervertebral disc herniation and the incidence of chronic
low back pain of up to 48% [4]. Prolonged kneeling or squatting operations increase
the burden on the knee joint, and the force on the knee joint can be up to 3.5—4 times
the body weight, which significantly increases the risk of meniscus injuries, and long-
term pressure leads to a higher incidence of knee synovitis. Shoulder strain due to
high lifting and pushing/pulling movements, such as when pushing a hydraulic
support, the shoulder and biceps load exceeds 70% of the maximum muscle force, far
exceeding the 50% fatigue threshold, increasing the risk of rotator cuff tears and
tendonitis. Repetitive operations lead to wrist and hand injuries, such as coal mining
machine operations with vibration frequencies in the range of 16-20 Hz, resulting in a
30% incidence of carpal tunnel syndrome and hand-arm vibration disease [5]. In
addition, long-term weight-bearing walking makes the workers’ soles bear extra
impact, and the incidence of arch collapse and plantar fasciitis is higher than that of
other industries, which affects the workers’ long-term operating ability. The
accumulation of these problems not only affects workers’ health but also reduces
operational efficiency and may lead to safety accidents.

4. For integrated excavation and mining operationsOptimised
biomechanical design

4.1. Biomechanical optimisation of integrated excavation operations

To address the biomechanical problems in general mining operations, the
optimal design should start from the equipment operating posture, worker physical
load distribution, and auxiliary support system. Details are shown in Figure 3.

Comprehensive Excavation Optimization

Optimize Operating Posture Optimize Support Operations Improve Work Environment Intelligent Fatigue Monitoring

v v

v
Reduce Shoulder Load Reduce Shoulder & Waist Stress Reduce Knee Joint Impact Alert When Fatigue >60%
v L 4 4 \ 4

Reduce Hand Fatigue

Reduce Lumbar Shear Force

Enhance Standing Stability

Shift Rotation Mechanism

Figure 3. Design flow chart.
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Optimize the height of the operating table and the angle of the control handle of
the IMD machine; adjust the operating table to the ergonomic range of 90—-110 cm so
that the workers’ arms can manipulate the equipment in a naturally drooping state,
reduce the extra load on the shoulder muscles, and use a low-vibration handle to
reduce hand fatigue. In the comprehensive excavation support operation, adjustable
support tools, such as retractable hydraulic supports, are added to reduce the stress on
the shoulders and lower back when workers lift the anchors for a long time [6]. For
workers carrying support materials, use weight distribution vests to evenly distribute
the gravity borne by the lumbar region to the torso, reduce single-point pressure, and
reduce lumbar spine shear force by about 30%. Cushioning non-slip floor mats are
laid in the working area to improve the stability of workers’ standing and reduce the
impact on knee joints. The shift rest mechanism is designed for different working
areas, combined with myoelectric sensors to monitor workers’ muscle fatigue,
prompting rotation when the fatigue index exceeds 60%, ensuring that workers
maintain optimal working conditions and improving operational safety and long-term
health.

4.2. Biomechanical optimisation of integrated mining operations

For the biomechanical problems in the integrated mining operation, the optimal
design should start from four aspects, namely, the adjustment of operating posture,
equipment improvement, auxiliary support tools, and the optimisation of the operating
process. See Figure 4 for details.

Biomechanical Optimization of Fully
Mechanized Mining

Optimize Work Posture Equipment Improvement Support Tools Optimize Workflow Improve Work Angle
L2 L v v v
; Upgrade Vibration- . - Use Robotic Arm/Sliding | | Optimize Lighting &
Adjust Support Handle Angle
Il pp ¢l Isolated Handle Adjustable Auxiliary Seat Rail Operating Angle
¥ A 4 h 4 v h 4
Reduce Shoulder & Upper Reduce Arm Muscle R e e s Reduce Knee & Waist Reduce Cervical
Limb Load Fatigue Burden Fatigue

Figure 4. Biomechanical optimization of fully mechanized mining.

Optimize the hydraulic support pushing method, adopt an electro-hydraulic
control system to reduce the strength of manual pushing by workers, and increase the
angle adjustment function of the support operating handle so that workers can operate
in a natural standing posture and reduce the load on shoulders and upper limbs. In the
operation of the coal mining machine, the vibration isolation handle is upgraded, and
the use of polymer elastic material and hydraulic damping structure reduces the
transmission of vibration and arm muscle fatigue. For the problem of long-term
stooping operation, adjustable auxiliary seats are set up to allow workers to take short
breaks in kneeling or semi-squatting postures to reduce lumbar spine pressure [7].
During conveyor maintenance, a mechanical arm or slide system is used to assist
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workers in handling heavy components to reduce the burden on the knee and lumbar
joints. Workers need to overcome the inertia of heavy objects and ground friction
when handling, and the external force F is calculated as follows:

F = ma + umg (2

where m is the mass of the weight, a is the acceleration and umg is the ground
friction. Reducing by a mechanical assistance system reduces the the risk of muscle
injury for workers when lifting F.

Adjust the work area lighting and operating angle to ensure that workers can
operate the equipment at a more comfortable neck angle, avoiding cervical fatigue
caused by prolonged head-down, and improving operational comfort and safety [8].

4.3. Biomechanical optimisation of operational safety management

Biomechanical optimisation of operational safety management should start from
five aspects: workflow, personnel training, individual protection, real-time monitoring
and improvement of the working environment, in order to reduce musculoskeletal
injuries of workers and improve operational efficiency and safety.

In terms of workflow optimisation, a shift system with intelligent scheduling is
used to adjust the continuous operation time according to the workers’ workload, and
a dynamic fatigue management system is introduced to detect workers’ muscle
fatigue through wearable electromyography sensors. Once the fatigue index exceeds
the standard, the system automatically reminds you to take a break or change the
operation mode [9]. The fatigue can be calculated by muscle fatigue modelling:

t
Fr=F(1 - T_f) 3)

where F; is the muscle force available at a given moment, F, is the initial maximum
muscle force, T is the time to complete muscle fatigue, andt is the operating time. by
optimising the work rhythm so thatThe fatigue accumulation was reduced rested at
the right time before t ;.

In terms of personnel training, a biomechanical optimisation training system is
established to provide guidance to workers on correct operating posture and
reasonable exertion techniques [10]. For example, when pushing the hydraulic
support, it is recommended that workers use leg force instead of upper limb pulling
force, following the principle of human leverage mechanics:

M=F-d )

where M is the joint moment, F is the force, and d is the length of the force arm. By
adjusting the working posture, the length of the force arm d can be increased to
reduce the single-point load of local muscles and improve the safety of operation.

In terms of individual protection, workers are equipped with biomechanically
compliant protective equipment, such as anti-vibration gloves (to reduce the risk of
hand-arm vibration disease), knee support belts (to reduce damage to the knee joints
from prolonged kneeling), lumbar support belts (to reduce lumbar spine loads), and
the use of lightweight tools is promoted to reduce the load of workers in a single
operation [11]. The shear force on the lumbar spine F; can be calculated by human
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force modelling:
Ev =W- S]Il( 0) + Fexternal (5)

where W is the weight of the worker, 6 is the bending angle and Foyiernar 1S the
external load. By reducing 6 and F,yternai> the load on the lumbar spine is reduced
and the risk of chronic strain injury is reduced.

In terms of real-time monitoring, an intelligent biomechanical monitoring system
should be installed at the work site, integrating fatigue detection cameras, motion
capture sensors, and wearable biomechanical analyzing equipment to track and
evaluate the workers” work status in real time. Based on the human posture
recognition algorithm and mechanical load model, the system analyzes the movement
trajectory, joint stress, and muscle activity level of the workers so as to determine
whether the workers are in high-risk postures or overloaded operation status [12]. For
example, when the system detects that a worker is in a stooping, semi-squatting,
kneeling, or lifting posture for a long time or carrying heavy objects exceeding the
safety limit, the system will prompt the worker to adjust the posture or take a
temporary rest through voice, vibration reminders, or feedback signals from the smart
wearable device to reduce the risk of muscle strain. Combined with data analysis and
trend prediction, the system can identify the fatigue accumulation of an individual or
a team, provide managers with suggestions for job adjustment, optimize the
scheduling system, and reduce occupational injuries caused by overwork [13].

In terms of improving the operating environment, we optimize the lighting
system of the working face to ensure that the light intensity in the coal mine roadway
and the comprehensive mining operation area meets the visual needs of the human
body and reduces visual fatigue and the risk of mishandling operations caused by
insufficient light. Reasonable planning of the width of the working aisle and the
installation of additional barrier-free aisles reduce the spatial conflict between
equipment and workers and reduce the incidence of accidents such as bumping and
tripping. In high humidity and dusty working environments, lay non-slip floors and
use high friction coefficient materials in key areas to improve workers’ standing
stability and reduce the risk of falling. In handling operations, mechanical assistive
devices, such as mechanical booster arms, lifting platforms, and rail conveyor systems,
are promoted to reduce the need for workers to manually carry large-weight items and
to reduce the load on the lumbar spine, knee joints, and other parts of the body [14].
Through biomechanical optimisation combined with intelligent monitoring and
environmental improvement, a safer and more efficient mode of coal mine operation
can be achieved.

5. Experimental design and methodology

5.1. Experimental objects and equipment

The experiment was selected as the research subjects of coal mine general
excavation and general mining operation workers, mainly including general excavator
operators, general mining support workers, conveyor maintenance workers, and coal
miner drivers [15], a total of 30 volunteers. All subjects had at least 3 years of
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experience in coal mine operation and were free of serious musculoskeletal disorders
in order to ensure the reliability and representativeness of the data. Wearable
biomechanical monitoring equipment, a 3D motion capture system, an
electromyography (EMG) analyzer, and a vibration meter were used in the
experiment to measure the posture, muscle load, joint stress, and vibration exposure
of the workers. The experimental site is equipped with load sensors for recording the
mechanical data of workers when they push the stent and carry the equipment, and a
high-resolution video camera is used to capture the working posture, which is
combined with a computer analysis system for data processing. The experimental
equipment and its uses are shown in Table 1.

Table 1. Experimental equipment and its use.

Equipment name Use Model/Specification
Biomechanical monitoring equipment Joint angle, posture monitoring Xsens MVN

3D Motion Capture System Motion track record Vicon Vantage
Electromyography (EMG) Analyser Muscle load measurement Noraxon Ultium
Vibration Measuring Instruments Equipment vibration monitoring Briiel & Kjeer

Load Sensor Force data recording Tekscan FlexiForce
High definition camera Analysis of working postures Sony Alpha A7R IV

Table 1 lists the main equipment used in this experiment and its purpose,
covering seven aspects: joint angle, posture monitoring, movement trajectory
recording, muscle loading measurement, equipment vibration monitoring, force data
recording, and working posture analysis. The Vicon Vantage 3D motion capture
system accurately records the trajectory of the worker’s movement; the Noraxon
Ultium EMG analyzer is used to measure muscle loading and fatigue; the Briiel &
Kjeer vibration meter monitors the effects of equipment vibration on the worker’s
upper limbs; the Tekscan FlexiForce load cell captures the force applied by the
worker as he pushes the bracket and lifts the equipment; and the Sony Alpha A7R IV
HD video camera is used to record working postures for subsequent movement
analysis and biomechanical optimisation assessment. The combination of these
devices enables a comprehensive and accurate analysis of biomechanics in coal
mining operations. This experiment supports biomechanical optimisation by
analyzing worker workloads through accurate data collection.

5.2. Experimental programme design

This experiment was conducted to analyze the biomechanical loads in general
excavation and general mining operations and to assess the effectiveness of
optimisation measures. The experiment was conducted in a simulated coal mine
operating environment, and a standard operating group (current operating mode) and
an optimized operating group (using biomechanically optimized solutions) were
selected to compare the joint loads, muscle fatigue, vibration effects, and operating
efficiencies under different operating modes.

The experiment includes two parts: the comprehensive excavation operation
experiment and the comprehensive mining operation experiment. In the
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comprehensive excavation operation experiment, the subjects respectively carried out
the operation of the comprehensive excavator, support handling, equipment
maintenance, and other operations, wearing biomechanical monitoring equipment to
record the joint angle, using electromyography (EMG) analysis to measure muscle
fatigue, and using the vibration meter to monitor the vibration of the handle of the
comprehensive excavator on the upper limb. In the experiments of comprehensive
mining operations, the main hydraulic stent pushing, coal mining machine operation,
conveyor maintenance, and other operations, the use of a three-dimensional motion
capture system to analyze the movement trajectory and the combination of load
sensors to measure the force during stent pushing and heavy lifting.

MATLAB R2023b (The MathWorks Inc., USA) and Biomechanics Analysis Pro
v4.2 (BiomechSoft Inc., Germany) were used for data processing. MATLAB was
employed for the development of custom scripts to perform inverse dynamics
calculations, Fourier transform-based EMG frequency analysis, and joint load
estimation. The scripts utilized the Signal Processing Toolbox for EMG signal
denoising and frequency domain conversion, as well as the Statistics and Machine
Learning Toolbox for variance analysis, hypothesis testing, and regression analysis of
operational trends.

Biomechanics Analysis Pro v4.2 was used for motion trajectory modelling and
muscle stress visualization. These combined software platforms enabled a
comprehensive analysis of the workers’ postural loads, fatigue levels, and vibration
exposure, providing the data foundation for assessing the effectiveness of the
biomechanical optimisation strategy.

5.3. Data collection and analysis methods

This experiment adopts biomechanical monitoring, motion capture, EMG
analysis, and vibration testing to systematically collect human load data in the
comprehensive excavation and mining operation and analyze the effects of operating
posture on joints and muscles through calculation.

For data collection, the Xsens MVN biomechanical monitoring device was used
throughout the experiment to record the workers’ joint angles and postural changes,
and the Vicon Vantage 3D motion capture system was used to track the movement
trajectories and obtain the postural stability and movement patterns of the workers
during operation. The Noraxon Ultium Electromyography (EMG) analyzer was used
to measure the activity intensity of major muscle groups, quantify muscle load and
fatigue levels, and detect the effects of equipment vibration on the nerves and muscles
of the upper limbs using the Briiel & Kjar Vibration Meter. The Tekscan FlexiForce
Load Sensor was used to measure the force exerted by the workers when they pushed
the brackets and handled the equipment. The Tekscan FlexiForce load sensor is used
to measure the forces applied by workers when pushing stands and handling
equipment and is combined with a Sony Alpha A7R IV HD camera to capture video
of the job and aid data analysis.

For data analysis, kinematic and kinetic analyses were performed using
MATLAB R2023b and Biomechanics Analysis Pro v4.2 software to calculate joint
shear forces, muscle stress distribution and fatigue trends. A custom MATLAB script

10
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was developed to process time-series EMG signals, implement inverse dynamics
equations, and calculate shear force based on human mechanical load models. The
script used built-in functions from the Signal Processing Toolbox and Statistics and
Machine Learning Toolbox for noise filtering, feature extraction, and statistical
analysis.

Statistical tests were conducted to assess the significance of differences between
the standard and optimized operation groups. Paired two-tailed t-tests were used to
compare joint shear forces and fatigue indices, while one-way ANOVA was
employed to assess differences across multiple task categories. A significance level of
p < 0.05 was adopted. All numerical results were reported with mean + standard
deviation, and 95% confidence intervals were calculated where applicable. These
statistical methods ensured that the effectiveness of the optimisation measures was
robustly supported.

5.4. Analysis of experimental results

The joint shear force of workers in general excavation and mining operations is
one of the most important indicators of operational safety. Excessive shear force can
lead to long-term damage to the lumbar spine and knee joints, increasing the risk of
occupational diseases. This experiment measured the joint shear force under different
operation modes, and the results showed that the shear force of the optimized
operation group was significantly reduced, among which the shear force of the
operation of the comprehensive excavator and the support and handling operation was
reduced by the largest amount, by 24% and 22%, respectively, indicating that the
optimized operation mode effectively reduced the joint load. Details are shown in
Table 2.

Table 2. Joint shear measurements.

Type of operation Standard operating group shear (N)  Optimised working group shear (N)  Shear force reduction (%)
Operation of IMDGs 2500 1900 24
Support handling 2700 2100 22
Equipment Maintenance 2600 2000 23
Hydraulic Bracket Pushover 2800 2200 21
Coal miner operation 2900 2300 21
Conveyor Maintenance 2750 2150 22

The data in Table 1 shows that the average reduction of joint shear force in the
optimized operation group is 22.2%, which effectively relieves the burden on workers’
lumbar vertebrae and knee joints in the comprehensive excavation and comprehensive
mining operations. The shear force in the operation of the heald digging machine is
reduced from 2500 N to 1900 N, a reduction of 600 N, a decrease of 24%, and the
optimisation effect is the most obvious. This indicates that the optimized height
adjustment of the operating table and the optimized angle of the handle enable the
workers to operate in a more biomechanical posture, thus reducing the lumbar spine
force. The shear force of support handling decreased from 2700 N to 2100 N, a
reduction of 600 N, or 22%, indicating that the optimized operating tools and

11
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handling posture adjustment effectively reduced the worker load. The shear force of
hydraulic support pushing and coal mining machine operation decreased by 600 N
and 21% respectively, indicating that the optimized electro-hydraulic boosting device
and operation auxiliary equipment reduced the pressure on workers’ lumbar vertebrae.
The shear force for conveyor maintenance was reduced by 22% from 2750 N to 2150
N, indicating that the optimized handling tools and postural adjustments reduced the
burden on the lower limbs. Overall, the optimised operation significantly reduced
shear forces across all operation types, improving operational safety and reducing the
risk of musculoskeletal injuries.

Prolonged high workloads can lead to the accumulation of muscle fatigue,
reduce operational efficiency, and increase the risk of musculoskeletal injuries. In this
experiment, electromyography (EMG) was used to measure the fatigue indices of the
major muscle groups under different operating modes and to compare the muscle
loading before and after optimisation. The details are shown in Table 3.

Table 3. Comparison of muscle fatigue.

Muscle group Standard operating group fatigue index (%) Fatigue index of optimised work groups (%)
Erector spinae muscle (anatomy) 65 45
Bicipital muscle 70 50
Deltoid muscle (over the shoulder) 68 48
Thigh muscles 60 42

As analyzed in Table 2, the fatigue indices of the optimized working group were
lower than those of the standard working group for all major muscle groups,
especially the fatigue indices of the erector spinae and quadriceps muscles, which
decreased from 65% to 45% and 60% to 42% respectively, both of which were
reduced by 30%. This indicates that the optimised work posture adjustment, lumbar
support equipment, and bench height improvement effectively reduced the fatigue
accumulation of lumbar and lower limb muscles and reduced the chronic strain injury
caused by long-term bending and squatting work. The fatigue indices of biceps and
deltoid muscles were reduced by 29%, from 70% to 50% and 68% to 48%,
respectively, indicating that the optimised design of the equipment handles, the
adjustment of the working height, and the weight distribution strategy significantly
reduced the fatigue load of the upper limb muscles and improved the stability and
durability of the workers’ work.

Table 4. Comparison of equipment vibration impact.

Appliances Standard operating group vibration (m/s?) Optimisation of work group vibration (m/s?) Vibration reduction (%)

Hybrid digger 12.5
Coal miner 15.2

Conveyors 14.8

8.2 34
9.8 36
9.4 36

Coal mining operations involve the operation of a large number of mechanical
equipment, and equipment vibration has a significant impact on workers’ health, and
long-term exposure may lead to carpal tunnel syndrome, nerve damage and muscle
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fatigue. This experiment measured the vibration intensity when workers were exposed
to the equipment under different operation modes. The details are shown in Table 4.

According to the analysis in Table 3, the vibration impact of the optimised
operation group is reduced in all equipment operation sessions, among which the
vibration of the coal mining machine is reduced from 15.2 m/s? to 9.8 m/s%, a
reduction of 36%, indicating that the use of polymer elastic vibration isolation
material and hydraulic damping structure effectively reduces the vibration
transmission and reduces the risk of worker’s upper limb fatigue and vibration disease.
The vibration of the conveyor was reduced from 14.8 m/s? to 9.4 m/s%, a reduction of
36%, indicating that the optimised design of vibration-damping and vibration-
isolating handles of the equipment foundation effectively mitigated the impact of
prolonged operation on the arms of the workers. The vibration of the IMD machine
decreased from 12.5 m/s? to 8.2 m/s?, a reduction of 34%, indicating that the
optimised handle structure and improved operating platform reduced the vibration
load on the wrist and arm.

The optimised operation method enhances the workers’ operational safety and
improves the operational efficiency. This experiment compares the time required to
complete the same task under different operating methods, and the results show that
the operating time of the optimised operating group is 17%—-23% shorter than that of
the standard operating group, which indicates that the optimised biomechanical
design, the adjustment of the operating process, and the improvement of the auxiliary
equipment effectively improve the working efficiency and reduce the problem of
work slowdown caused by fatigue. The details are shown in Table 5.

Table 5. Comparison of operational efficiency.

Type of operation Standard operating group time (min) Optimisation of workgroup time (min) Efficiency gains (%)
Operation of IMDGs 35 28 20
Support handling 40 32 20
Equipment Maintenance 38 31 18
Hydraulic bracket pushover 42 35 17
Coal miner operation 45 36 20
Conveyor Maintenance 39 30 23

Combined with the analysis in Table 4, the average operating time of the
optimised operation group is reduced by 19.7%, showing efficiency improvement in
all operation segments, especially the conveyor maintenance time, which is shortened
from 39 min to 30 min, with an efficiency improvement of 23%, indicating that the
optimised handling auxiliary equipment and operation flow can significantly reduce
unnecessary repetitive movements of workers and improve the work fluency. The
operating time for the operation of the excavator, support handling, and coal mining
machine was reduced by 20%, indicating that the optimised height adjustment of the
operating table, handle design, and automated auxiliary equipment reduced the
physical load on the workers and made the operation more efficient. The hydraulic
support pushing operation time was shortened from 42 min to 35 min, with an
efficiency improvement of 17%, indicating that the adoption of the electro-hydraulic
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boosting system and improved support pushing method effectively reduced the delay
in the operation process. Overall, the optimised solution not only improves the
physical load of the workers but also significantly improves the operation efficiency,
which makes the coal mine comprehensive excavation and mining operation safer and
more efficient [16].

5.5. Discussion and analysis of results

The experimental results show that the optimised biomechanical design has
achieved significant results in reducing the workers’ joint loads, reducing muscle
fatigue, reducing the impact of equipment vibration and improving operational
efficiency. In terms of joint shear force, the lumbar spine and knee joint shear force of
the optimised operation group was reduced by 22.2% on average, of which the shear
force of the IMC operation was reduced by 600N, down by 24%, indicating that the
optimised height adjustment of the operating table and optimisation of the angle of
the handles significantly reduced the burden on the waist of the workers.

In terms of muscle fatigue, the fatigue index of the erector spinae and quadriceps
of the optimised work group decreased by 30%, indicating that the work posture
adjustment, lumbar support equipment and knee aids were effective in reducing
muscle fatigue. The upper limb muscle fatigue index decreased by 29%, indicating
that the improved handle design and handling aids reduced the load on the upper
limbs and improved worker endurance. Details are shown in Figure 5.
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Figure 5. Comparison of muscle fatigue.

Regarding the impact of equipment vibration, the vibration of the equipment in
the optimised operation group was reduced by 35% on average, especially the
vibration of the coal mining machine decreased by 36%, indicating that the use of
polymer vibration isolation materials and hydraulic damping handles significantly
reduces the impact of vibration on the nerves and muscles of the arm and reduces the
risk of vibration sickness caused by long-term operation. See Figure 6 for details.
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Figure 6. Comparison of equipment vibration impact.

In terms of operating efficiency, the average operating time of the optimised
operation group is reduced by 19.7%, with the most obvious efficiency improvement
of 23% in conveyor maintenance, indicating that the optimised mechanical auxiliary
equipment and the rationalized operation process can effectively improve work
fluency, reduce repetitive labor, and enable workers to complete the same workload
with less physical exertion. See Figure 7 for details.
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Figure 7. Comparison of operating efficiency.

Taken together, the optimised solution not only enhances operational safety but
also improves work efficiency and reduces the risk of occupational diseases. In the
future, it can be combined with intelligent sensing technology and an artificial
intelligence analysis system to further optimize the operation posture monitoring and
adjustment strategy to ensure the long-term safe and efficient operation of coal mine
operations.

6. Conclusion

This study focuses on the biomechanical optimisation of comprehensive
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excavation and mining operations, through experiments to analyze the mechanism of
different operating modes on workers’ joint shear force, muscle fatigue, equipment
vibration, and operating efficiency, and to verify the effectiveness of the optimisation
design in improving the safety and efficiency of operations. The experimental results
show that the optimised operation mode can significantly reduce the joint shear force
and muscle fatigue, reduce equipment vibration, and improve the operation efficiency,
which has strong engineering application value. In the future, the research should be
combined with intelligent sensing technology to further optimize the real-time
biomechanical monitoring system, achieve dynamic adjustment of operating
parameters, and improve the ability of individualized operation optimisation.
Focusing on the impact of long-term load in the complex operating environment of
coal mines, the biomechanical risk prediction model should be established, and the
applicability of operation optimisation under different working conditions should be
explored in depth so as to provide theoretical support and technological guarantee for
the development of the intelligent and precise safety protection system of coal mine
operation.

Despite the promising findings, this study has several limitations. First, the
sample size was limited to 30 participants, all from similar mining backgrounds,
which may not fully represent the diversity of physical characteristics and task
variations across the wider mining workforce. Second, the experiments were
conducted in a simulated coal mine environment, which, although designed to
replicate real conditions, could not completely reproduce the complex factors of
actual mining sites, such as dust concentration, temperature variation, and
spontaneous task switching. Furthermore, the short-term nature of the trials did not
capture the cumulative biomechanical effects of long-term repetitive operations.
Future research should involve larger-scale, multi-site studies with longer observation
periods and real-time field deployment to verify and expand the applicability of the
findings.

Ethical approval: Not applicable.
Informed consent statement: Not applicable.

Conflict of interest: The author declares no conflict of interest.

References

1. Penichet-Tomas A. Applied Biomechanics in Sports Performance, Injury Prevention, and Rehabilitation. Applied Sciences.
2024; 14(24): 11623. doi: 10.3390/app142411623

2. GuY,Zheng Z, Zeng Q, et al. Acute effects of negative heel shoes on perceived pain and knee biomechanical characteristics
of runners with patellofemoral pain. Journal of Foot and Ankle Research. 2024; 17(1). doi: 10.1002/jfa2.12001

3. XuZ, XuW, Zhang T, et al. Mechanisms of tendon-bone interface healing: biomechanics, cell mechanics, and tissue
engineering approaches. Journal of Orthopaedic Surgery and Research. 2024; 19(1). doi: 10.1186/s13018-024-05304-8

4.  Shan G. Research on Biomechanics, Motor Control and Learning of Human Movements. Applied Sciences. 2024; 14(22):
10678. doi: 10.3390/app142210678

5. LilJ, SiJ, Xue C, et al. Seeking orderness out of the orderless movements: an up-to-date review of the biomechanics in clear
aligners. Progress in Orthodontics. 2024; 25(1). doi: 10.1186/s40510-024-00543-1

6.  Anonymous. General Kinematics Mining Equipment. Engineering and Mining Journal. 2024; 225 (6): 12-12.

7. Corvini G, Ajoudani A, Conforto S, et al. Assessing biomechanical risks in human-robot collaboration: Analysis of muscle

16



Molecular & Cellular Biomechanics 2025, 22(5), 1844.

10.

11.

12.

13.

14.

15.

16.

activity with different intervention conditions. Gait & Posture. 2023; 105: S18-S19. doi: 10.1016/j.gaitpost.2023.07.308
Kim JH, Koo BK, Ku KH, et al. No difference in biomechanical properties of simple, horizontal mattress, and double row
repair in Bankart repair: a systematic review and meta-analysis of biomechanical studies. BMC Musculoskeletal Disorders.
2023; 24(1). doi: 10.1186/s12891-023-06864-2

Mathieu E, Crémoux S, Duvivier D, et al. Biomechanical modeling for the estimation of muscle forces: toward a common
language in biomechanics, medical engineering, and neurosciences. Journal of NeuroEngineering and Rehabilitation. 2023;
20(1). doi: 10.1186/512984-023-01253-1

Shanbhag J, Wolf A, Wechsler I, et al. Methods for integrating postural control into biomechanical human simulations: a
systematic review. Journal of NeuroEngineering and Rehabilitation. 2023; 20(1). doi: 10.1186/s12984-023-01235-3
Oleynikov V, Golubeva A, Babina A, et al. Deformational biomechanics and vagosympatic balance in adverse postinfarction
left ventricular remodeling during high-dose atorvastatin therapy. Atherosclerosis. 2023; 379: S169. doi:
10.1016/j.atherosclerosis.2023.06.570

Fang G, Wu Y. A General Framework Based on Composite Granules for Mining Association Rules. International Journal on
Artificial Intelligence Tools. 2014; 23(05): 1450009. doi: 10.1142/s0218213014500092

Zheng T,LiY,LiY, et al. A general model for “germplasm-omics” data sharing and mining: a case study of SoyFGB v2.0.
Science Bulletin. 2022; 67(17): 1716-1719. doi: 10.1016/.s¢ib.2022.08.001

Morriss AP, Meiners RE, Dorchak A. Hardrock Homesteads: Free Access and the General Mining Law of 1872. Journal of
Energy & Natural Resources Law. 2006; 24(2): 255-277. doi: 10.1080/02646811.2006.11433436

Montelongo E. BPS2025 - Understanding mechanical stresses—in vitro disease modeling of cardiac biomechanics.
Biophysical Journal. 2025; 124(3): 267a. doi: 10.1016/j.bpj.2024.11.1519

Li DL, Liu MX, Zheng Y], et al. The Relationship Between Serum Biochemical Variables and Corneal Biomechanics
Measured by Corvis ST Among Healthy Young Adults. Translational Vision Science & Technology. 2025; 14(2): 19. doi:
10.1167/tvst.14.2.19

17



