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Abstract - This study presents the design and development of a mobile manipulator robot prototype intended for drilling in 

underground mining. The robot integrates a track-based traction system and a drilling arm, both controlled by a Raspberry Pi-

based control unit. Equipped with LIDAR and proximity sensors, the robot can map and analyze its environment in real time, 

enhancing safety and efficiency in mining operations. The methodology includes kinematic and dynamic modeling of the system, 

using Denavit-Hartenberg and Euler-Lagrange equations and the simulation of movements and trajectories in MATLAB and 

RoboDK. This approach optimizes the robot's performance in hostile environments, reducing risks for workers and increasing 

productivity. The results indicate improved capacity to operate in extreme conditions, highlighting the feasibility of the robot for 

implementation in underground mining. This advancement promises a significant reduction in costs and improvement in safety, 

marking an important step towards automation in the mining industry. 

Keywords - Robotic arm, Mining industry automation, Dynamic modeling, Underground mining, Safety enhancement.

1. Introduction  
Currently, mining in Peru makes up 16% of the GDP [1]. 

Despite being a country with large mining deposits, mining 

minerals is still carried out manually. With the rise of 

technology, it is necessary to delve deeper to meet the demand, 

increasing human risk and the monetary and personal cost. 

According to the Ministry of Energy and Mines of Peru, from 

2021 to 2023, a total of 145 victims of mining accidents were 

registered, of which 72 were fatal. A substantial increase in 

collapse accidents was also observed over the years, indicating 

that mineral extraction is increasingly dangerous [2]. 

The implementation of robots in mining not only benefits 

safety but also efficiency. These autonomous robots can work 

continuously and without fatigue [6], increasing efficiency in 

extraction and transportation and significantly reducing costs. 

This results in consistent production and less waste [3]. As 

postulated in [4], robots not only increase production and 

reduce risk but also minimize environmental impact. 

According to their designs, they can operate cleaner and more 

remotely, reducing the environmental impact linked to 

traditional mining. The use of robots in mining not only has 

the potential to improve safety and efficiency but also helps 

open opportunities for the exploration and extraction of 

minerals that are difficult to obtain in traditional ways [2, 4]. 

To achieve this, it is important to consider the technological 

and logistical challenges linked to these advancements to 

make the most of these resources. 

Mining in Peru is one of the territory's main sources of 

income; however, unlike other mining countries, Peru still 

uses manual methods for extracting and handling minerals. In 

[4, 5], it is indicated that the main reasons for adopting these 

new technologies are work efficiency and personnel safety. 

Under this premise, it is expected that mining companies will 

opt for robotic automated systems to perform these tasks in the 

future. To begin, [7] explains that using robots in the mining 

field is relatively new but not unusual. The demand for rare 

minerals, accuracy, and precision are highly required by 

current standards. Additionally, using robots reduces human 

error and the health risks associated with working in these 

environments. In general, the prototype is based on three 

systems: the mobile system, the arm system, and the control 

system for the mobile system. A study [8] indicates that for 

the robot to be successful in confined or reduced spaces, it is 

necessary to apply a trajectory planning algorithm. Obstacle 

avoidance and precision are of vital importance if the robot is 

to be used for mining. [9] points out that trajectory planning 

alone is not enough; it must be supported by sensors and 

complemented by the operator's field training to achieve a 

symbiosis between the mechanical-autonomous part and the 

human part. For this study, the use of a robotic manipulator 

arm was chosen. Robotic manipulator arms were created to 

meet the need to automate jobs [10]. They earned their place 

in the industry by being programmable, able to work 

continuously, and having great loading capacity. According to 

[11], their main attraction is their capacity for modulation and 
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adaptability to the established industry. Depending on the 

control, they can be applied in remote autonomous tasks, as in 

this prototype. For the correct functioning of the proposed arm 

in this work, it is necessary to apply different approaches, 

parameters, and modulation. Regarding the control system, 

[12] offers an alternative based on a gesture recognition 

system using a wristband composed of nano optical fibers.  

This will allow us to move the arm freely by copying the 

movements of the operator's hand. On the other hand, [13] 

provides a trajectory planning method based on swarm 

intelligence to manage and solve problems, providing optimal 

and rapidly converging solutions.Continuing with the control 

section, a research study [14] developed an improvement for 

the optimization of the thermal parameters in the joints of the 

manipulator, specifically in the rotors. This model allows for 

reducing the energy cost of cooling the joints. For [15], 

positioning error is vital, so they developed a self-

compensation method to reduce this error using a dynamic 

fuzzy neural network. In both cases, the authors present a 

tentative parameter improvement to apply in underground 

environments, where optimizing features is of utmost 

importance.  

Finally, there is a consensus on the importance of 

applying robots to support and improve human work 

efficiency. In this case, mining robots can work for longer 

periods compared to a human who requires oxygen and is 

exposed to the danger of collapse and the fatigue of heavy 

work. The present work seeks to reduce the risk associated 

with underground mining, increase extraction efficiency, 

reduce costs, and increase production. The proposed design 

aims to meet these needs by combining the mechanical-

automatic and manual control parts to achieve an optimal 

result. 

2. Methodology 
2.1. Mathematical Modeling 

As a first step, the kinematic and dynamic models of both 

the caterpillar and the arm were obtained by applying the 

Denavit-Hartenberg methods, the Euler-Lagrange dynamic 

analysis, and the torque equations required for the prototype. 

2.1.1. Kinematic Analysis of the Manipulator Arm 

As explained in [16], the kinematic model of a Cartesian 

manipulator robot is described as the positions of the 

coordinates in a three-dimensional space applied to the ends 

of the arm to relate the positions of its joints.  

Based on this, we first adapt our model to a kinematic 

diagram observable in Figure 1 to apply the Denavit-

Hartenberg convention. In Figure 1, 4 revolute joints are 

represented, Z0 is a vertical revolute type, and the axes Z1, 

Z2, and Z3 are horizontal revolutes; the length of the links 

between Z axes is represented by L1, L2, L3, L4 and the angles 

q1, q2, q3, q4 represent the 𝜃

 

variables. 

 
Fig. 1 Kinematic sketch of the arm 

Table 1. Denavit Hartenberg table of 4 DOF 

j αi αj dj θi 

J1 0 π/2 L1 θ1 

J2 L2 0 0 θ2 

J3 L3 0 0 θ3 

J4 L4 0 0 θ4 

Table 1 shows the data collected from Figure 1. J1, J2, J3, 

and J4 are the sections where the Cartesian coordinates are 

evaluated, αi represents the distance between the Z axes, αj 

represents the angle that needs to be rotated to align the Z axes, 

dj represents the displacement on the x-axis for these to 

coincide, and finally, θi represents the variable angles of the 

entire system. 

𝐴𝑗 = [

𝐶𝜃𝐼 −𝑆𝜃𝐼𝐶𝛼𝐼 𝑆𝜃𝐼𝑆𝛼𝐼 𝛼𝐼𝐶𝜃𝐼

𝑆𝜃𝐼 𝐶𝜃𝐼𝐶𝛼𝐼 −𝐶𝜃𝐼𝑆𝛼𝐼 𝛼𝐼𝑆𝜃𝐼

0 𝑆𝛼𝐼 𝐶𝛼𝐼 𝑑𝑗

0 0 0 1

] (1) 

By replacing the values from the table in Equation 1, four 

homogeneous transformation matrices are obtained that help 

us find the position of the manipulator with respect to the end 

effector, represented below as Equations 2, 3, 4 and 5. 

𝑇1
0 = [

𝐶1 −𝑆1 0 0
𝑆1 𝐶1 0 0
0 0 1 𝐿1
0 0 0 1

] (2) 

𝑇2
1 = [

𝐶2 −𝑆2 0 𝐿2𝐶2
𝑆2 𝐶2 0 𝐿2𝑆2
0 0 1 0
0 0 0 1

] (3) 
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𝑇3
2 = [

𝐶3 −𝑆3 0 𝐿3𝐶3
𝑆3 𝐶3 0 𝐿3𝐶3
0 0 1 0
0 0 0 1

] (4) 

𝑇4
3 = [

𝐶4 −𝑆4 0 𝐿4𝑆4
𝑆4 𝐶4 0 𝐿4𝑆4
0 0 1 0
0 0 0 1

] (5) 

𝑇 = 𝑇1
0 ∗ 𝑇2

1 ∗ 𝑇3
2 ∗ 𝑇4

3 (6) 

Once the four homogeneous transformation matrices are 

obtained, we proceed to multiply them using equation 6 to find 

the relationship of the links with the base.  

This is of utmost importance for the simulations, the 

control of the arm and the following dynamic mathematical 

calculations of the robot manipulator. 

2.1.2. Dynamic Analysis of the Manipulator Arm 

Once equation 1 is obtained, calculations of the tensor 

matrix known as the Euler-Lagrange method [16] were carried 

out. To begin, we must calculate the kinetic energies and the 

partial derivatives they exert on the model based on Equation 

1. Once these were obtained, potential energies were 

calculated, always based on the previous systems of equations.  

Once these unknowns are resolved, we proceed to 

formulate the Lagrange equation (L = T - V), which is 

represented as the difference between the kinetic energy and 

the potential energy. Once this new system is obtained, 

equation 3 is applied to each generalized coordinate. With this, 

a system of second-order equations was obtained, and to 

finish, we solved the equations obtained to find the functions 

τ(i), which represent the temporal dynamics of the robot. 

𝜏1 = −𝑑𝜃2 ∗ (𝐿2 ∗ 𝐿4 ∗ 𝑑𝜃1 ∗ 𝑚4 ∗ sin(𝜃2 + 𝜃3) +
(𝐿2 ∗ 𝐿4 ∗ 𝑑𝜃2 ∗ 𝑚4 ∗ sin(𝜃2 + 𝜃3))/2+ (𝐿2 ∗ 𝐿4 ∗ 𝑑𝜃3 ∗
𝑚4 ∗ sin(𝜃2 + 𝜃3))/2+ 𝐿2 ∗ 𝐿3 ∗ 𝑑𝜃1 ∗ 𝑚3 ∗ sin(𝜃2) +
2𝐿2 ∗ 𝐿3 ∗ 𝜃1 ∗ 𝑚4 ∗ sin(𝜃2) + 𝐿2 ∗ 𝐿3 ∗ 𝑑𝜃2 ∗ 𝑚3 ∗
sin(𝜃2))/2+ 𝐿2 ∗ 𝐿3 ∗ 𝑑𝜃2 ∗ 𝑚4 ∗ sin(𝜃2)) − 𝑑𝜃3 ∗ ( 𝐿2 ∗
𝐿4 ∗ 𝑑𝜃1 ∗ 𝑚4 ∗ sin(𝜃2 + 𝜃3) + (𝐿2 ∗ 𝐿4 ∗ 𝑑𝜃3 ∗ 𝑚4 ∗
sin(𝜃2 + 𝜃3))/2  + (𝐿2 ∗ 𝐿4 ∗ 𝑑𝜃3 ∗ 𝑚4 ∗ sin(𝜃2 + 𝜃3))/
2 + 𝐿3 ∗ 𝐿4 ∗ 𝑑𝜃1 ∗ 𝑚4 ∗ sin(𝜃3) + 𝐿3 ∗ 𝐿4 ∗ 𝑑𝜃2 ∗ 𝑚4 ∗
sin(𝜃3) + (𝐿3 ∗ 𝐿4 ∗ 𝑑𝜃3 ∗ 𝑚4 ∗ sin(𝜃3))/2) (7) 

τ2 = (L2 ∗ L3 ∗ dθ1^2 ∗ m3 ∗ sin(θ2))/2 +  L2 ∗ L3 ∗
dθ1^2 ∗ m4 ∗ sin(θ2)  −  (L3 ∗ L4 ∗  dθ3^2 ∗ m4 ∗
sin(θ3))/2 + (L2 ∗ L4 ∗ dθ1^2 ∗  m4 ∗ sin(θ2 +  θ3))/
2 −  L3 ∗ L4 ∗ dθ1 ∗   dθ3 ∗ m4 ∗ sin(θ3)  −  L3 ∗ L4 ∗
dθ2 ∗ dθ3 ∗  m4 ∗ sin(θ3) (8) 

τ3 = (L4 ∗ m4 ∗ (L2 ∗ dθ1^2 ∗ sin(θ2 +  θ3)  + L3 ∗
dθ1^2 ∗ sin(θ3)  +  L3 ∗ dθ2^2 ∗ sin(θ3)  +  2 ∗ L3 ∗
dθ1 ∗ dθ2 ∗ sin(θ3)))/2 (9) 

τ4 = 0 (10) 

The taus, denoted as τ(i), shown in Equations 7, 8, 9 and 

10, represent the forces that must be applied to each of the 

robot's joints to achieve the desired movement [16]. 

Specifically, τ(1) represents the torque necessary in the first 

joint to generate the movement corresponding to θ(1).  

Similarly, τ(2) represents the torque necessary in the 

second joint to generate the movement corresponding to θ(2); 

τ(3) represents the torque necessary in the third joint to 

generate the movement corresponding to θ(3), and τ(4) 

represents the torque necessary in the fourth joint to generate 

the movement corresponding to θ(4). In summary, τ(i) are the 

forces required by each robot joint to produce movement, 

compensating for gravitational, inertial, and any external 

forces exerted on the robot. 

2.1.3. Dynamic Analysis of the Track System 

As indicated in 2 studies [17] [18], the incorporation of a 

suspension system in a caterpillar-type traction robot is of 

utmost importance since the robot's trajectory includes 

obstacles that could affect the proper contact between the 

caterpillars and the ground, resulting in instability of the robot. 

Therefore, the formulation of a mathematical model that has 

the ability to represent the suspension system was carried out. 

To create this model, two points located at the centers of the 

radius of curvature of each caterpillar are strategically chosen.  

This is done to analyze the dynamic behavior of the robot 

in relation to its trajectory. The selected points are chosen 

based on their location, where greater displacement is 

experienced when overcoming obstacles. The main objective 

of this choice is to obtain the necessary stiffness and viscosity 

coefficients for the efficient design of the track system. To 

analyze the dynamic behavior, a reference system is used 

where its center of gravity is located, and this system is used 

to determine the relative positions of the points of interest.  

Subsequently, the lateral (Y) and vertical (Z) 

displacements are examined, and the angular displacement 

related to the X and Y axes is also represented, giving rise to 

the roll and pitch angles, respectively. In this way, the 

movement of both the suspended mass and the unsuspended 

masses associated with each analysis point is investigated [17, 

18]. The diagram shown in Figure 2 presents a 12 DOF model 

considering the displacements in Z and Y of each of the 

reference points and the rigid body (ms), as well as the 

consideration of the pitch (θ) and roll angles (φ).  

The presence of the weight of both the mass and the 

suspended system causes a downward movement in the 

vertical Z axis. Next, it is necessary to examine the forces 

affecting the system. Furthermore, when there is an angle of 

inclination, a lateral displacement with respect to the Y axis is 

generated, which also requires detailed analysis [17]. 
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Fig. 2 Parametric scheme of the track system 

Following the methodology of [17], the unsuspended 

mass with respect to the vertical Z axis was analyzed. To carry 

out this analysis, each reference point (1, 2, 3, 4) is considered, 

as shown in Figure 2, always considering the angle of 

inclination generated by the opening of the tracks. After 

completing the scheme, the equations of the forces associated 

with the system are derived. Then, the vertical Z axis is 

analyzed for a suspended mass. To do this, the forces that 

directly affect the mass are considered, obtaining equations 

that relate the forces that operate with the four reference 

points. Once these calculations have been made, the lateral Y 

axis for a mass was analyzed. To achieve this, the variation in 

the direction of the operating forces between the odd and even 

points was considered. To finish, we analyze the lateral Y axis 

for a suspended mass. This is obtained by evaluating the forces 

that affect the suspended mass. After carrying out all these 

analyses, the systems of equations are solved, obtaining 

Equation 11. 

𝐼𝜑𝜑̈ = −4𝐵𝑅2(𝑐𝑜𝑠𝛼)𝜑̇ − 4𝐾𝑅2(𝑐𝑜𝑠𝛼)𝜑 − 𝐵𝑅(𝑐𝑜𝑠𝛼)𝑍1̇ 

−𝐾𝑅(𝑐𝑜𝑠𝛼)𝑍1 + 𝐵𝑅(𝑐𝑜𝑠𝛼)𝑍2̇ + 𝐾𝑅(𝑐𝑜𝑠𝛼)𝑍2

− 𝐵𝑅(𝑐𝑜𝑠𝛼)𝑍3̇ 

+𝐾𝑅(𝑐𝑜𝑠𝛼)𝑍3 + 𝐵𝑅(𝑐𝑜𝑠𝛼)𝑍4̇ + 𝐾𝑅(𝑐𝑜𝑠𝛼)𝑍4 (11) 

 

2.1.4. Torque Calculation 

As observed in equation 12, in our case, the torque refers 

to the rotational force necessary to overcome the resistance of 

the load, and the angular velocity is the rotation speed required 

to do the work. For specific applications, it is essential to know 

the load speed requirements to determine the required motor 

power. Furthermore, the motor efficiency must be considered 

to calculate the actual power required at the motor input [17]. 

T =
1

2
m(radius)2 ∗ RPM ∗

2πrad

REV
∗

1min

60s
 (12)           

In this work case, to obtain the variables, we will use the 

prototype by applying CAD design software, such as 

Autodesk Inventor and Solidworks, to accurately calculate the 

torque required by the system. The data recovered from the 

CAD software was applied, as well as the RPM for the 

prototype, which will be low since more load capacity is 

needed than speed. 

2.1.5. Required Engine Power 

The calculation of the required power of a motor depends 

on several factors, such as the load that must be moved, the 

desired speed, the efficiency of the motor and other specific 

parameters of the application, [19] provides us with Equation 

13, which relates the torque obtained in Equation 8 with 

angular velocity. 

𝑃𝑟𝑒𝑞 = 𝑇 ∗ 𝜔 (13) 

2.1.6. System Efficiency 

To calculate the efficiency, our calculations were based 

on [19], which states that calculating the efficiency required 

by the motor involves determining how efficient the motor 

must be in a specific application to meet the performance and 

energy consumption requirements. The efficiency of a motor 

is calculated as the ratio between the useful output power and 

the input power. Equation 14 shows the general formula 

applied.  

η = 𝑃𝑀/𝑃𝐸 (14) 

Breaking down Equation 11, η becomes the required 

efficiency. The useful output power is the power the motor 

must provide to do the required work, while the input power 

is the electrical energy the motor consumes. The efficiency 

value is usually expressed as a percentage (%). To calculate 

the required efficiency, the desired useful output power and 

the estimated or available input power must be known. 

2.1.7. Calculation of Load Capacity 

From [20], Equation 15 is obtained to calculate the load 

capacity; in general terms, load capacity depends on 

application and can vary widely. 

𝐶𝐶𝑃 = 𝐹𝑃 ∗ 𝐹𝑆 (15) 

Where CCp is the maximum load capacity, Fp is the 

maximum allowable force that the system can withstand 

without being damaged, and Fs is the safety factor value that 

guarantees safety. This value depends on the utility given to 

the robot as it is around. 

2.2. Trajectory Planning 
Trajectory planning is of utmost importance for an 

autonomous robot intended for mining; this is a crucial 

process since it allows the robot to go from point A to B 

without human control, avoiding obstacles and collisions [8]. 

This process is carried out carried out by representing the 

environment in a 2D or 3D manner, depending on the 
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algorithm or sampling method and/or sensors used; in this 

case, a LIDAR sensor and an ultrasonic sensor will be applied 

to detect the environment once the environment is obtained, 

we proceed to use the algorithm that best suits the problem, 

such as Probabilistic Road Maps (PRM) (Figure 4) or Rapidly-

exploring Random Trees (RRT), once the algorithm to be used 

has been chosen, the route is optimized taking into account the 

limitations of the robot, this is done to reduce the energy cost 

and the time it takes to reach its destination. If it has a 

changing environment, collision avoidance algorithms such as 

Vector Field Histogram (Figure 3) or Dynamic can also be 

used. Window Approach (DWA) provides us with the security 

that the robot reaches its destination safely and quickly [21]. 

 
Fig. 3 Vector field histogram (VFH) 

 
Fig. 4 Probabilistic roadmaps (PRM) 

2.3. Robot Operating Diagrams 
2.3.1. Track System Operation Diagram 

Figure 5 shows the general operating diagram of the 

tracked movement system (moving part of the robot). This 

system is initialized before the arm system since it is essential 

for the correct functioning and movement of the entire robot.  

Overall, the system begins by receiving a control signal 

from the control room, then turns on the motors, and the 

process of reviewing the location system begins to evaluate 

where the robot is, followed by sensor calibration of the 

proximity sensors to detect that the robot has a free path and 

does not collide with anything.  

Once this has been verified, the temperature sensors begin 

their verification, after which all the data obtained returns to 

the control room in the form of feedback. 

2.3.2. Drilling Arm Operating Diagram 

In Figure 6, the operation of the drilling manipulator arm 

is generally presented. It begins with a control signal, which 

turns on the arm and sends it to the configured initial position.  

Afterwards, the system runs a sensor positioning check to 

ensure it is effectively in the initial position; after this, the 

temperature sensors are run to ensure no anomaly; 

subsequently, all this data is entered in the form of feedback 

back to the control room. 

2.3.3 Prototype Block Diagram 
Once the torque in Equation 12, the required power in 

Equation 13, the system efficiency in Equation 14 and the load 

capacity in Equation 15 have been calculated, and these 

components were interconnected, as well as the sensors that 

will accompany them and, are observed in Figure 7.  

Firstly, a power source is needed; the prototype will have 

a battery with sufficient voltage and amperage to supply both 

the tracked mobile system and the manipulator arm system. 

Secondly, it can be seen in Figure 7 that a microcontroller 

will oversee the complete control of both systems; this will be 

supported by proximity, temperature, location and LIDAR 

sensors to be able to work correctly. 

These sensors will provide the microcontroller with the 

necessary data to locate obstacles, the exact positioning of 

where they are in the mine, and the temperature of the joints 

of the manipulator's arm to avoid energy waste.  

Additionally, a remote control system will be 

implemented to control the arm in a more precise way through 

remote control with gesture recognition. This will be helped 

by cameras installed in the robot, and finally, all this sensor 

data can be seen on the LCD screen so that the operator can 

monitor the robot's operation. 
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Fig. 5 Track system operation diagram 

 
Fig. 6 Drilling arm operating diagram 

 
Fig. 7 System operation diagram 
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2.4. Component Selection 

2.4.1. Engine Selection 

For the selection of the engine, the CAD designs of the 

prototype were considered, the results of Equations 9, 10, 11, 

12 and the parameters observable in [3, 7, 17], taking into 

consideration the above for the entire system. Two types of 

motors will be used: electric motors, Servomotors (Figure 8) 

and Stepper Motors (Figure 9); these will allow us better 

control and, in turn, reduce the environmental impact 

compared to combustion engines. 

 
Fig. 8 Servomotor 

 
Fig. 9 Stepper motor 

 
Fig. 10 Driver L293D 

 
Fig. 11 Driver motor M3S256 

2.4.2. Driver Selection 

Regarding the selection of drivers, since two systems are 

present, the mobile system and the arm system, for the mobile 

system, the L293D driver will be used (Figure 10), which 

controls two motors, and two Motor drivers M3S256 (Figure 

11), which can control 3 motors for the arm system. 

2.4.3. Power Source Selection 

Once we select the number of motors required, the drivers 

and the control system, the total energy the prototype will 

consume can be calculated. In addition, for safety and reserve 

reasons, the battery capacity will be oversized. A battery 

capacity of 40AH is estimated. 

2.4.4. Microcontroller Selection 

For the selection of the microcontroller, the system 

requirements were considered; in our case, the prototype has 

8 motors, 4 cameras, and several sensors, including the 

LYDAR; therefore, the selected microcontroller requires 

having multiple inputs, including inputs dedicated to cameras 

and a medium degree of computing capacity. The selected 

microcontroller is a Broadcom BCM2712, which is the CPU 

of the Raspberry Pi 4 (Figure 12). It will provide all the 

mentioned features and some extra ones for future 

improvements. 

 
Fig. 12 Raspberry Pi 4 
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2.4.5. Voltage Regulator Selection 

By having several voltage inputs for each device, it is of 

utmost importance to obtain a voltage regulator to provide the 

correct voltage to the components. In our case, the use of the 

LM2596 was opted for, which can be seen in Figure 13, which 

supports from 5V to 24V input and supplies 12V to 32V 

output, with an efficiency of 94.1% to 96.4%. 

 
Fig. 13 LM2596 voltage regulator 

2.4.6. Sensors Selection 

For the temperature sensors, 3P12 mineral insulation 

thermocouples will be used. These sensors have IP67 

protection, which makes them ideal for work where the 

environment is humid and/or with liquid splashes. These will 

help control the temperature at the joints. To reduce energy 

expenditure on cooling. For the lateral proximity sensors, the 

MB7360 HRXL-MaxSonar-WR will be used, and these 

infrared sensors have a vision range of 30cm to 5m at 7.5hz; 

they are analog and have IP67 protection; these will be used 

to avoid lateral collisions with rocks or other objects. It is also 

of utmost importance to verify that the hydraulic systems have 

the proper pressure; due to this, the SCP01 pressure sensors 

will be used, which are compact, have high resistance, and 

have a long useful life. In addition to these sensors, the 

prototype will have a navigation and location system and a 

LIDAR sensor. For navigation, a VN-200, which is a compact 

and high-performance system based on GNSS-INS, will be 

used. 

 
Fig. 14 SLAM method in underground mining 

It combines a 3-inch gyroscope axis, accelerometers and 

magnetometers, along with high-sensitivity GNSS, all 

controlled by the advanced Kalman filtering algorithm to 

provide optimal position, speed and altitude values.  

As for the LIDAR system, the OS1 will be used; this 

model is a medium-range type of compact size and can 

generate 5.2 million points per second; it uses the SLAM 

mapping method (Figure 14) to locate and create a map of the 

environment simultaneously. 

2.5. Hardware Design 
Once all the components are selected, they are digitally 

represented for implementation, and a new reference scheme 

is created where the different systems will intercommunicate. 

Figures 15, 16 and 17 present the main components selected 

for the prototype, relating to the electrical, control, mechanical 

and vision domains.  

The electrical domain includes the power supply and 

energy distribution systems; in the mechanical domain, the 

motors that support the moving parts of the robot are observed; 

in the control domain, the main control unit, in our case, the 

Raspberry Pi, can be observed and in the vision domain the 

LIDAR is present, cameras and HMIs for diagnosis and sensor 

visualization. 

Figure 15 shows the relationship between the arm's 

control domain, the mechanical domain, and the mobile track 

system. In the case of the track system, 2 DC motors were used 

and linked to the L293D driver, which can control 2 motors 

simultaneously.  

These are connected to the respective pins of the 

Raspberry Pi. For the arm system, 3 servos and 1 stepper 

motor were required, represented in the lower part of the 

figure.  

Figure 16 shows the operating diagram of integrating the 

control domain with the vision domain without considering 

the LIDAR sensor.  

This section has a camera (in this case virtual), a button 

that starts the program and a Display where the data obtained 

from the camera will be reflected, in addition to the respective 

connections to the Raspberry Pi so that the operator can take 

control of the environment in real time.  

Figure 17 shows the interaction of the control domain and 

the sensor domain. In this case, only the temperature sensors 

of the 4 joints of the arm are represented.  

The MCP3208 module is responsible for transforming the 

data sent by the sensors into data acceptable by the Raspberry 

Pi, which will later be visible on the LCD2. 
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Fig. 15 Electromechanical operation and control diagram 

 
Fig. 16 Control and vision operation diagram 
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Fig. 17 Sensor domain operation diagram 

2.6. Mechanical Design 
The design proposed in Figure 18 focuses on integrating 

mobility, safety, and precision to perform drilling tasks in 

underground mining. The robot is equipped with a robust 

tracked locomotion system, capable of moving on different 

surfaces and overcoming obstacles. The 4 DOF articulated 

drilling arm allows precise drilling in specific locations, 

adjusting to different depths and angles according to the 

operator's requirements. Additionally, the design incorporates 

advanced sensors such as LIDAR for navigation and arm 

positioning, ensuring exact control and minimization of errors. 

Combining these features makes it a versatile and efficient 

tool for the previously mentioned applications. 

 
Fig. 18 Integrated design of the prototype 

2.6.1. Mobile Unit Design 

For the design of the moving part with tracks (Figure 19), 

we aimed to optimize efficiency and safety in difficult and 

hostile environments. The prototype features a tracked 

traction system that provides stability and power to navigate 

irregular, narrow terrain typical of underground mines. It is 

equipped with two rear-mounted AC motors, four proximity 

sensors (two on each side), a camera system, and a LIDAR 

sensor. This setup enables the robot to map and analyze its 

environment in real-time, avoiding obstacles and dangers. The 

robot's structure is robust and resilient, designed to withstand 

extreme conditions such as high humidity, variable 

temperatures, and dust.  

It also possesses capabilities for loading and manipulating 

materials. Additionally, a remote monitoring system has been 

incorporated, allowing operators to control the robot from a 

safe location. The data collected by the LIDAR and cameras 

are processed by artificial intelligence algorithms, enhancing 

the efficiency of autonomous navigation. The incorporation of 

AI algorithms not only allows for real-time obstacle avoidance 

but also optimizes the robot's path planning, making it more 

efficient in task execution. The system can learn and adapt to 

different environmental conditions, improving its 

performance over time. Furthermore, the robot's design 

includes a modular component system, enabling easy 

maintenance and upgrades and ensuring the robot can adapt to 

future technological advancements. Safety features are 

paramount, with multiple fail-safes and redundant systems to 

ensure the robot operates reliably under all conditions. 
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Fig. 19 Mobile unit design 

Integrating advanced sensors and robust communication 

systems ensures continuous operation, even in areas with 

limited connectivity. This comprehensive approach to design 

and functionality makes this prototype a versatile and reliable 

tool for the demanding conditions of underground mining, 

significantly enhancing both safety and productivity. 

2.6.2. Drilling Arm Design 

The design presented in Figure 20 focuses on precision, 

adaptability and control in demanding environments; a robotic 

arm was proposed with four joints that allow a wide range of 

movements, ensuring the ability to drill at specific angles and 

depths according to the needs of the terrain, this is equipped 

with three servos, a stepper motor for angular control of the 

base, four temperature sensors at the joints and an auxiliary 

camera for precision movements. Its construction is robust and 

durable, and it is prepared to withstand dust and humidity. 

 
Fig. 20 Drilling arm design 

2.7. Software Development 
Once the design and selection of components were 

completed, the programming of the microcontroller was 

developed; for this, all the previously explained domains and 

their integrations were considered. Each section has a different 

type of control. Using the Raspberry Pi control unit, the 

software initializes and configures the GPIO pins, sensors, and 

actuators. In a main loop, the program continuously reads data 

from sensors such as LIDAR, proximity, and temperature to 

process this information, map the environment and detect 

obstacles. Based on this data, decisions are made to control the 

DC motors responsible for the robot's mobility and the servos 

that operate the drilling arm.  

Additionally, the system can adjust camera settings for 

manual driving and monitor battery status to ensure safe 

operation. The code can also include communication 

functionalities to transmit data to a remote control and receive 

manual commands, ensuring real-time monitoring and 

control. Figure 21 shows the main program of the 

microcontroller. It begins with the initialization of all the 

critical systems of the mobile robot, including the 

configuration of the GPIO pins on the Raspberry Pi and the 

detailed configuration of the sensors and actuators. Once 

established, the code enters a main loop that runs 

continuously, ensuring constant monitoring of the 

environment by reading data from LIDAR, proximity sensors 

and temperature sensors. Within the loop, the collected data is 

processed to perform critical tasks such as obstacle detection, 

environment mapping, and active component temperature 

monitoring.  

Based on this processed information, the program makes 

automated decisions that include adjusting the movement path 

of the mobile base, controlling the drilling arm to execute 

specific tasks, and adjusting the camera system settings to 

optimize vision and manual operation. Additionally, battery 

health check routines are implemented to ensure efficient 

power management and, if necessary, data transmission to a 

remote control is enabled for additional monitoring and 

control operations. 

2.8. Simulators 
To carry out component testing, design and carry out the 

algorithms, different simulators were used. Matlab was used 

to begin with for complex calculations of kinematics and 

dynamics and later to simulate obstacle avoidance and 

trajectory planning algorithms. Python was also used in the 

Pycharm and Visual Studio Code environments to carry out 

the simulations of the arm, Obstacle avoidance and the 

LIDAR. Additionally, RoboDK robot simulation software 

was used to visualize how the arm behaves in a controlled 

environment and evaluate if it does not have collisions. These 

simulators allowed for iterative testing and refinement of the 

algorithms, ensuring the highest level of precision and 

reliability in the robot's performance under various conditions. 
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Fig. 21 Main flow chart of the microcontroller 

3. Results and Discussion  
3.1.  Results 

Once the CAD designs of the robot were obtained, the 

necessary torque was calculated using Equation 12, which 

gave an approximate value of 700 Nm. This calculation is 

crucial to properly size the actuators and ensure the robot can 

move and perform planned tasks effectively without 

overloading the motors. Furthermore, it was derived that, to 

support this torque, a power of 13.1 kW will be required, thus 

ensuring that the system can operate with the energy necessary 

for its functions. To guarantee the robustness and versatility of 

the robot, it was decided to oversize the maximum load 

capacity to 120 kg, which provides sufficient margin to handle 

unexpected conditions or additional loads during operation. 

This strategic approach will optimize the robot's performance 

and increase its operational capacity and reliability in various 

environments and applications. 

For the trajectory planning section, it was found necessary 

to opt for LIDAR simulation since obtaining one is difficult 

and has a high cost. Using algorithms in Python, the LIDAR 

environment in 2D, as shown in Figure 22, could be recreated. 

 
Fig. 22 2D environment simulation using LIDAR SLAM 
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Fig. 23 Simulation of the RRT algorithm version 1 

Figure 22 shows an environment simulating a cave with 

irregular walls and obstacles in the center. For areas of 

versatility in the simulation, the mouse cursor becomes the 

robot. As it moves through the environment, it maps its path 

with the laser, and this, when bouncing off the sensor, creates 

a point, and this is how it manages to navigate the 

environment; however, mapping is not enough for the robot to 

be autonomous, it needs an algorithm that translates this data 

and manages to evade obstacles, and that it allows you to get 

from point A to B autonomously, relying on LIDAR as your 

vision. The prototype also has an RRT obstacle avoidance 

algorithm to achieve this, as shown in Figure 23. 

As seen in Figure 23, the obstacle avoidance algorithm is 

fundamental in the autonomous navigation of this type of 

robot; it guarantees safe and efficient movement in dynamic 

and unknown environments. In our case, the algorithm uses 

data from the LIDAR sensor and proximity sensors to detect 

nearby obstacles in the robot's environment. Once detected, it 

calculates alternative trajectories that allow the robot to avoid 

obstacles while staying en route to its destination. This means 

it dynamically generates routes based on criteria such as 

distance to the obstacle, speed, and the robot's 

maneuverability. In addition, the algorithm can also integrate 

other trajectory planning techniques such as artificial powers, 

potential fields, or graph-based methods to determine the best 

possible route, always considering the safety and efficiency of 

the robot's movement. This ensures that the robot can avoid 

obstacles effectively and autonomously and can adapt in real-

time to changes in its environment to meet the navigation 

objectives proposed by the operator. In Figure 24, we see the 

result of the combination of the LIDAR and the RRT obstacle 

avoidance algorithm; this algorithm searches for a trajectory 

from a starting point to an established objective, avoiding 

obstacles in the environment defined by the LIDAR. The 

result of this can be seen in Figure 25, which is a visualization 

of how the robot interacts in a new environment; the algorithm 

expands the search tree, connects the nodes, and finally finds 

the optimal route to the objective. The simulation of the 

algorithm shows how the prototype moves between the points 

of the calculated trajectory. 

 
Fig. 24 RRT simulation 

 
Fig. 25 RRT 2D environment simulation 

This prototype also has a camera-operated manual driving 

system, which can be activated at any time from the control 

room (Figures 15 and 16), allowing operators to precisely and 

safely control the robot's operations in varied environments. 

The installed cameras provide a real-time view of the 

surrounding environment, allowing the operator to remotely 

monitor and guide the robot's actions. This capability is crucial 

for tasks requiring direct human intervention, such as delicate 

drill arm manipulation in sensitive areas or navigation through 

narrow or complex spaces. The transmission of high-

resolution images and the possibility of using computer vision 

techniques allow the operator to perform precise and detailed 

actions, improving the safety and efficiency of operations 

(Figure 26). 

 
Fig. 26 Manual driving using the camera system 
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Once we finish with the sections of the mobile system, we 

proceed to the simulation of the drilling arm system. For this 

we will use Matlab and RoboDK. Figure 27 shows how the 

links work in 2D in the Matlab section. This was achieved by 

applying the equations of kinematics and dynamics and then 

using Simulink blocks to represent the joints and links of the 

robot. Subsequently, the desired trajectories for the end of the 

arm (end effector) were defined, and the control algorithms 

were implemented. In addition, Matlab offers us tools for 3D 

visualization of the movement of the robotic arm, which also 

allows us a detailed evaluation of its behavior and 

customization in different operating scenarios. To begin 

simulating in RoboDK, we must first be guided by the 

measurements between links obtained from the CAD software 

in Figure 28. A sketch was drawn above the model to obtain 

the required DH measurements requested by the RoboDK 

software to simulate. Figure 29 shows the CAD model in step 

format correctly loaded in the RoboDK simulator. The 

simulation in the RoboDK software allowed us to observe the 

robotic arm's behaviour in a virtual environment, allowing us 

to identify possible singularities and collisions of both the arm 

itself and its work area. Thanks to this tool, we were able to 

verify the movements' precision and thus adjust the 

optimization parameters that would ensure their performance 

in real situations. 

 
Fig. 27 2D simulation of the robot links 

 
Fig. 28 DH arm measurements 

 
Fig. 29 Drilling arm in the RoboDK environment 

 
Fig. 30 Entering DH parameters to RoboDK. 

In Figure 30, the data collected from Figure 28 correctly 

linked to their respective joints can be observed and thus be 

able to proceed with the control; the control interface can be 

seen in Figure 31. In the first part, we observe the robot's real-

time position, and in the lower part, we simulate the desired 

movements. Figure 32 shows the final simulation of the 

robotic arm in RoboDK, where the configuration of its 

components' different positions and orientations can be seen. 

In the simulator interface, several options are presented to 

manipulate the robot, such as Cartesian and joint piloting, 

which allow the coordinates and angles of the arm joints to be 

adjusted to reach the desired positions as long as their limiting 

coordinates through mathematical models are known. In the 

simulation, due to the RoboDK license limitations, we were 

forced to use another similar 4GDL model from the RoboDK 

library, since the test license does not allow updating the base 
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axes of the joints, something vital for the simulation, which 

translates into the robot not moving as it should, in order to 

demonstrate the movement of the robot in a three-dimensional 

way we define 5 target points, P_START, P2, P1_DRILL, 

P2_DRILL, P3_DRILL, these points simulate the behavior of 

the robot when performing drilling a rock, taking advantage of 

these points as a basis, it was possible to determine the 

limitations and collisions with it and make the respective 

movement restrictions to offer better control.  

 
Fig. 31 Simulation section in RoboDK 

 
Fig. 32 Final simulation of the drilling arm 

3.2. Discussion 

The results obtained in this study and prototype design are 

consistent with those obtained in previous works [3, 8, 10, 13, 

15], where, through simulations, the desired responses were 

managed to be obtained. By applying the trajectory planning 

algorithms of [10, 13], the robot could go from point A to B 

autonomously. On the other hand, by applying the 

methodologies of [3, 8, 10], the robot could use the arm 

effectively in small spaces without generating collisions with 

it or with the environment. 

The developed prototype of the mobile system with 

caterpillar traction, after being designed and simulated, 

obtained successful results in the control and design section 

that can be contrasted with the other studies [3, 22]; this means 

that the mathematical models and design proposed in this 

work were right ones. Trajectory planning and obstacle 

avoidance were critical components of the robot's success in 

confined environments. Using algorithms such as rapidly 

exploring random trees (RRT) allowed the robot to map its 

environment in real time and make autonomous decisions to 

avoid collisions. The results demonstrate that, as in [23, 24], 

the use of these algorithms favor the resolution of problems 

that may occur in established real-time environments. 

4. Conclusion 
In this work, a prototype of a manipulator mobile robot 

intended for drilling operations in underground mines has 

been developed and tested. The viability and efficiency of the 

system in controlled environments have been demonstrated 

through mathematical models and simulations. Integrating 

various sensors and control systems allows the robot to 

navigate autonomously and perform drilling tasks precisely, 

mitigating risks associated with human intervention in hostile 

environments. Simulation in RoboDK and practical 

implementation of the sensors have made it possible to 

identify and solve potential problems related to the singularity 

and collisions of the robotic arm. Additionally, the system's 

ability to operate in difficult underground conditions has been 

validated, showing robustness and adaptability suitable for 

mining applications. 

Our results demonstrate that using robots in underground 

mining is possible and beneficial regarding safety and 

efficiency. Despite the limitations of budget, computing 

capacity, and sensors used, we believe that the lessons learned 

and improvements made during the development of this 

prototype provide a solid foundation for future work and 

applications. Furthermore, it is noted that integrating 

advanced technologies such as artificial intelligence and 

machine learning could further optimize the robot's 

capabilities. Implementing mobile manipulator robots can 

revolutionize the Peruvian mining industry and significantly 

improve working conditions and productivity. This could not 

only reduce risk to human workers but also increase precision 

and efficiency in mining operations. 
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