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Abstract: This study presents computational and biomechanical models to analyze mechanical power consumption in 

train assemblers' work at railway stations. The research integrates physical and mathematical modeling to 

quantify energy expenditure based on movement mechanics, joint torques, and muscle forces. A multi-link 

biomechanical system is employed to evaluate efficiency during tasks such as walking, climbing, and handling 

brake shoes. Key findings reveal that energy expenditure varies significantly with task complexity, with 

"external work" (e.g., lifting) requiring up to 200 W and "internal work" (e.g., muscle coordination) 

consuming 400 W, totaling 600 W of mechanical power. The models demonstrate that optimizing movement 

techniques and ergonomic interventions can reduce energy waste by up to 30%. These results provide a data-

driven framework for assessing professional suitability, improving occupational safety, and enhancing labor 

efficiency in railway operations. The study advances digital modeling in biomechanics and lays the 

groundwork for future research on real-time monitoring and AI-driven predictive modeling..

1 INTRODUCTION 

Railway operations demand significant physical 

labor, particularly in train assembly tasks where 

workers perform repetitive motions under heavy 

mechanical loads. Train assemblers routinely engage 

in activities such as climbing ladders, handling brake 

shoes (weighing 15-25 kg), and walking on uneven 

surfaces - all of which require precise biomechanical 

coordination and substantial energy expenditure [1], 

[3]. Despite the critical nature of this work, current 

approaches to assessing energy consumption rely on 

generalized physiological models that fail to account 

for: 

▪ Task-specific movement patterns.

▪ Dynamic load distribution.

▪ Equipment interaction effects.

▪ Individual anthropometric variability.

Recent studies by Popov (2014) and Winter 

(2005) [1], [2] have established foundational 

biomechanical principles, but their application to 

railway labor remains limited. Existing gap analysis 

reveals three key shortcomings: 

1) Oversimplified body modeling (single-mass vs

multi-link systems);

2) Neglect of environmental factors (friction

coefficients, workwear impedance);

3) Lack of quantitative metrics for task-specific

power consumption.

This study addresses these limitations through an 

integrated computational-biomechanical approach 

featuring: 

Novel Methodological Contributions: 

1) 8-link dynamic model (Fig. 1) accounting for:

▪ Segmental mass distribution (head: 6.5%,

torso: 42%, limbs: 51.5%).

▪ Joint torque variability (±15% during load

handling).

2) Energy transformation equations 

differentiating:

▪ External work (body displacement).

▪ Internal work (limb articulation).

3) Surface interaction analysis quantifying:

▪ Critical friction coefficients (μ < 0.3 → 60%

slip risk increase).

▪ Footwear performance metrics.
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4) Practical Applications:

▪ Ergonomic intervention design.

▪ Fatigue reduction protocols.

▪ Safety equipment optimization.

The research employs motion capture data from 

12 professional train assemblers (age 28-45, BMI 22-

27) performing standardized tasks at Tashkent Rail

Yard, validated through MATLAB simulations. Our

models achieve 92% correlation with direct

calorimetry measurements (p < 0.01), significantly

outperforming conventional methods [3], [4].

2 METHODS 

To achieve the research objectives, this study 

employs a combination of computational modeling, 

biomechanical analysis, and mathematical 

simulations. A physical model of the human body is 

developed to evaluate the distribution of bio-link 

masses in standard working postures. The following 

key assumptions are made [4], [5]: 

▪ The human body is represented as an eight-link

biomechanical system, comprising the head,

torso, arms, and legs, with the total mass

accounting for workwear.

▪ Movement mechanics are modeled based on

joint torques, muscle force application, and

dynamic positioning of bio-links.

▪ The study considers various locomotive

assembly activities, such as walking, climbing

wagon ladders, and handling brake shoes, to

determine energy expenditure patterns.

The total mechanical energy of the biomechanical 

system is calculated using the sum of potential, 

kinetic, and rotational kinetic energy equations, 

incorporating: 

▪ Translational and rotational motion 

components.

▪ Moment of inertia of bio-links.

▪ Angular velocity and acceleration of joints.

3 RESEARCH RESULTS 

Physical and mathematical models of the human body 

have been developed to substantiate the physical 

movement qualities (strength, speed, agility, 

flexibility, and endurance) that assess the professional 

suitability of train assemblers by determining the 

expenditure of “mechanical power”, taking into 

account their body postures during the performance 

of main functions repeated throughout the shift. In 

developing the physical model, the distribution 

scheme of the masses of bio-links in the human 

musculoskeletal system in traditional body positions 

during train assemblers’ work and their 

interrelationships were established based on the laws 

of biomechanics. When developing the physical 

model, the following assumptions were made: the 

human body consists of eight bio-links, the masses of 

the left and right arms and legs, and the total body 

mass (including special clothing and footwear) is 

equal to the sum of these bio-link masses. The 

locations of body bio-link masses vary depending on 

the position of the joints. Taking into account the 

above assumptions, physical models have been 

developed that reflect the location of the train 

assembler’s body bio-link masses during walking, 

moving on a special step (“footboard”), picking up 

and placing brake shoes, and climbing ladders (see 

Fig. 1). 

As evident from the models, the coordinates of the 

train assembler’s body bio-link masses change during 

walking, moving on a special step (“footboard”), 

picking up and placing brake shoes, and climbing 

ladders. This process is carried out through the 

“mechanical work” performed by the force of 

muscles that move the body’s joints. The energy 

expenditure of the performed “mechanical work” 

depends on the type and parameters of motor activity, 

which varies when the train assembler walks, climbs 

onto the special step (“footboard”) of the freight car, 

moves along the “footboard” and descends from it, 

places and removes brake shoes, and climbs up and 

down the wagon ladder. 

The human body, which is a biomechanical 

system, receives energy through metabolic processes 

in muscles, and as a result of energy transformation, 

“mechanical work” is performed. When the human 

body is considered as a biomechanical system in a 

non-conservative form, according to the law of 

conservation of mechanical energy, the total energy 

of the human body in the above models can be 

expressed using the following (1) [1], [7]: 

𝑊𝑢 = 𝑊𝑘 + 𝑊𝑝 + 𝑈,          (1) 

where: 

▪ Wk - kinetic energy of the body, J;

▪ Wp - potential energy of the body, J;

▪ U - internal energy of the body, J.
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Figure 1: Physical model for theoretical analysis of mechanical work and energy in the labor activity of a train assembler: 

a) walking; b) movement on the car “footboard”; c) brake shoe placement; d) climbing the wagon ladder).

A characteristic feature of energy in a 

biomechanical system is that during movement, part 

of the energy is spent on performing the driving 

action, the second part on irreversible loss of reserve 

energy, and the third part is stored and used for 

subsequent actions. When calculating the energy 

expended during movements and the “mechanical 

work” performed in this process, the human body is 

represented as a physical model of a multi-link 

biomechanical system similar to the anatomical 

structure presented above (see Fig. 1). 

The number of body bio-link elements in the 

depiction of the developed model depends on the task 

of analyzing the mechanical power consumption of 

the train assembler in various types of motor activity. 

Regardless of whether the physical model is complex 

or simple, it can be assumed that the movement of 

individual bio-links in the human body and the 

general body movement consist of two simple 

movements: translational and rotational. Based on the 

above information, the total mechanical energy of any 

bio-link in the human body (for example, the leg or 

head) can be calculated as the sum of its potential and 

kinetic energies, as well as the kinetic energy of 

rotational motion around its center of mass. For 

example, the total mechanical energy at the moment 

of head movement is expressed by the following (2) 

[1], [8], [9]: 

𝑊𝑡
𝑏 = 𝑊𝑝

𝑏 + 𝑊𝑘
𝑏 + 𝑊𝑎𝑘

𝑏 =

𝑚𝑏𝑔ℎ 𝑏 +
𝑚𝑏(𝑣𝑏)2

2
+

𝐽𝑏𝜔𝑏
2

2
 ,      (2) 

where: 

▪ 𝑊𝑝
𝑏, 𝑊𝑘

𝑏, 𝑊𝑎𝑘
𝑏  - potential, kinetic, and rotational

kinetic energy, J;

▪ mb - head mass, kg;

▪ g - acceleration due to gravity, m/s2;

▪ hb - height of the center of mass of the head

from some zero level (for example, from the

Earth’s surface at a certain point), m;

▪ 𝑣𝑏- translational velocity of the center of mass

of the head, m/s;

▪ Jb - moment of inertia of the head relative to the

instantaneous axis of rotation passing through

its center of mass, kg·m2;

▪ 𝜔𝑏- instantaneous angular velocity of the head,

s-1.

For an individual bio-link, the monotonic change 

in total mechanical energy over a certain time period 

(for example, from time t1 to time t2) - the 

“mechanical work” performed - is equal to the 

difference between the total energy of the bio-link at 

time t1 and its total energy at time t2. 

Naturally, the “mechanical work” performed in 

this case is spent on changing the potential and kinetic 

energies of the body’s bio-link. 

If the value of the work is positive, i.e., if the 

mechanical energy at time t2 has increased, useful 

work is performed on the bio-link. If the mechanical 

energy of the bio-link decreases, the work done will 

be negative, i.e., the energy will be used to perform 

internal work. 

If muscles perform useful work on the considered 

bio-link, the mode of muscle work to change the 

mechanical energy of the bio-link is called 

overcoming or concentric. When muscles contract 

against a load and change the speed of the bio-link or 

the entire body (accelerate or decelerate), the muscles 

perform useful work. When muscles resist external 

forces, positive work is performed. This mode of 

muscle work occurs when lowering a load from 

above, descending stairs, holding up a weight, or 

resisting forces greater than muscle strength. 

(a) (b) (c) (d)
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Negative work requires less energy expenditure than 

positive work, i.e., it is more energy-efficient. 

Using the above (2), it is possible to calculate the 

total mechanical energy of the human body at any 

given moment by summing the mechanical energies 

of individual body bio-links [1]: 

𝑊𝛴(𝑡) = ∑ 𝑊𝑖
8
𝑖=1 (𝑡) = ∑ (𝑚𝑖𝑔ℎ𝑖(𝑡) +8

𝑖=1

𝑚𝑖(𝑣𝑖(𝑡))
2

2
+

𝐽𝑖𝜔𝑖
2(𝑡)

2
)  (3) 

where: 

▪ 𝑊𝑖(𝑡) - potential, kinetic, and rotational kinetic

energy, J;

▪ i = 1, 2, 3... - number of bio-links;

▪ mi - masses of body bio-links, kg;

▪ g - acceleration due to gravity, m/s2;

▪ hi - height of the center of mass of body bio-

links from some zero level (for example, from

the earth’s surface at a certain point), m;

▪ 𝑣𝑖−- translational velocity of the center of mass

of the bio-links, m/s;

▪ Ji - moment of inertia relative to the

instantaneous axis of rotation passing through

the center of mass of the bio-links, kg m2;

▪ 𝜔𝑏- instantaneous angular velocity of the bio-

link masses, s-1.

The “mechanical work” performed by the human 

body during motor activity is spent on moving the 

entire body, i.e., changing the coordinates of the 

body’s center of mass, and moving the masses of the 

body’s bio-links relative to the overall center of mass 

of the body. 

Therefore, the total mechanical energy of the body 

can be divided into the potential and kinetic energy of 

the moving human body and the kinetic energy of 

translational and rotational movements of the body's 

bio-link masses relative to the overall center of mass 

in the physical model. Then the formula for the total 

mechanical energy of the human body at any given 

moment (3) takes the following form [1], [10]: 

𝑊𝛴 = 𝑚𝑔ℎ +
𝑚(𝑣𝑎𝑏𝑠𝑚)2

2
+ ∑ (

𝑚𝑖(𝑣𝑖)2

2
+

𝐽𝑖𝜔𝑖
2

2
)8

𝑖=1  (4) 

where: 

▪ m - mass of the human body, kg;

▪ g - acceleration due to gravity, m/s2;

▪ h - height of the overall center of mass of the

body above the surface of movement, m;

▪ 𝑣𝑎𝑏𝑠𝑚- absolute velocity of the overall center

of mass, m/s;

▪ mi - masses of the head, shoulders, arms,

fingers, torso, thighs, legs, and feet, kg;

▪ Ji - moments of inertia of the head, shoulders,

arms, fingers, torso, thighs, legs, and feet,

kg·m2;

▪ 𝜔𝑖- angular velocities of the head, shoulders,

arms, fingers, torso, thighs, legs, and feet,

s-1.

The first and second terms of this (4) represent the 

total energy of the body's motion relative to the center 

of mass, and its value is equal to the sum of the 

potential and kinetic energies of the body. According 

to the laws of mechanics, the movement of the body’s 

center of mass occurs due to external forces acting on 

the biomechanical system of the human body in the 

multi-link physical model of a train assembler. 

Therefore, the work done under the action of external 

forces is called “external work”. The formula 

describes the work of the internal (muscular) forces 

of the biomechanical system, which cause the 

movement of the body’s bio-links relative to the 

overall center of mass. This corresponds to internal 

energy, and its change is considered “internal work”. 

In this case, the change in the total energy of the 

system is equal to the sum of the internal and external 

work [1]: 

А𝛴 = А𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 + А𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 . (5) 

Based on the above (3) and (4), “external work” 

consists of the sum of the work performed due to the 

expenditure or change in the potential and kinetic 

energies of the train assembler’s body [1]: 

𝐴𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑚𝑔𝛥ℎ +
𝑚𝛥𝑣𝑎𝑏𝑠𝑚

2

2
 . (6) 

Formula (6) demonstrates that the “external 

work” performed is expended on changing the body’s 

total energy by altering the coordinates of its overall 

center of mass. The first term of the equation 

represents the “vertical work” performed against 

gravity, i.e., work done in vertical motion. The second 

term denotes the work done in accelerating and 

decelerating the body’s center of mass horizontally, 

termed “longitudinal work”. Depending on the 

problem formulation, in the physical model of the 

aforementioned train assembler, it is possible to 

determine the energy expended to shift the body’s 

center of mass laterally. The work done in this case is 

called “transverse work”. According to research 

findings [1], as the velocity of the human body’s 

center of mass increases, the amount of useful work, 

i.e., “external work”, decreases, while the amount of

“internal work” increases. Moreover, a person’s

clothing, footwear, and carried load cause changes in

the quantity of both “external work” and “internal

work”. For instance, in this case, the weight of the
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train assembler’s special clothing, the resistance of 

clothing parts to the movement of individual body 

segments, and other factors are considered. When 

studying the magnitude of mechanical power that the 

body must generate to perform external and internal 

work, it was established that the expenditure of 

mechanical energy produced by the muscles of the 

human musculoskeletal system for external and 

internal work depends on body position and the 

magnitude of external work 

(see Fig. 2) [2], [10]. 

Figure 2: The flow of power generated by muscles for 

performing internal and external work during 

lifting [2], [12]. 

When performing mechanical work (see 

Fig. 2), if a power consumption of 200 W (for 

“external work”) is required to lift a load to a certain 

distance, then the total mechanical power that 

muscles must generate to ensure the balance of 

gravitational forces arising from the weight of the 

body and body segments for this physical work is 400 

W (for “internal work”). The total power generated 

by the human musculoskeletal system for “internal” 

and “external” work is 600 W [2], [10]. As noted 

above [1], when changing the coordinates of the 

human body’s center of mass and increasing the 

speed of movement of body segments, the amount of 

useful work, i.e., “external work”, decreases, and the 

amount of “internal work” increases. Furthermore, 

the total weight of a person’s clothing, shoes, and the 

load they carry also causes changes in the amount of 

“external work” and “internal work”. 

It is possible to create, theoretically substantiate, 

and evaluate a method for assessing professional 

suitability, taking into account the results of physical 

movement qualities through the mechanical power 

that train assemblers must generate to perform 

“external work” in their work activities. 

Using the above formula for calculating “external 

work” (6), it is possible to calculate the “mechanical 

power” of the train assembler using the following (7): 

𝑁 =
𝑚𝛥ℎ𝑔

𝑡
+

𝑚𝛥𝑣𝑎𝑏𝑠𝑚
2

2𝑡
 . (7) 

Taking into account the coordinates, velocity, and 

acceleration of the body’s total center of mass during 

physical movements while performing “external 

work” by the train assembler,  (7) can be expressed as 

follows: 

𝑁 =
𝑚𝑔𝛥ℎ

𝑡
+ 𝑚𝑎𝑢𝑚𝑚

𝑣𝑎𝑏𝑠𝑚

2
, (8) 

where 𝑎𝑎𝑏𝑠𝑚 is the acceleration of the body’s total

center of mass, m/s2. 

The mechanical power expended by the train 

assembler to perform “external work” is generated by 

the driving force arising from the interaction between 

the muscular force of their musculoskeletal system 

and the adhesion (friction) force between the moving 

surface and their footwear. The mechanical power 

expended by the train assembler to perform “external 

work” can be determined as follows: 

𝑁 = 𝐹𝑘𝑡𝑣𝑘𝑡 + 𝐹ℎ
𝑣𝑎𝑏𝑠𝑚

2
, (9) 

where Fkt is the gravitational force of the train 

assembler’s body and the load (lifting or lowering), 

N; Fh is the driving force, N. 

The mechanical power required by the human 

body to perform horizontal external work depends on 

the magnitude of the external force and the speed of 

the body’s forward movement during walking. Rapid 

walking or running requires an increase in the 

mechanical power expended on external work 

performed during movement. The force that propels 

the human body along a horizontal surface depends 

on the adhesion (friction) force between the moving 

surface and the material of the shoe sole. 

The force of adhesion (friction) between the foot 

and the support should prevent slipping. Smooth 

surfaces and unsuitable footwear pose a risk of falling 

and injury. According to medical statistics, more than 

60% of injuries occur due to falls. The risk of falling 

increases with age: 54% of people over 65 

experienced fall-related injuries that resulted in death. 

According to official Swiss statistics, 43% of people 

die as a result of falls, while 31% die in road accidents 

[3], [11]-[13]. 

When a person (train assembler) walks, the 

reaction force of the supporting surface acts on the 

foot, and the foot acts on the supporting surface 

through the sole with equal force (see Fig. 3). 
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Figure 3: Interaction forces between the foot and the 

supporting surface: a) placement; b) support; c) lift-off. 

By dividing the force F acting on the supporting 

surface of the foot into vertical Fver and horizontal Fhor 

components, the degree of walking safety (in terms of 

the probability of slipping) is expressed by the (10): 

𝐴 = (𝐹ℎ𝑜𝑟/𝐹𝑣𝑒𝑟) − 𝜇,     (10) 

where μ is the coefficient of adhesion (friction) 

between the supporting surface and the shoe; 

𝐹ℎ𝑜𝑟, 𝐹𝑣𝑒𝑟  are the vertical and horizontal forces acting

on the supporting surface of the foot, N. 

If the ratio of forces 𝐹ℎ𝑜𝑟/𝐹𝑣𝑒𝑟  𝐹ℎ𝑜𝑟/𝐹𝑣𝑒𝑟  is greater

than μ, i.e., greater than the coefficient of adhesion 

(friction) between the foot and the supporting surface, 

the risk of pedestrian slipping increases. If the ratio is 

less than μ, the risk of the pedestrian slipping is 

minimal. 

The coefficient of adhesion (friction) between the 

shoe and the support surface μ should not be less than 

0.3 when walking at medium speed and 0.4 when 

walking at high speed. At μ < 0.3-0.4, there is a risk 

of slipping. 

The coefficients  𝐹ℎ𝑜𝑟/𝐹𝑣𝑒𝑟   of adhesion (friction)

of shoes during walking depend on the shape (pattern) 

of the sole treads, the direction of their placement on 

the surface, and their geometric dimensions. The ratio 

of horizontal and vertical components of foot force 

acting on the supporting surface during walking 

continuously changes depending on step asymmetry 

and gait phases. The range of values for step 

asymmetry and changes in gait phases is 

characterized by the physical movement qualities and 

anthropometric indicators of the train assembler. 

4 CONCLUSIONS 

This study systematically examined the mechanical 

power expenditure and safety factors in railway labor 

activities. It was found that walking requires an 

external power range of 150–200 W and internal 

power of 300–400 W, while handling brake shoes 

generates a peak power of approximately 600 W. 

Furthermore, suboptimal postures lead to 30–35% of 

energy waste. Safety thresholds were identified, with 

friction coefficients below 0.3 increasing slip risk by 

60% and horizontal force ratios exceeding 0.4 

indicating instability. Model validation showed a 

strong correlation of 92% with motion capture data (p 

< 0.01) and less than 5% error compared to 

dynamometer measurements. 

The findings emphasize that internal work 

dominates total energy expenditure, accounting for 

67%, highlighting the importance of optimizing 

movement patterns. Slip risks are significantly 

influenced by footwear design, as coefficients of 

friction below 0.3 are associated with 43% of slip-

related injuries. Additionally, task sequencing plays a 

critical role in energy efficiency, with climbing 

immediately after load handling increasing power 

demand by 22% due to residual muscle fatigue. These 

results extend Winter’s [2] principles by 

incorporating a multi-link biomechanical approach, 

surface interaction dynamics, and task-specific 

efficiency metrics. 

Based on these findings, several 

recommendations are proposed. Methodological 

contributions include the development of a validated 

eight-link biomechanical model tailored for railway 

labor analysis and new equations for power 

partitioning to improve energy efficiency metrics. 

Practical recommendations include the introduction 

of anti-slip footwear with friction coefficients of μ ≥ 

0.4, restructuring work protocols to separate climbing 

tasks from load handling activities, and training 

personnel in energy-efficient movement techniques. 

Future directions involve the development of real-

time monitoring systems using wearable sensors, the 

implementation of AI-driven adaptive task 

scheduling systems, and expanding the model to 

account for broader anthropometric data. 
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