
© Faculty of Mechanical Engineering, Belgrade. All rights reserved FME Transactions (2023) 51, 415-422  415
 

Received: April 2023, Accepted: June 2023 
Correspondence to: Dr Sergey Voinash, Kazan Federal 
University,  Research Laboratory of Intelligent 
Mobility, 18 Kremlin Street, Kazan 420008, Russia  
E-mail:sergey_voi@mail.ru 
doi: 10.5937/fme2303415D 

R. Dobretsov 
Doctor of Engineering 

Peter the Great St. Petersburg Polytechnic 
University 

Russia 
 

I. Troyanovskaya 
Doctor of Engineering 

South Ural State Agrarian University 
South Ural State University 

Russia 
 

S. Voinash 
Leading engineer  

Kazan Federal University 
Russia 

 

R. Zagidullin 
Candidate of Engineering 
Kazan Federal University 

Russia 
 

L. Sabitov 
Doctor of Engineering 

Kazan Federal University 
Kazan State Power Engineering University 

Russia 
 

A. Nurullin 
Senior lecturer 

Kazan Federal University 
Russia 

Kinematic and Force Patterns of 
Interaction of a Link Caterpillar of a 
Transport Machine with the Ground 
 
This article proposes a mathematical model of a caterpillar track's force 
and kinematic interaction with the ground during movement. The presence 
of a positive displacement of caterpillar tracks was proved even in the 
absence of slipping. This displacement causes the soil to be sheared and 
thrown out of the area of contact with the caterpillar. The change in the 
rotation angles of the tracks and the magnitude of their longitudinal 
displacement were obtained. A drop in the tension force of the caterpillar 
track was detected on the active section of the supporting surface between 
the first and second track wheels. The relationships between the main 
geometric parameters of the caterpillar track, the vertical load on the track 
wheels, and the movement of the tracks when the track wheels roll over 
them are established. Practical recommendations are proposed that 
contribute to the damping of vibrations when the track roller passes over 
the caterpillar track. 
 
Keywords: Truck; Parallel Hinge; Caterpillar Tension Force; Positive 
Track Offset; Slipping; Vertical Oscillation Tracks; Normal Pressure. 

 
 
1. INTRODUCTION  
 
For caterpillar agricultural tractors, directional stability 
[1], tractive effort [2], and service life [3] are of great 
importance. However, the solution to these issues is 
only possible with an adequate description of the 
interaction of the caterpillar with the ground. 

For a long time, the description of the interaction of 
a caterpillar with the ground was described by reg–
ression models based on the processing of experimental 
results. This approach only allows for a narrow 
distribution of models for new types of caterpillars. 

Later in the study of the interaction of a caterpillar 
with the ground, models with a conditionally single 
whole-bearing surface are most widely used [4-6]. In 
these models, the normal pressure of the caterpillar on 
the ground appears to be uniformly distributed (Fig. 1). 
There are models that take into account parts of the 
caterpillar [7-8]. However, for the most part, they are 
based on using the finite element method [9-11].  

The designer of a caterpillar seeks to obtain a uni–
form diagram of normal pressures (Fig. 1a). The 
presence of a traction force and a longitudinal external 
force lead to a change in the shape of the diagram to a 
trapezoid (Fig. 1b). In reality, the normal pressure 
diagram has peaks under the track wheels and a 
significant decrease in pressure in the spans between 
them (Fig. 1c). 

However, these models need to take into account the 
specifics of the operation of the tracks themselves when 
the track roller passes over them. An increase in 
longitudinal force often results in an area under the front 
rollers that is not loaded with normal pressure.  

 
Figure 1. The plot of normal track pressure on the ground: 
(a) rectangular (ideal); (b) trapezoidal (theoretical); (c) 
peaked (actual) 

This situation is typical for a loaded skidder or trac–
ked vehicle towing a heavy trailer [12]. Most tracked 
vehicles do not provide design values of normal pre–
ssure in the region of 0.005 MPa. Exceeding the design 
pressure often leads to a loosening of the soil under the 
caterpillar and its removal from the contact zone, even 
in the absence of slipping. The theory of the movement 
of ground vehicles [13] does not explain this effect. 
Modern models of interaction between a tracked vehicle 
and the ground [14-15] also do not describe this process. 

The effect of soil destruction is environmentally 
harmful. Reducing the normal load of the caterpillar on 
the ground will prevent its destruction [16].  
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The purpose of the study is to study the normal 
pressure of the caterpillar on the ground and to detect its 
destructive effect. To achieve this goal we:  

1. analyze the kinematic and power features of the 
operation of a caterpillar under various loading condi–
tions; 

2. identify the causes of the destructive effect of the 
caterpillar on the ground at low values of specific thrust; 

3. propose measures aimed at reducing the 
destructive effect of the caterpillar on the ground. 

Originality: The description of the interaction of the 
caterpillar with the ground is based on the concept of 
the interaction of two adjacent tracks with a non-defor–
mable base. This approach makes it possible to take into 
account kinematic and force factors and subsequently 
justify the design changes of the caterpillar. 

 
2. MATERIALS AND METHODS 
 
The average pressure of a caterpillar vehicle on the 
ground is defined as the ratio of the vehicle's weight to 
the total area of the tracks. This characteristic can be 
used in assessing the technical efficiency and environ–
mental safety of the chassis only as a first approxi–
mation since it does not take into account the uneven 
distribution of the load between the track wheels [17-
18]. The actual vertical load on individual tracks dep–
ends on their specific dimensions and the loads acting 
on them from the track roller and the ground [19].  

 
2.1 Basic provisions 

 
Caterpillar tracks oscillate in the vertical plane when the 
track roller rolls along a ringed caterpillar. These vibra–
tions are easily visible to the naked eye. They increase 
the values of vertical peak loads under the track rollers 
[20-21].  

These peak loads destroy the soil. The localization 
of loads under a separate track leads to a decrease in the 
cross-country ability of a tracked vehicle on soft ground 
such as sand, snow, or swampy soils. It is accompanied 
by intense rutting [22-23]. During vertical vibrations, 
the tracks capture and compact soft ground. Solid 
ground cushions are formed on the supporting surface of 
the track, which are not dropped even when the track is 
rewound (Fig. 2). 

 
Figure 2. Clogging of caterpillar tracks with snow and 
formation of soil (snow) cushions 

During oscillation, the caterpillar tracks move 
slightly forward. The offset amount depends on the 
track chain's design features. This phenomenon is called 
the positive displacement (skidding) of the tracks under 

load. This phenomenon is observed even in the absence 
of slippage and is accompanied by the destruction of the 
soil [24]. Such destruction damages the base with a 
weak surface layer [25-28]. 

The loss of the tension force of the supporting 
surface of the caterpillar track accompanies the positive 
displacement of the tracks. As a result, sections of the 
track that are not loaded with tensile force appear bet–
ween the first and second track rollers. Reducing track 
tension increases the likelihood of track drop. At the 
same time, the front rollers seem to sink into the ground, 
which leads to a decrease in the vehicle's cross-country 
ability and increases the destruction of the soil base. 

Two-link tracked vehicles are used to minimize the 
average pressure on the ground. However, insufficient 
track preload on a passive trailer creates a similar effect. 
The resulting instability of the tracks reduces the 
efficiency of using passively tracked trailers due to an 
increase in energy losses during their towing [29-30]. 

Researchers on vehicles of different weights and 
caterpillar designs have observed the tracks' instability 
and the associated consequences. However, the positive 
displacement of tracks under load for modern high-
speed tracked vehicles remains practically unexplored. 

 
2.2 Choice of vibration suppression method 

 
There are several ways to suppress the vibrations of 
tracks on the supporting surface of the caterpillar track 
and reduce the negative consequences of this pheno–
menon on the ground [31]. 

1. The introduction of elastic elements (for exam–
ple, rubber shoes) into the design of the treadmill, the 
deformation of which prevents the vertical vibrations of 
the tracks. The disadvantage of this method is increased 
losses in the propulsion unit due to the deformation of 
rubber parts [32]. 

2. A staggered arrangement of track wheels: This 
method was used on German "Tiger" and "Panther" tanks 
and is most effective for large-sized caterpillar tracks 
(Fig. 3). The disadvantage of this method is the significant 
complication and weight of the entire system [33]. 

 
Figure 3. Caterpillar undercarriage system with staggered 
track wheels 

3. Increasing the contact area of the track roller 
with the track by reducing the track pitch and using 
track rollers with external shock absorption. In this case, 
the track roller rolls over two or three adjacent tracks at 
once, which minimizes track oscillations. Currently, in 
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undercarriage systems of modern high-speed tracked 
vehicles, there is a tendency to spread small-linked 
tracks [34]. This direction can be considered promising.  

4. The optimization of the arrangement of lugs [35]. 
Moving the lugs from under the hinge axis to the edge 
of the link reduces the time when the track roller rolls 
over the hinge axis and reduces the vertical vibrations of 
the track. Such modernization, affecting only track 
design, is characterized by minimal costs for the 
improvement of the caterpillar and does not affect the 
weight of the undercarriage system [36].  

Moving the lug behind the hinge axis minimizes the 
turning force arm A (Fig. 4), which helps to reduce 
losses in propulsion. Improving the movement helps to 
reduce losses in the propulsion unit while maintaining 
the high cross-country ability of the vehicle. This met–
hod is most effective when driving on hard ground [37]. 

 
Figure 4. Modification of the supporting surface of the track 
by transferring the grouser 

The positive displacement of the tracks depends on 
the geometric dimensions of the undercarriage and the 
forces acting on its elements. To select dimensions 
when designing a caterpillar with reduced environ–
mental hazard, it is necessary to study in more detail the 
mechanics of the interaction of the track with the track 
roller and the ground. For this, a mathematical model of 
the interaction force of the track was developed. The 
model is based on the idea of a track link chain having 
the corresponding mass and specific elastic characte–

ristics of the hinges. The substantiation of the geometric 
and kinematic characteristics of the caterpillar will 
minimize power losses and the destructive impact on the 
ground [38]. 

 
2.3 Mathematical model  

 
When constructing the model, the following initial posi–
tions were taken [39]: 
 the vehicle is moving on a horizontal surface; 
 a non-deformable base was chosen as the ground 

since interaction with it contributes to the grea–
test positive displacement of the tracks [40]; 

 rollers have external shock absorption, which is 
characterized by increased power losses in the 
propulsion; 

 the connection of track chain links has a rubber-
metal hinge of parallel type, for which the posi–
tive displacement of the tracks is most typical;  

 the load from the track roller on adjacent tracks 
is distributed [41]. 

Let us consider the interaction of a single-track 
roller with a radius R0 with two adjacent tracks of a 
caterpillar track chain with a step t, connected by a 
parallel rubber-metal hinge, which determines the size 
of the gap between the tracks, ε (Fig. 5). 

In the presence of the external cushioning of the 
roller, a contact surface appears between the tire and the 
treadmill of the track. We connect the local coordinate 
system x0y with the axis of the track roller. The 
distributed load q(x) from the side of the track roller to 
adjacent tracks has a parabolic law [42] 

 
 2 2

3

0.75P a x
q x

a


   (1) 

where P = Pi + Pi+1 is the normal force from the side of 
the track roller; a is half the length of the contact sur–
face of the track roller with the track treadmill; Pi and 
Pi+1 are the components of force P, acting on adjacent 
tracks: 

 
Figure 5. Model of force interaction during rolling of a deformable track roller on adjacent tracks 
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where x3 is the longitudinal coordinate of the middle of 
the gap between adjacent tracks relative to the axis of 
the track roller (located in the range –a + ε < x3 < a - ε) 
(Fig. 5).  

The coordinates xi and xi+1 of the points of 
application of the vertical forces Pi and Pi+1 in the local 
coordinate system x0y are constantly changing and are 
determined through the integrals:  
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where ε is half the gap between adjacent tracks.  
After integration, we have 
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For any value x3,    3 1 3 2i ix x    .  

Therefore, the total normal force from the side of the 
track roller is: 
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After transformations, we get 
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According to the theory of the rolling of a 
deformable wheel on a solid base [43], the normal 
pressures Pi and Pi+1 are shifted forward relative to the 
roller axis by Δx. Then the turning moments about the 
axis of the track roller have the form: 
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The total moment about the axis of the track roller is:  

 1 30.5 ,i iM M M P x a x         (8) 

where ζ(x3,ε) = βi(x3)γi(x3,ε) + βi+1(x3+1)γi+1(x3,ε). 
In addition to vertical forces, horizontal forces Fi 

and Fi+1 also act on adjacent tracks from the side of the 
track roller. Their values are calculated by dividing the 
turning moment's Mi and Mi+1 (7) by the radius of the 
track roller R0: 
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The rotation of adjacent tracks at angles φi and φi+1  
leads to additional displacement of vertical forces Pi  
and Pi+1 in different directions from the roller axis by 
Δxi = φiR0 and Δxi+1 = φi+1R0. Then the horizontal forces 
take the form: 
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The sum of the horizontal forces is: 
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Since φi < 0 and γi < 0, and the force Fi decreases, 
we get φi+1 > 0. When γi+1 > 0, the force  will 
increase. After converting the equations of moments, 
expressions were obtained to determine the angles of 
rotation of the tracks φi and φi+1 under the track roller: 
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where T is track pull force; Ftr is sliding friction force 
between track and ground; tz is the pitch of the track; R0 
is the track roller radius; h is the track height, taking 
into account soil cushions between the lugs; Mai, Mai+1 
are the moment of inertia of the tracks; xi, xi+1 are the 
shoulders of vertical forces Pi and Pi+1; Pdi, Pdi+1 are the 
elastic forces during the deformation of the external 
shock absorption of the track roller when turning the 
track; ldi = a(1+γi),  ldi+1 = a(1+γi+1) are the shoulders of 
elastic forces Pdi and Pdi+1. 

The positive offset of adjacent tracks li and li+1 was 
determined by: 

1 1,i i i il h l h        (14) 

where Δh is the distance from the middle of the gap 
between adjacent tracks to the edge of the lug.  
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The displacement value of a single track li and li+1 
depends on the geometric characteristics of the chassis 
(the radius of the track roller R0, the position of the lugs, 
the track pitch tz, and the track height h), the vertical 
load on the roller Pi+1, the damping stiffness of the track 
roller Pdi+1, the rolling speed of the track roller, and the 
tension force of the caterpillar track T. 

 
3. RESULTS  

 
The result of a numerical experiment based on the 
mathematical model (equations 1-14) is the calculation 
of the positive displacement of the tracks. The calcu–
lations were carried out on the example of the running 
system of a high-speed tracked infantry fighting vehicle 
BMP-1 (Fig. 6).  

 
Figure 6. The dependence of the displacement of the track 
li+1 on the longitudinal distance of the center of the gap to 
the axis of the track wheels x3 

The total displacement is the sum of the displacements 
of a pair of adjacent tracks during the rolling of the next 
track roller. There is a cumulative effect that is proportional 
to the number of rollers (Fig. 7). 

 
Figure 7. The displacement of a single track li+1 and the 
total displacement of all tracks in contact with the ground 
Σli+1 from the number of track wheels passed through them   

The value of the track tension T between two track 
wheels can be very different. The drop in the tension 
force of the caterpillar track T is directly related to the 
positive displacement of the tracks li+1. An increase in 
the tension force T of the caterpillar track leads to a 
decrease in the angle of rotation of the track φ. This 
result is also confirmed by other authors [44].  

When constructing the graph of the tensile forces in 
the supporting surface, only active sections which 
transmit vertical loads when the rollers roll along the 

tracks were taken into account. On the supporting 
surface of the caterpillar-tracked BMP-1 between the 
front rollers, areas not loaded with tensile force were 
found (Fig. 8).  

 
Figure 8. Distribution of tensile forces of the supporting 
branch of the BMP-1 caterpillar  

Losses of track tension ΔT during the passage of the 
track roller are associated with the instability of the 
tracks and are made up of elementary losses under the 
track rollers (Fig. 9). 

 
Figure 9. The drop in the tension force of the caterpillar 
under the track wheels as a result of the positive displace-
ment of a single track Δti+1 and all tracks of the support 
branch ΣΔT. 

 

4. CONCLUSIONS 
 
A vehicle with a caterpillar, when moving, destroys the 
soil with its track causing environmental damage. The 
reason for this is the vertical vibrations of the tracks 
when the track wheels pass over them. A mathematical 
model of the power and kinematic interaction of 
adjacent tracks with a track roller during movement has 
been developed. The calculations were carried out using 
a six-roller undercarriage system of the BMP-1 high-
speed tracked vehicle with a parallel rubber-metal 
hinge, theoretically confirming the positive displace–
ment of the tracks even in the absence of slipping. This 
displacement of the tracks causes the soil to be sheared 
and thrown out of the contact area. 

Based on the mathematical model, a numerical 
experiment was carried out. The change in the rotation 
angles of the tracks and the magnitude of the displace–
ment of adjacent links were obtained. Qualitative and 
quantitative relationships have been established between 
the main geometric parameters of the caterpillar, the 
vertical load on the track wheels, and the displacement 
of the tracks when the road wheel rolls over them. A 
drop in the tension force of the track was detected on 
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the active section of the supporting surface between the 
first and second track wheels. 

The analysis of methods for suppressing vertical 
vibrations of tracks was carried out. Practical recom–
mendations are proposed for changing the design of the 
track, which caterpillar to the suppression of vibrations 
of the tracks during the passage of the track roller over 
them. The transfer of the lugs to the edge of the track, 
together with the overlapping of the gap between adja–
cent tracks, makes it possible to reduce the instability of 
the tracks when the track rollers roll over them. Such 
changes affect only the design of the tracks and reduce 
the peaks of the normal reaction under the track wheels. 

The research results have found practical appli–
cations in the design of link caterpillars for transport 
and traction-transport and road-building machines. A 
change in the placement of lugs has been noticed on the 
tracks of Russian tank support combat vehicles. The 
designs of modern German military tracked vehicles of 
various weight categories are characterized by a "stag–
gered" arrangement of track rollers and partial over–
lapping of the gaps between the tracks. The caterpillar 
design has been patented (Semenov et al., 2011), the 
hinges and lugs of which are placed in accordance with 
the recommendations given in this article.  
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NOMENCLATURE 

Pi, Pi+1 
components of the vertical force acting on 
adjacent tracks  

P 
the total vertical force acting from the track 
roller  

xi, xi+1 
longitudinal coordinates of the points of 
application of vertical forces Pi and Pi+1 
relative to the axis of the track roller  

x3 
longitudinal coordinate of the middle of the 
gap between adjacent tracks relative to the 
axis of the track roller  

ε half gap between adjacent tracks 

A 
half the length of the contact patch of the 
track roller with the track treadmill 

Δx 

displacement of vertical reactions Pi, Pi+1 
forward by changing the diagram of normal 
pressures during the movement of the track 
roller 

Δxi, Δxi+1 
displacement of vertical reactions Pi, Pi+1 in 
different directions due to the rotation of 
the tracks 

φi, φi+1 
angles of rotation of adjacent tracks when 
the track roller moves along the tracks 

R0 track roller radius 
Mi, Mi+1 turning moments acting on adjacent tracks 
T track pull force 

Ftr 
the sliding friction force between track and 
ground 

tz caterpillar pitch 

h 
the track height, taking into account soil 
cushions between the lugs 

Mai, Mai+1 moment of inertia of tracks 

Pdi, Pdi+1  
elastic force during the deformation of the 
external shock absorption of the track roller 
when turning the track 

ldi, ldi+1 shoulders of elastic forces Pdi and Pdi+1 
 

 
КИНЕМАТИЧКИ И СИЛАЗНИ ОБРАСЦИ 
ИНТЕРАКЦИЈЕ ЛАНЧАНЕ ГУСЕНИЦЕ 
ТРАНСПОРТНЕ МАШИНЕ СА ТЛОМ 

 
Р. Добрецки, И. Тројановскаја, С. Војнаш,  
Р. Загидуљин, Л. Сабитов, А. Нуруљин 

 
Овај чланак предлаже математички модел силе 
гусенице и кинематичке интеракције са тлом током 
кретања. Доказано је присуство позитивног поме–
рања гусеница иу одсуству клизања. Ово померање 
доводи до тога да се земљиште скрати и избаци из 
подручја контакта са гусеницом. Добијена је про–
мена углова ротације колосека и величина њиховог 
уздужног померања. 
 На активном делу потпорне површине између првог 
и другог колосека детек–тован је пад силе затезања 
гусенице. Установљавају се односи између главних 
геометријских параметара гусеничарског колосека, 
вертикалног оптерећења на точковима гусенице и 
кретања гусеница када се гусечни точкови преврћу 
преко њих. Предложене су практичне препоруке 
које доприносе пригушењу вибрација када 
гусеничарски ваљак прелази преко гусеничарске 
стазе. 

 


