ISBN: 978-628-95207-4-3. ISSN: 2414-6390. Digital Object Identifier: https://dx.doi.org/10.18687/L ACCEI2023.1.1.883

An implementation of a system that emulates the
operation of a pipe positioning arm for Raise Boring
application.

Gabriel Franco®, Oscar Jauregui®, Leonardo Vinces, Mg® José Oliden, Mg*
1234 Universidad Peruana de Ciencias Aplicadas, Peru, u201718405@upc.pe, u201717144@upc.pe,
leonardo.vinces@upc.pe, pceljoli@upc.edu.pe

Abstract-The lack of an automated system for pipe positioning
in Raise Boring mining works (RB) generates a longer working time
and higher expenses for mining companies due to a greater number
of usage errors produced by the operators. Therefore, reducing the
intervention of the user in the RB tunneling and raising processes is
expected to increase work efficiency. The objective of the project is
to design and test, through the implementation of a scale model, a
Dpipe positioning system that operates autonomously using direct and
inverse kinematics to reduce the number of people involved in the
working process to carry out the same job. The function of the system
is to pick up a horizontal tube and place it at the required point in a
vertical position or with up to a 45° inclination with a 4 degrees of
fireedom (DOFs) robotic arm. The implementation was made with
servo motors, and the parts were printed in 3D using PLA. The
coordinates of the arm positions were obtained through simulations
carried out in Python code, which were compared with the resulting
coordinates of the prototype implementation. After that, an accuracy
of 96.29% and an average operation time of 16.21 seconds were
obtained in the tests carried out with the prototype, demonstrating
the effectiveness of the implemented system.

Keywords-- servomotor, pipe positioner,
automation, kinematics, raspberry pi
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I. INTRODUCTION

Due to the increasing number of mining projects in Peru
and the region, there is a growing urgency to optimize the
efficiency of drilling machines and related equipment in order
to generate the maximum economic income for companies.
Raise Boring machines are among the fastest, safest, and most
efficient machines used for drilling, tunneling, and chimney
work, as they can create vertical or inclined holes and connect
different levels at varying heights [1]. However, to manipulate
pieces and extract material, access to both levels is necessary.
A pilot hole is first created from the upper to the lower level
with a diameter of about 230-350mm, and once the levels are
connected, a reamer with a larger diameter is used to enlarge
the hole, allowing the material to fall to the lower level due to
gravity [2-4].

To locate the position of the arm claw, the kinematic
analysis of the system was carried out using measurements from
the prototype. Kinematic calculations can be divided into two
types: forward and inverse kinematics. Forward kinematics
calculate the position and orientation of the end effector from
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the given joint variables [5], while inverse kinematics calculate
the set of joint angles required for the robot to achieve the
desired position. To obtain the points of interest, a geometric
method was chosen [6,7], and the Denavit-Hartenberg method
was used for forward kinematics, while the inverse kinematic
model was found from the homogeneous transformation matrix.

Raheem et al [8] designed a robotic arm using inverse
kinematics and the ANFIS model to teach children how to write
in schools. With this project, they obtained a maximum error of
approximately 1.6 cm in each axis, due to the commercial servo
motors used. However, the fuzzy logic models used for the
control consume a lot of computational loads, so this type of
control was not used for this work.

My et al [9] designed an automated control system for a 6
DOF welding robot incorporated with a rotary positioner to
optimize the 3D welding process, managing to minimize the
kinematic error to 0.00lmm of deviation from the proposed
route. However, the authors did not carry out a mechanical
implementation to validate their results in the field, so there are
no real results of the equipment behavior.

Suarez et al [10] developed a lightweight robotic system
with a double arm, capable of lifting pieces of up to 750g with
5 DOFs per arm driven by servo motors, to be placed in
unmanned vehicles and serve in high-altitude and high-hazard
work. The structure of the control system is based on inverse
kinematics. However, the arm does not have the ability to lift
objects, and its speed has been limited to avoid the same
problem.

The results of the simulations were verified in the
experimental tests of the prototype. The comparison between
the results of the simulated model and the experimental model
shows that the implemented scale model of the pipe positioning
arm meets the proposed objectives of the project, paving the
way for the development of the real model of the pipe
positioning arm to operate in Raise Boring type mining works
in the future.

I1. SYSTEM DESCRIPTION

The implemented system emulates the operation and control
methodology of a conventional Raise Boring positioner arm
machinery. However, it has the added feature of an automatic
control mode for the execution of the pipe positioning and
removal process. The main objective of this system is to
validate the established logic and potentially adapt it to a real
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size model. The diagram of the operation and control system of
the model is shown in Fig. / and is detailed in next paragraphs.
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Fig. 1. System block diagram

A. Power Supply

The power supply of the system is given by two 5VDC
sources. The first source model KSA-15E-051300HU of the
Raspberry Pi brand corresponds to the power supply of the
processing section of the system, while the second source
model XBS-0530 corresponds to the power supply of the
electronic modules section, more precisely to the PCA9685
module.

B. Processing

For the development of the proposed system, a Raspberry Pi
4B board was utilized, which is responsible for data processing
and commanding the actuators by applying the operating logic
established through Python programming. Additionally, the
Raspberry Pi acts as the master device for communication of
the electronic modules via the I2C communication bus.

C. Control Interface

For the project implementation, a human-machine interface
(HMI) was designed to control the system and display real-time
configuration data and arm coordinates. To achieve this, a 7-
inch touch screen model 7Touch from the Raspberry Pi brand
was integrated, and a visual interface was developed using the
Tkinter library in Python programming.

Fig. 2. Control interface main screen

As it can be seen in the main screen of the interface shown
in Fig. 2, the interface offers different control options. Among
the main ones is the manual control option, which enables the
control of the system through the control devices, and at the
same time, provides manual configuration options of the angle
of each of the servo motors through a panel where the value of
the desired angle is entered.

In the same way, there is an automatic control option within
the control options. This mode will disable the manual control
mode, and it will be possible to execute the pipe positioning or
removal operations, depending on the one selected. This option
will also allow you to stop or resume the execution of the
operation.

Finally, there is the default position option, which will
return the arm configuration to its initial state, and the close
application option, which will return the arm to its initial state
and close the application.

D. Electronic Modules

Due to the functionality established for the system, it was
necessary to acquire certain electronic modules corresponding
to the digital analog conversion of electrical signals and the
command of servomotors by pulse width modulation (PWM)
signals.

ADS1115 module: Due to the limitation of not having
analog inputs on the Raspberry Pi board, it was necessary to
acquire an analog to digital signal converter (ADC) module.

PCA9685 module: It is known that the Raspberry Pi board
can send PWM signals, however, it only can generate two
PWM signals simultaneously, which is why it was necessary to
acquire a servomotor controller module.

Both modules make use of the [2C bus of the Raspberry Pi
in order to send and receive data.

E. Control Devices

The mechanism of this system is controlled using an analog
joystick with two axes and three buttons. The analog joystick is
utilized to control the movement of the positioning arm rotation
axes in proportion to the movement of the joystick.
Additionally, two buttons are used to activate the opening or
closing of the claw of the arm. Finally, the remaining button
serves the function of enabling the control of the positioning
arm through the joystick and the claw buttons. This is done as
a safety measure to prevent inadvertent actuation of the arm and
thus mitigate potential risks.

F. Actuators

To activate the rotary movements of the arm mechanism,
four servomotors are used, which were selected according to the
necessary torque. The specific models of servomotors used are
the MG996R, MG996, and SG90.

III. ELECTRICAL SCHEMATIC
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An electrical wiring diagram was created using the Eplan
Education 2022 software based on the block diagram shown in
Fig. 1 and the specifications provided in the data sheets of each
system component. Fig. 3 displays the electrical schematic of
the system and illustrates the interconnections between the
components described in Section II, System Description.
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Fig. 3. Systeﬁ electrical schematic
I1l. MECHANICAL DESIGN

For the project to fulfill the function of collecting and
positioning pipes, the arm was required to overcome certain
mechanical restrictions of the servomotors, selected materials,
friction between components, dimensions, temperature, etc.
Fig. 4 shows the block diagram of the mechanical design and
the relation between each component with the rest of them.

Fig. 4. Mechanical design block diagram

A. Design Considerations

1) Actuators: The servomotors mentioned in section 2.F
were selected for their ability to provide enough torque to
support the mechanical structure of the arm and maintain a
constant speed throughout its range of motion. The three
different models were strategically placed in the positions
shown in Fig. 4.

MG996R: Of the three models used, the MG996R is the

strongest servo motor and provides a torque of around 10
Kg-cm at 5V. This model was chosen to be placed on the Base
since it needs to support the entire weight of the mechanism. It
was also placed on the Arm because it is the only one that
maintains a constant speed at any point of the range of motion.

MG996: 1t is a servomotor with a force and size similar to
the previous model. It provides a torque of approximately 8
Kg-cm at 5V. This model was used on the Pivot arm because it
has the same dimensions as the previous model, which makes it
easier to design the supporting components. Additionally, it
offers lower torque, making it more cost-effective. It can
maintain a constant speed at any required point.

SGY0: 1t is a smaller servo motor and offers less torque. Its
torque is approximately 1.5 Kg-cm at 5V. and it is located at
the end of the mechanism, on the Inclination arm, with the sole
purpose of opening and closing the Claw, so this servomotor is
not required to have greater torque.

2) Materials: Two different materials were used for
implementing the parts.

PLA: Filament of this material was chosen for 3D printed
parts as it has the best balance between mechanical properties
and cost [11-13]. Parts were printed at a 20% density setting.

Iron: 1t was used for fabricating the Foot due to its density
of approximately 7.8 g/cm3, which provides greater weight and
stability to the mechanism. It can also withstand the
deformation exerted by the mechanism.

B. 3D Modeling

The 3D model of the mechanism can be seen in Fig. 5. It
consists of 13 support pieces adapted to the dimensions of each
servomotor held by 14 3/16” bolts and nuts. Following the
position of the parts of the mechanical design block diagram
shown in Fig. 4, all the parts, except for the Foot, are 3D printed
with PLA.

In addition, the 3 black servomotors are the MG996R and
MG996. The 2 servomotors closest to the base correspond to
the first model, and the second model to the furthest from the
base, on the Pivot arm. Finally, the blue servomotor, the SG90,
is on the far right, near the Claw.

s

Fig. 5. 3D Model of the mechanism
C. Implementation
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The implementation took into account the considerations
developed in the previous section. Fig. 6 shows an image of the
implemented model. In this way, it can be seen that the Foot is
the gray-colored piece, and the 12 white pieces are the ones
printed with PLA, joined by screws and nuts, while the
actuators are among the support pieces.

Flg 6. Real model of the pipe positioner arm
IV. KINEMATIC CALCULATIONS

The automation of the proposed system is based on studies
of forward and inverse kinematics for analyzing the movement
of robotic mechanisms. These kinematic analyses aim to obtain
the configuration that the arm mechanism must adopt to reach
the coordinates of the points of interest that correspond to the
pipe collection point and the positioning point.

To find the forward kinematics of the arm, the Denavit-
Hartenberg (DH) representation was applied. The inverse
kinematic model is obtained from the homogeneous
transformation matrix that was derived from the forward
kinematic model. Finally, by means of geometric calculations,
the coordinates of the points of interest are determined. The
kinematic resolutions were carried out based on what was
established by Barrientos et al. [14] in their research document
"Fundamentals of Robotics."

8,

Ly

Fig. 7. Arm kinematic model

To develop the kinematic calculations, the simplified
kinematic model presented in Fig. 7 will be used as a base. In
this model, the joints and lengths to be considered for the
calculations are established.

A. Forward Kinematics

To apply the DH representation, the first step to follow is to
find the reference axes of the mechanism (According to Fig. 7)
using only the X and Z axes for the transformations of
translation and rotation between each axis. For this, the base of
the arm is taken as the initial reference point, while for the last
reference point the center of the gripper mechanism is
considered.
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Fig. 8. Reference axes of the kinematic model

From the previously found reference axes, the table of DH
parameters corresponding to the transformations of rotation and
translation in the X and Z axes is made (7ab. 1).

The following measurements based on the previously
performed mechanical implementation were considered (all in
millimeters).

Ly =90 L,=1505 Ly;=72 L,= 130 Ls=1165

TABLE |
DENAVIT-HARTENBERG PARAMETER TABLE
A 0; (@) 4@ | X a; X)
0-1 —90° Ly 0 90°
1-2 6, L, L, 0°
2-3 90° 0 0 —90°
3-4 6, -90° 0 Ly 0°
4-5 90° 0 0 —90°
5-6 6;—90° 0 Lg 0

After obtaining the table of DH parameters, the
transformation matrices between each axis are calculated as
follows:

cosB; —cosa;send; sena;sen®;  a;cos6;

i-15 _ [sen®;  cosajcos®;  —senajcos®; ajsend;
! 0 senq; cosa; d;
0 0 0 1

Finally, the homogeneous transformation matrix T is
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obtained from the product of the transformation matrices “/4;.
T= %A, 'A,..071A,

n, o, 3ax DPx

T= Ily Oy ay py
n, 0z az Pz
0 0 0 1

From this matrix it is possible to obtain the Cartesian
coordinates of the end point of the arm mechanism by means of
the values p., p,, p-.

B. Inverse Kinematics

The resolution of the inverse kinematic model is calculated
from the homogeneous transformation matrix obtained from the
forward kinematic model. This method consists in obtaining the
equations of the angular variables corresponding to the
mechanism of the arm. These equations are obtained from the
relationship of the equations contained in the homogeneous
transformation matrix T in the following way:

T = %A, A, 2A; 3A, *As ®A
("A)7H(°ADTIT = A5 %A, *As *Ag

0 —cosb; senf; —L,—L;senf,][n, o0y 3ax DPx
0 senB; cos6; —L,cosb, n, o, 3 Py
-1 0 0 —Lg n, o, a, p;
0 0 0 1 0 0 o0 1
—cos03 senB; 0 —Lscos6;
senB;cos0, cosB,cos0; —senB, L,sen6, + LssenB;cos6,
" |-senB,senB; —senB,cos®; —cosd, L,cosO, — Lssend,send
0 0 0 1

e Selecting element (1,4):
—Ycos0; + ZsenB; — L, — LysenB; = —Lgcos0;

LscosB; = YcosB; — ZsenB; + L;senf; + L,

0, = cos~1 (Yc0591 + (L ;Z)senel + L2> (1)
e Selecting element (3,4):
—X — L; = L,cos(6,) — Lgsen(6,)sen(0;)
Lgsin(6,)sin(03) = Lycos(6,) + X + Ls
65 = sin-1 <L4“"°‘L (5952;;;) * L3> @)

As can be seen, two equations were obtained for the value
03, equation (1) depending on the variable 0, and equation (2)
on the variable 0,. Since the value of 0; is known as it is a
constant provided by the operator, the first equation will be used

to find the value of 0s.

In the case of 6,. Equation (2) is used by mapping values
between 0° to 90° through Python programming so that the
value of 0; obtained from equation (1) match with that value
obtained in equation (2).

C. Interest points coordinates calculations

The equations for the coordinates of interest points
corresponding to the positioning and collecting points are
obtained by means of the geometric method.

Ay
AN
Pl
Ly TN L
P ONING - \\-.
ey B2 e [
™ ~ ~
\ > COLLECTING
La/“){_‘ :' \‘ POINT .
< ~/
™ g
Lo | M
".v‘ J

Ly

Fig. 9. Location of interest points in the kinematic model

A. Positioning Point

To perform the pipe positioning function in the drilling rig,
joint A2 is required to have a value of 6, = 90°.
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Fig. 10. Top and side view of the positioning point scope setup.

We proceed to find the equations of the coordinates of the
positioning point with respect to 0, and considering the
established coordinate axis.

Xpos = Ls cos cos (90 — 63) — L 3)
Ypos = La sinsin (6;) — [L, — Ls sin sin (90 — 63) Jcosf; (4)
Zpos = Ly + [Lp — Ls sin sin (90 — 63) |sin6; + Lycos6; 5)
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B. Collecting Point

To perform the function of collecting pipes on the resting
platform, joint A; is required to have an angle of 6, = 0°.

SIDE VIEW

COLLECTING .
POINT

Fig. 11. Side view of the collecting point scope setup.

Due to the positioning arm mechanism, joint A3 must
assume a negative angle value so that the end of the arm can
reach the pick point regardless of the tilt value 0.

This means that the value of the Z coordinate will depend
on the values 0; and 0;. Since 0, is a constant provided by the
operator, the possible values of 83 must be mapped so that the
end of the arm can reach the collection point and thus obtain the
coordinate corresponding to Z.

Xeot = =Lz — Ly (6)

Yeor = Ls — L, 7)

Zeor = L1 + Lysin®; — Lg cos cos (90 — 6; + 65) ®)
Observing Fig. 11 we can determine that:

Ls - LZ = Lssin(90° - 91 + 93) - LzCOSGl (9)

To obtain the value of 03 and to obtain the value of the Z
coordinate, Python programming is used to map values between
-20° to 0° of the value of 03 applied to equation (9), until finding
the value of 03 that validates the equality stated in this equation.

VI. RESULTS

The following table (7ab. 2) compares the theoretical
resulting positions of the mechanism with the resulting
positions of the implemented model seen in Fig. 6.

All 3 angles of input data belong to the angles exposed in
Fig. 7 and four positions of interest have been chosen, of which
the positioning coordinates are placed as the positions 1 and 3,
and its visual representation is the Fig. /0. On the other hand,
the collecting coordinates are placed as the positions 2 and 4

and its visual representation corresponds to Fig. /1.

TABLE II
RESULTS COMPARISON TABLE (MEASUREMENTS IN MM)
INPUT DATA THEORETICAL REAL OUTPUT
OUTPUT DATA DATA

POS [ 6, | 6, | 65 | X Y z X Y z

1 0° 90° | 45° 75 -68 | 216 74 -74 | 222

2 0° 0° 0° | -137 | -34 90 | -142 | -40 84

3 45° 1 90° | 45° 75 44 230 78 47 279

4 45° 0° 0° | -137 | -24 114 | -145 | -30 111

The values corresponding to the theoretical results were
obtained by kinematic calculations, while the real coordinates
were obtained by using a measuring tape on the real model.

According to the theoretical and real output data shown in
Tab. 2, an average precision percentage of 96.29% and a
maximum error of 5.84% were obtained, which is considered a
favorable value for the implemented model. Additionally, the
times for the execution of the positioning and collection
operations were recorded, obtaining an average time of 16.21
seconds.

VII. CONCLUSIONS

This paper has presented the design of a robotic arm with 4
DOF that allows one to pick up a pipe in a horizontal position
and place it in a vertical position or with the selected angle of
inclination. Three DOFs allow the Claw to move from one point
in space to another, and the last DOF enables the claw to open
and close. The arm structure consists of 13 parts, of which 12
were 3D printed with PLA and 1 was manufactured with iron.

The kinematic model allows to properly control the
mechanism and reach the desired position with a maximum
error of 5.84%, which is largely due to the deformation suffered
by certain parts in some positions of the mechanism, primarily
the pieces printed in 3D, because of the material which it has
been manufactured with or the manufacture process.

However, the control system is considered to work properly
and in future works it is planned to implement the mechanism
on a much larger scale to carry out real mining works.
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