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Abstract: Modularity in the construction of industrial robots is becoming increasingly popular, as 

the modules can be assembled in different ways so as to obtain various architectures of industrial 

robots determined by the requirements of specific applications. Such a robot with modular structure 

is considered in this paper. The tracked mobile robot, with translation – rotation – translation – 

translation – rotation (TRTTR) modular serial structure, is the subject of national invention patent 

number RO132301 B1/2021, granted by the State Office for Inventions and Trademarks of Bucharest, 

to “Nicolae Bălcescu” Land Forces Academy of Sibiu, Romania [1]. The tracked mobile robot has 

been designed to perform the task of humanitarian demining operations and the mechanical struc-

ture, respectively the kinematic analysis were described in detail in papers [1,2]. A first general ob-

jective of this paper is to highlight a dynamic-organological method to achieve an architectural 

structure of mobile robot on tracks, able to replace the human element in areas with high risk for 

health and life, for detection and demining anti-personnel and anti-armor minefields in countries 

where military conflicts have taken place. For this scope it was performed the dynamic modeling 

using the Lagrange’s formalism and to achieve the constructive optimization of the TRTTR mechan-

ical structure, in order to obtain a minimum energy consumption through an optimal arrangement 

of the modules in its structure. A second objective is to improve the action flexibility of the techno-

logical product in humanitarian detection and demining operations, as well as for educational pur-

poses, by training highly educated and specialized human resources in the field of advanced mili-

tary technologies. The differential equations of motion of the robot has obtained and respectively 

the mechanical design equations, which lead to the optimal choice of the drive motors of the mod-

ules in the robot structure. Also, it is presented the mathematical model for obtaining the driving 

motor of base translation modulus (MTB SIL) of the modular serial tracked robot and the construc-

tive solution of the MTB SIL module. 

Keywords: robotics, tracked robot, dynamic modeling, constructive optimization, human-artificial 

partnership, humanitarian demining. 

1. Introduction and preliminary results 

The modular design is based on the realization of interchangeable translation, rota-

tion, tilting and orientation modules with independent drive, positioning and control 

which, assembled in different ways, lead to various architectures of industrial robots de-

termined by the requirements of specific applications [3]. Thus, being given (n) modules: 

translation and rotation modules of the robot’s arm, respectively a translation module and 

a rotation module in the arm structure, interconnecting these modules, kinematic variants 

of industrial robots with 2, 3, 4, 5 or 6 degrees of freedom are obtained [4]. The advantages 

of modular solutions of industrial robots are: simplification of the structure, compact 

modules, standardization of components, independent functioning of the modules that 

form the kinematic chain of the industrial robot, easy and faster assembly process of the 
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complete industrial robot. Additional advantages, which is particularly important for 

manufacturers of industrial robots, are shorter manufacturing times, longer production 

series and reduced manufacturing costs [5]. In the design stage of industrial robots it is 

necessary to evaluate some indices, such as: number of degrees of freedom, shape and 

dimensions of the workspace, mobility, load capacity, coefficient service etc. Such an eval-

uation is possible only by performing a dynamic study of the robots [6]. 

Dynamic studies performed on serial robots allow the choice of drive motors, as well 

as the optimal arrangement of the modules in a modular robot construction so that energy 

consumption is minimal. The dynamic modeling aims to study the two fundamental prob-

lems of the dynamics of industrial robots. In the case of the first problem, also called the 

direct problem, the laws of variation of coordinates and generalized velocities as a func-

tion of time are determined, knowing the mechanical constructive parameters of the robot, 

the laws of variation of forces and motor moments as a function of time and the initial 

conditions of the movement of the robot. In the case of the second fundamental problem, 

also called the inverse problem, the laws of variation according to time of the motor agent 

(forces and motor moments) are determined if the constructive mechanical parameters of 

the robot and the laws of variation according to time of generalized coordinates are given. 

Among the methods of dynamic study of industrial robots are: Lagrange's formalism, the 

principle of virtual movements in dynamic form, the Newton-Euler method and the iter-

ative method. Obtaining high-performance robots takes into account both the chosen con-

structive solution and the programming, control, command and control mode. The mass 

production of a large number of military robots with different architectural structures, 

acting in workspaces of different shapes and sizes, depending on the requirements of the 

handling program, can be achieved by designing robot models in modular structure.  

The modular design is based on the separate realization of the modules whose con-

struction allows their assembly with other modules [6,8,9]. As a result, various architec-

tures of modular robots, this can be delivered to the beneficiaries in accordance with the 

requirements of the specific application. Using translation, rotation, tilting and orientation 

modules, variants of trajectory generating mechanisms from the mechanical structure of 

modular type robots can be conceived. Following a rigorous dynamic study applied on 

modular serial robot structures possessing from two to six degrees of freedom, a construc-

tive optimization method can be obtained, according to which the translation and rotation 

modules can be arranged in a modular robot structure, so that energy consumption is 

minimal.  

In this paper is presented the dynamic modeling and constructive optimization of 

the mechanical structure of a tracked mobile robot for humanitarian demining operations. 

 The tracked mobile robot is the subject of national invention patent number 

RO132301 B1/2021, granted by the State Office for Inventions and Trademarks of Bucha-

rest to “Nicolae Bălcescu” Land Forces Academy of Sibiu, Romania [1,2].  

The fundamental objective of the research was the design and practical realization of 

a technological, robotic and innovative product to carry out the missions of minefields, 

their total demining and humanitarian demining, in various fields in the time provided 

for each mission. The operational objectives are the following: 

▪ the robot must perform the full range of activities necessary for the field cleaning 

process: research, field scanning, marking the corridors made in the mine fields and de-

stroying the mines, in autonomously varied terrain;  

▪ the robot should be built on a low budget, have an increased scanning capability 

and a demining speed of at least 1.5 m/s in slightly rugged terrain, so that it can be used 

in humanitarian demining;  

▪ to mark the corridors in the minefields throughout the execution of the demining 

mission; 

 ▪ the robot should operate on the basis of solar energy using energy-conserving pho-

tovoltaic cells to ensure uninterrupted operation, at the normal parameters of the robot, 

both during the day and at night.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 March 2022                   doi:10.20944/preprints202203.0023.v1

https://doi.org/10.20944/preprints202203.0023.v1


 

 

The principle of choosing the drive motors of the modules from the TRTTR modular 

serial structure of the tracked robot is presented by using the differential equations of 

motion resulting from the dynamic modeling, respectively of the organological calcula-

tions of the robot. This connects the dynamic equations with the organological ones, which 

leads to optimal robot architectures in terms of energy consumption.  

In this paper it is given as an example the mathematical modeling order to obtain the 

moment of driving motor of translation modulus of the modular serial tracked robot’s 

base (MTB SIL module). The constructive solution of the MTB SIL module with mechani-

cal components is also presented. As well the advantages, the novelty and the originality 

of the proposed solution, the technical problem solved by the technological robotic prod-

uct, the operating mode and the use of the mobile tracked robot in special operations were 

highlighted. 

2. The dynamic model of the TRTTR modular serial structure of tracked mobile robot 

The tracked robot is composed of the tracked base, with the translation system of the 

device for unexploded mine detection, and the serial-modular robot of TRTTR type (3 

translations: base modulus and vertical and horizontal arm, and 2 rotations: rotation mod-

ulus and rotation of clamping device performed by vertical arm) with clamping device 

(Figure 1.a) [1,2]. 

Each module in the TRTTR structure is driven by electric motors powered by photo-

voltaic panels thus ensuring their independent operation and, in case of failure, they can 

be easily replaced without affecting the operation of the other modules. The modular type 

structure of the TRTTR robot, as well as the individual supply of the modules lead to the 

interchangeability of the modules in its structure, obtaining various architectures of robots 

performing one or more tasks. 

For dynamic modeling of the robot the Lagrange’s formalism is used. The modules 

in the robot structure have one degree of freedom, respectively 2 degrees of freedom (ver-

tical arm),and the rotational or translational motion along a specific axis being performed 

by means of an independently controlled actuator [9,10].  

In Figure 1.b is presented the kinematic diagram of the TRTTR modular serial tracked 

robot and following values has been considered: 𝑙𝑖 , 𝑖 = 0 ÷ 6
 
 the robot’s constructive pa-

rameters, 𝑞𝑘 , 𝑣𝑘 , 𝑞̇𝑘, 𝑞̈𝑘 , 𝑣̇𝑘, 𝑣̈𝑘, 𝑘 = 1 ÷ 5 the coordinates, generalized velocities and accel-

erations, k = 1÷5 the number of degrees of freedom, 𝐹̅𝑖 , 𝑖 = 1, 3, 4 the driving forces, 𝑀̅𝑖 , 𝑖 =

2, 5   the driving motor moments,  𝑃̅𝑖 , 𝑖 = 1 ÷ 5   the gravitational forces of the robot’s 

modulus, 𝑚𝑖, 𝑖 = 1 ÷ 5 the masses (the own weights) of the robot’s modules, 𝐽∆1

(𝑖)
, 𝑖 = 1 ÷

3 the mechanical moment of inertia relative to the axis (∆1) of the (R1) rotation module 

movable system and of the part of module 3 that is interdependent with module 2, 

𝐽∆2

(𝑖)
, 𝐽𝑂𝑖1

(𝑖)
, 𝑖 = 4,5 the mechanical moment of inertia relative to the O3z3 axis of the part of 

translation module 4 that performs a relative motion along the (∆2) axis and the gripping 

device while is being handled the object. 

 The dynamic equations of the TRTTR modular serial structure of tracked mobile ro-

bot were deduced by using Lagrange’s equation of the second kind, written in the follow-

ing form: 

𝑑

𝑑𝑡
(

𝜕𝐸𝑐

𝜕𝑞𝑘̇

) −
𝜕𝐸𝑐

𝜕𝑞𝑘

= 𝑄𝑘 , 𝑘 = 1 ÷ 5 
(1)    

where: Ec represents the kinetic energy of the robot and Qk the generalized forces. 
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               a)                                      b) 

Figure 1. a) Tracked mobile robot - CAD model; b) The kinematic diagram of the TRTTR modular 

serial tracked robot [1,2]. 

 In order to simplify the calculus, in the dynamic analysis of the robot it was consid-

ered that each module of the robot, in the reference system have the origin in the center 

of the masses, meaning that xc = yc = zc = 0 and the Cartesian reference systems interde-

pendent with robotic elements were chosen so that they coincide with the main inertia 

directions corresponding to the system’s origin. In this case, centrifugal mechanical mo-

ments of inertia are null (Jxy = Jxz = Jzy = 0) and (2) were written under the following form: 

                                         𝐸𝑐𝑖
=

1

2
𝑀𝑖(𝑣𝑥

2 + 𝑣𝑦
2 + 𝑣𝑧

2)
𝑖

+
1

2
(𝐽𝑥𝜔𝑥

2 + 𝐽𝑦𝜔𝑦
2 + 𝐽𝑧𝜔𝑧

2)
𝑖
  (2) 

The kinetic energies, corresponding to the robotic modules type TRTTR, can be 

consecutively obtained, starting at the robotic base. Thus, for translation module 1, given 

that 𝑣𝑥1 = 𝑣𝑧1 = 0; 𝑣𝑦1 = 𝑣̇1the kinetic energy was expressed using the equation: 

                  𝐸𝑐1
=

1

2
𝑚1(𝑣𝑥1

2 + 𝑣𝑦1
2 + 𝑣𝑧1

2 );   𝐸𝑐1
=

1

2
𝑚1𝑣1

2̇ (3) 

In the case of rotation module 2 of the arm, the components of the instantaneous 

angular velocity 𝜔̅2 and instantaneous velocity 𝑣̅02  along the 𝑂1𝑥1𝑦1𝑧1  motion system 

axes can be specified, namely: 𝜔𝑥2 = 𝜔𝑦2 = 0; 𝜔𝑧2 = 𝑞̇1;  𝑣𝑥2 = 𝑣𝑦2 = 0; 𝑣𝑧2 = 𝑣̇1, as well 

as the mechanical moment of inertia 𝐽𝑧1 = 𝐽∆1

(2)
, relative to (∆1) rotation axis. The kinetic 

energy of module 2 has the following equation: 

𝐸𝑐2
=

1

2
𝑚2𝑣1

2̇ +
1

2
𝐽Δ1

(2)
𝑞1

2̇ (4) 

The translation motion of the module 3, at a given time, was characterized by the 

following kinematic parameters 𝜔𝑥3 = 𝜔𝑦3 = 0; 𝜔𝑧3 = 𝑞̇1 and the kinetic energy and ab-

solute velocity of module 3 were given by the following equation, according to Figure 1b: 

        𝐸𝑐3
=

1

2
𝐽𝑧3𝑞1

2̇ +
1

2
𝑚3(𝑣𝑥3

2 + 𝑣𝑦3
2 + 𝑣𝑧3

2 ) (5) 

                                 𝐸𝑐3
=

1

2
𝐽𝑧3𝑞1

2̇ +
1

2
𝑚3𝑣03

2 ;  𝑣̅03 = 𝑣̇̅1 + 𝑞̇̅1 × 𝑟̅3 + 𝑣̇̅2 (6) 

The square of 𝑣̅03 velocity has the equation: 
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                𝑣̅03
2 = 𝑣̇1

2 + 𝑣̇2
2 + 𝑞̇1

2(𝑙3 + 𝑣2)2 + 2𝑣̇1𝑣̇2𝑐𝑜𝑠𝑞1 − 2𝑣̇1𝑞̇1(𝑙3 + 𝑣2)𝑠𝑖𝑛𝑞1. (7) 

and according to perpendicularity relation: 

𝑟3 = 𝑙3 + 𝑣2, 𝑣̇̅2 ∙ (𝑞̇̅1 × 𝑟̅3) = 0, 𝑣̇̅2 ⊥ (𝑞̇̅1 × 𝑟̅3) (8) 

Thus, knowing that 𝐽𝑧3 = 𝐽∆1

(3)
  the kinetic energy of the module has the following 

equation: 

𝐸𝑐3
=

1

2
𝑚3(𝑣̇1

2 + 𝑣̇2
2) +

1

2
[[𝐽Δ1

(3)
] + 𝑚3(𝑙3 + 𝑣2)2] 𝑞̇1

2

+ 𝑚3[𝑣̇1𝑣̇2𝑐𝑜𝑠𝑞1 − 𝑣̇1𝑞̇1(𝑙3 + 𝑣2)𝑠𝑖𝑛𝑞1]. 

(9) 

The movement of the translation module 4, at a given time, was characterized by the 

following kinematic parameters: 𝜔𝑥4 = 𝜔𝑦4 = 0; 𝜔𝑧4 = 𝑞̇2 the kinetic energy and absolute 

velocity of module 4 were given by the following equations (Figure 1.b): 

      𝐸𝑐4
=

1

2
𝐽𝑧4𝑞2

2̇ +
1

2
𝑚4(𝑣𝑥4

2 + 𝑣𝑦4
2 + 𝑣𝑧4

2 ) (10) 

                                     𝐸𝑐4
=

1

2
𝐽𝑧4𝑞2

2̇ +
1

2
𝑚4𝑣04

2 ;  𝑣̅04 = 𝑣̇̅2 + 𝑞̇̅2 × 𝑟̅4 + 𝑣̇̅3 (11) 

The square of 𝑣̅04 velocity has the equation: 

               𝑣̅04
2 = 𝑣̇2

2 + 𝑣̇3
2 + 𝑞̇2

2(𝑙4 + 𝑣3)2 + 2𝑣̇2𝑣̇3𝑐𝑜𝑠𝑞2 − 2𝑣̇2𝑞̇2(𝑙4 + 𝑣3)𝑠𝑖𝑛𝑞2. (12) 

and according to perpendicularity relation: 

           𝑟4 = 𝑙4 + 𝑣3,  𝑣̇̅3 ∙ (𝑞̇̅2 × 𝑟̅4) = 0, 𝑣̇̅3 ⊥ (𝑞̇̅2 × 𝑟̅4) (13) 

Thus, knowing that 𝐽𝑧3 = 𝐽𝑂41

(4)
 the kinetic energy of the module has the following 

equation: 

𝐸𝑐4
=

1

2
𝑚4(𝑣̇1

2 + 𝑣̇2
2 + 𝑣̇3

2) +
1

2
[𝐽O41

(4)
+ 𝑚4(𝑙4 + 𝑣3)2] 𝑞̇2

2 + 

+𝑚4[𝑣̇2𝑣̇3𝑐𝑜𝑠𝑞2 − 𝑣̇2𝑞̇2(𝑙4 + 𝑣3)𝑠𝑖𝑛𝑞2]. 

 

(14) 

The movement of the rotation (orientation) module 5, at a given time was character-

ized, by the following kinematic parameters 𝜔𝑥5 = 𝑞̇1𝑠𝑖𝑛𝑞2, 𝜔𝑦5 = 𝑞̇1𝑐𝑜𝑠𝑞2, 𝜔𝑧5 = 𝑞̇2, and 

for the determinate the velocity of the center of gravity afferent to module 5, 𝑣̅05, in (13) 

only change that appears is to replace the position vector  𝑟̅4 with |𝑟̅5| = 𝑙5. Knowing also 

that 𝐽𝑧4 = 𝐽∆2

(5)
, 𝐽𝑥4 = 𝐽𝑦4 = 𝐽𝑂51

(5)
then it can be determinate the kinetic energy of the module 

5: 

     𝐸𝑐5
=

1

2
(𝐽𝑥4𝜔𝑥5

2 + 𝐽𝑦4𝜔𝑦5
2 + 𝐽𝑧4𝜔𝑧5

2 ) +
1

2
𝑚5𝑣05

2  (15) 

    𝐸𝑐5
=

1

2
𝑚5(𝑣̇1

2 + 𝑣̇2
2 + 𝑣̇3

2) +
1

2
(𝐽𝑂51

(5)
+ 𝑚5𝑙5

2) 𝑞̇2
2 + (16) 
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              +𝑚5(𝑣̇2𝑣̇3𝑐𝑜𝑠𝑞2 − 𝑣̇2𝑞̇2𝑠𝑖𝑛𝑞2). 

Given (3, 4, 9, 14, 16), the kinetic energy of the TRTTR robot was written: 

                        𝐸𝑐 =
1

2
(∑ 𝑚𝑖

5

𝑖=1

) 𝑣̇1
2 +

1

2
(∑ 𝑚𝑖

5

𝑖=3

) 𝑣̇2
2 +

1

2
(∑ 𝑚𝑖

5

𝑖=4

) 𝑣̇3
2

+
1

2
[𝐽Δ1

(2)
+ 𝐽Δ1

(3)
+ 𝑚3(𝑙3 + 𝑣2)2]𝑞̇1

2 + 

+
1

2
[𝐽𝑂41

(4)
+ 𝐽𝑂51

(5)
+ 𝑚4(𝑙4 + 𝑣3)2 + 𝑚5𝑙5

2] 𝑞̇2
2 + 𝑚3𝑣̇1𝑣̇2𝑐𝑜𝑠𝑞1 − 𝑚3(𝑙3 + 𝑣2)𝑣̇1𝑞̇1𝑠𝑖𝑛𝑞1

+ (∑ 𝑚𝑖

5

𝑖=4

) 𝑣̇2𝑣̇3𝑐𝑜𝑠𝑞2 − [𝑚4(𝑙4 + 𝑣3) + 𝑚5𝑙5]𝑣̇2𝑞̇2𝑠𝑖𝑛𝑞2. 

(17) 

In (17), the notations were made: 

𝑐11 = (∑ 𝑚𝑖
5
𝑖=1 ), 𝑐33 = (∑ 𝑚𝑖

5
𝑖=3 ), 𝑐44 = (∑ 𝑚𝑖

5
𝑖=4 ), 𝑐22 = 𝐽Δ1

(2)
+ 𝐽Δ1

(3)
+ 𝑚3(𝑙3 + 𝑣2)2, 

𝑐55 = 𝐽𝑂41

(4)
+ 𝐽𝑂51

(5)
+ 𝑚4(𝑙4 + 𝑣3)2 + 𝑚5𝑙5

5, 𝑐13 = 𝑚3𝑐𝑜𝑠𝑞1, 

𝑐12 = −𝑚3(𝑙3 + 𝑣2)𝑠𝑖𝑛𝑞1, 𝑐34 = (∑ 𝑚𝑖

5

𝑖=4

) 𝑐𝑜𝑠𝑞2, 

𝑐35 = −[𝑚4(𝑙4 + 𝑣3) + 𝑚5𝑙5]𝑠𝑖𝑛𝑞2. 

(18) 

Therefore (17) becomes: 

𝐸𝑐 =
1

2
(𝑐11𝑣̇1

2 + 𝑐33𝑣̇2
2 + 𝑐44𝑣̇3

2 + 𝑐22𝑞̇1
2 + 𝑐55𝑞̇2

2 + 2𝑐13𝑣̇1𝑣̇2 + 

                              +2𝑐12𝑣̇1𝑞̇1 + 2𝑐34𝑣̇2𝑣̇3 + 2𝑐35𝑣̇2𝑞̇2. 

(19) 

The generalized forces 𝑄𝑘 , 𝑘 = 1 ÷ 3 are obtained by applying virtual elementary 

displacements to the system so that, the generalized coordinates varies in turn, respec-

tively with 𝛿𝑣1, 𝛿𝑣2, 𝛿𝑣3, 𝛿𝑞1, 𝛿𝑞2. The virtual elementary mechanical work, corresponding 

to the forces of gravity, mobility, motor moments and some virtual elementary displace-

ments compatible with robotic connections, is: 

                    𝛿𝐿 = (𝐹1 − 𝑃1)𝛿𝑣1 + 𝑀2𝛿𝜃1 − 𝑃2𝛿𝑧1 + (𝐹3 − 𝑃3)𝛿𝑟2 +                               
                              +(𝐹4 + 𝑃4)𝛿𝑟3 + 𝑀5𝛿𝜃4−𝑃5𝛿𝑧4. 

(20) 

Applying virtual elementary displacements to (20), becomes: 

                   𝛿𝐿 = [𝐹1 − (∑ 𝑃𝑖

5

𝑖=1

)] 𝛿𝑣1 + 𝑀2𝛿𝑞1 + 𝐹3𝛿𝑣2 + 𝐹4𝛿𝑣3 + 𝑀5𝛿𝑞2. (21) 

By imposing independence conditions on virtual elementary displacements and 

knowing that 𝑄𝑘 =
𝛿𝐿

𝛿𝑞𝑘
, 𝑘 = 1 ÷ 5, from (21) the generalized forces can be inferred, with 

the following equations: 

                        𝑄1 = 𝐹1 − (∑ 𝑃𝑖
5
𝑖=1 ), 𝑄2 = 𝑀2, 𝑄3 = 𝐹3, 𝑄4 = 𝐹4, 𝑄5 = 𝑀5. 

(22) 

Thus, the differential equations of motion of the TRTTR robot were obtained: 
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(∑ 𝑚𝑖

5

𝑖=1

) 𝑣̈1 − 𝑚3𝑣̇1𝑣̇2𝑠𝑖𝑛𝑞1 − 𝑚3(𝑙3 + 𝑣2)𝑣̇1𝑞̇1𝑐𝑜𝑠𝑞1 = 𝐹1 − (∑ 𝑃𝑖

5

𝑖=1

) 

[𝐽Δ1

(2)
+ 𝐽Δ1

(3)
+ 𝑚3(𝑙3 + 𝑣2)2]𝑞̈1 + 𝑚3(𝑙3 + 𝑣2)𝑣̇1𝑞̇1𝑐𝑜𝑠𝑞1 = 𝑀2 

(∑ 𝑚𝑖

5

𝑖=3

) 𝑣̈2 − 𝑚3𝑣̇1𝑣̇2𝑠𝑖𝑛𝑞1 − (∑ 𝑚𝑖

5

𝑖=4

) 𝑣̇2𝑣̇3𝑠𝑖𝑛𝑞2

− [𝑚4(𝑙4 + 𝑣3) + 𝑚5𝑙5]𝑣̇2𝑞̇2𝑐𝑜𝑠𝑞2 = 𝐹3 

 

(∑ 𝑚𝑖

5

𝑖=4

) 𝑣̈3 − (∑ 𝑚𝑖

5

𝑖=4

) 𝑣̇2𝑣̇3𝑠𝑖𝑛𝑞2 = 𝐹4 

[𝐽𝑂41

(4)
+ 𝐽𝑂51

(5)
+ 𝑚4(𝑙4 + 𝑣3)2 + 𝑚5𝑙5

2] 𝑞̈2 − [𝑚4(𝑙4 + 𝑣3) + 𝑚5𝑙5]𝑣̇2𝑞̇2𝑐𝑜𝑠𝑞2 = 𝑀5. 

 

(23) 

The differential equations (23) has been established on the assumption that all robot 

movements occur simultaneously. 

3. Choosing the driving motor for the MTB SIL module in the mechanical structure of 

the TRTTR modular serial tracked robot  

3.1. The constructive solution of MTB SIL module 

In what follows, the constructive solution designed for the horizontal translation 

module at the base of the modular serial tracked robot will be presented [11]. The module 

at the base of the robot, which ensures the translational movement along the y0 axis, is 

built on the basis of a screw – nut mechanism, which transforms the rotational motion into 

a translational one. The main components of the translation module at the base of the 

robot MTB SIL are presented in Figure 2. The module of rotation along the z0 axis and the 

robot arm are mounted on the flange of the base modulus with ball nut incorporated. Ball 

screw system is supported at ends by bearings and is driven by an electrical motor which 

will generate its rotational motion. Thus, due to the ball recirculation system in the nut 

construction, the rotational motion of the screw is transformed into translational motion 

along the y0 axis of the flange, respectively of the entire structure of the robot. Since the 

module is required to have a positioning accuracy of under a tenth of a millimeter, it was 

equipped with a DC motor-driven ball screw, a solution that enables the relatively simple 

joining of the MTB to a microprocessor-controlled system. Positioning accuracy is also 

ensured by mounting position encoder onto the end of the ball screw, enabling the move-

ment of heavy loads with high accuracy.  

 

Figure 2. The MTB SIL translation module. 

By using ball guides, an increase in the accuracy of motion transmission and a reduc-

tion in resistance forces and moments due to the sliding friction are obtained. The MTB 

Flange with ball - 

nut system

Electric driving motor 

with TIRO incremental 

pozition (ENCODER)

Ball - screw 

system

Guides

Mechanical 

structure of 

the ball screw-

nutt system
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SIL module, designed and equipped along these lines, can operate in a closed loop with 

the computer controlling the robot, being adaptable to any types of serial modular robots 

that are structured on the horizontal translation module from the base (this implicitly 

leading, based on the equations stated above, to the choice of motors suitable for each 

robot structure). The position of the movable system is controlled by encoder which is 

mounted onto the end of the screw through a flexible coupling, having the role to protect 

the encoder’s shaft from the system vibrations and to transmit the screw’s rotational 

movement to the encoder. 

3.2. The mathematical model for choosing the driving motor for the MTB SIL module 

The effective axial force Fa [N] necessary to put the MTB SIL translation module into 

motion has the following equation [12,13]:  
                                                                      𝐹𝑎 = 𝐹𝑠𝑏. − 𝐹𝑓 , 

(24) 

where: 𝐹𝑠𝑏. represents the axial force developed by the ball screw transmission and Ff the 

friction force in the guideway. 

The 𝐹𝑠𝑏. force developed by the ball screw transmission has the following equation 

[12]: 

                                                         𝐹𝑠𝑏. =
2 ∙ 𝑀𝑠

𝑑0 ∙ 𝑡𝑎𝑛 (𝜑 + 𝑎𝑟𝑐𝑡𝑎𝑛
𝑘

𝑑𝑏𝑠𝑖𝑛𝜙
)

, (25) 

where: d0 represent the diameter of the cylinder that holds the balls centers, φ is the dwell 

angle of the helix on the medium cylinder, k is the rolling friction coefficient, db represents 

the ball diameter, ϕ is the contact angle between the ball and the runway, Ms represents 

the torque at the ball screw axle. 

By noting with Ps, ns the power and the angular speed of the screw ball, the torque 

Ms has the following equation: 

                                                                 𝑀𝑠 = 9550 ∙
𝑃𝑠

𝑛𝑠

. (26) 

                                                                    𝑃𝑠 = 𝑃𝑚 ∙ 𝜂𝑟. 
(27) 

In (27) 𝜂𝑟 represents the output of a pair of bearings and Pm is the power developed 

by the DC motor that drives the movable system at the robotic base into motion. The an-

gular speed of the screw ball ns, must fulfill the following inequality ns ≤ nm where by nm 

it was noted the angular speed of the driving shaft. Given the (26, 27) and previous ine-

quality, (25) becomes: 

                                                           𝐹𝑠𝑏. =
191 ∙ 102 ∙ 𝑃𝑚 ∙ 𝜂𝑟

𝑛𝑚 ∙ 𝑑0 ∙ 𝑡𝑎𝑛 (𝜑 + 𝑎𝑟𝑐𝑡𝑎𝑛
𝑘

𝑑𝑏𝑠𝑖𝑛𝜙
)
 (28) 

Having in view (24) and (28), the dynamic equation (23), corresponding to horizontal 

translation module 1 at the robotic base (MTB SIL), becomes: 

                              (∑ 𝑚𝑖

5

𝑖=1

) 𝑣̈1 − 𝑚3𝑣̇1𝑣̇2𝑠𝑖𝑛𝑞1 − 𝑚3(𝑙3 + 𝑣2)𝑣̇1𝑞̇1𝑐𝑜𝑠𝑞1 = 

                                  =
191 ∙ 102 ∙ 𝑃𝑚 ∙ 𝜂𝑟

𝑛𝑚 ∙ 𝑑0 ∙ 𝑡𝑎𝑛 (𝜑 + 𝑎𝑟𝑐𝑡𝑎𝑛
𝑘

𝑑𝑏𝑠𝑖𝑛𝜙
)

− (∑ 𝑃𝑖

5

𝑖=1

) − 𝐹𝑓 . 

(29) 

 

The friction force Ff has the following equation: 

                                                             𝐹𝑓 = (∑ 𝑚𝑖

5

𝑖=1

) ∙ 𝑔 ∙ 𝜇, (30) 

where by g it was noted the gravitational acceleration (g = 9.8 m/s2) and by µ the friction 

coefficient in the guides adopting its standard value (µ = 0.02). 
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 The dwell angle of the helix on the medium cylinder (φ) is calculated using the equa-

tion: 

                                                             𝜑 = 𝑎𝑟𝑐𝑡𝑎𝑛𝑔
𝑝ℎ

𝜋 ∙ 𝑑0

, (31) 

where by 𝑝ℎ 
it was noted the feed screw twist. 

 Thus, with (30) it was obtained the ratio 
𝑃𝑚

𝑛𝑚
: 

                                [(∑ 𝑚𝑖

5

𝑖=1

) 𝑣̈1 − 𝑚3𝑣̇1𝑣̇2𝑠𝑖𝑛𝑞1 − 𝑚3(𝑙3 + 𝑣2)𝑣̇1𝑞̇1𝑐𝑜𝑠𝑞1 + 

                             + (∑ 𝑃𝑖

5

𝑖=1

) + 𝐹𝑓] ∙
𝑑0 ∙ 𝑡𝑎𝑛 (𝜑 + 𝑎𝑟𝑐𝑡𝑎𝑛

𝑘
𝑑𝑏𝑠𝑖𝑛𝜙

)

191 ∙ 102 ∙ 𝑃𝑚 ∙ 𝜂𝑟

=
𝑃𝑚

𝑛𝑚

. 

(32) 

 With (34), it can be calculate the motor driving moment, based on which it can be 

selected the driving motor of the MTB SIL translation module. 

4. Theoretical results 

For TRTTR modular serial tracked robot it was calculated the motor driving moment, 

Mm using the dynamic and organological equations given in the previous sections. For this 

purpose, the following input data regarding the constructive and functional parameters 

of the serial tracked robot were taken into account: m1 = 41 kg; m2 = 44.75 kg; m3 = 43 kg; m4 

= 30.41 kg; m5 = 7.72 kg; l3 = 0.04 m; ph = 0.008 m; d0 = 0.03 m; k = 0.00001 m; db = 0.0055 m; φ = 

30°; ηr = 0.995; q1 = π/4; v2= 0.25 m; 𝑞̇1 = 0.75 𝑟𝑎𝑑/𝑠; 𝑣̈1 = 1 𝑚 𝑠2;⁄ 𝑣̇2 = 0.4 𝑚 𝑠.⁄  It is spec-

ified that the mass values of the robot modules include the mass of the clamping device. 

 

After performing the calculations, the following results were obtained (Table 1): 

Table 1. Theoretical results. 

Friction force 

Ff [N] 

Dwell angle 

φ [°]  

Power driving motor 

and angular speed ratio 

Pm / nm [kW·min/rot] 

Driving moment 

Mm [N·m] 

32.708 4.852 2.02275·10-4 1.93 

 

With calculated value of the driving moment, Mm, it was easily chosen the real diving 

motor. Thus:  Mm = 1.93 N·m → Mm_BS = 3.5 N·m, with the help of which, the DC driving 

motor it was selected together with the servomotor type 1FT6061-1AF71_A_O from the 

Siemens NC 60.1-DREHSTROMMOTOREN catalogue with the following characteristics: 

Mm = 3.5 N·m; nm = 3000 rpm; Pcalc. = 1.3 kW; m = 8.3 kg. 

5. Conclusions 

The tracked robot presented in the invention solves technical issues such as flexibility 

through the simultaneous accomplishment of several military operations by its modular 

construction, autonomy by using electric motors powered by solar panels with photovol-

taic cells minimizing environmental pollution and energy consumption, reducing assem-

bling and maintenance time due to its modularized compact structure, are used materials 

and components resistant to dangerous environments preventing the partial or total de-

struction of the vital mechanical elements in the operation of the tracked robot, it is pro-

vided with a storage compartment for the explosive necessary for humanitarian 

demining, the communication between the human operator and the robot taking place 

wirelessly, based on a predefined computer program [1,2]. Dynamic modeling using La-

grange’s formalism of TRTTR modular serial structure of the tracked robot it was per-

formed in order to obtain the differential equations of motion of the robot which, together 
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with the given design equations, lead to the optimal choice of the drive motors of the 

modules in the robot structure. In this context, the mathematical model for choosing the 

drive motor for the translation module at the base of the modular robot (MTB SIL module) 

is given. Also, the mechanical components of the base translation module are briefly pre-

sented. 

Following the practical realization of the technological product, we formulated the 

following hypotheses of the scientific research:  

▪ the robotic product will be able to be integrated into demining teams to carry out 

missions to ensure the mobility of its troops by executing mine corridors through mine-

fields, total demining missions of minefields and humanitarian demining missions;  

▪ the robotic product will be programmed to carry out the entire demining activity 

autonomously: research, scanning and destruction, and upon discovery of a mine to leave 

on explosive ground that will detonate the mine buried (or located on the surface of the 

ground) by sympathy. If it detects UXO ammunition, the robot will mark the ground with 

paint so that the demining teams can carry out the demining because they cannot be neu-

tralized with a load placed on the ground surface. 
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