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DESIGN AND MATERIALS SELECTION

1. MECHANICAL DESIGN

1.1. Technical Specifications

For the degree project, it consists of the design and implementation of a didactic sys-

tem of manipulation with pneumatics, for which the technical characteristics must be

established, which is shown in Table 1:

Technical features Technical Parameters

Dimensions of the didactic system
similar to Festo didactic systems

The dimensions of the didactic
system shall be width <= 350
mm, length <= 750 mm and

height <= 750 mm.

Modules with
standardized materials

The materials used are
aluminum profiles,

aluminum parts and non-load
bearing PLA parts.

Electronic control devices
used in industrial processes

The electronic control device used is
a PLC with LADDER programming.

Implement a pneumatic
actuator

Implement a pneumatic gripper that
will allow to grasp the part to be manipulated.

Implement closed loop control Implement closed loop control
on the conveyor belt.

Table 1. Technical Parameters

Once the technical specifications have been established, a conceptual design begins

to be carried out in which all the requirements are captured.

1.2. Design thinking

For the complete design of the project, it must be divided into three parts: mechanical

design, electronic design, and programming implementation. To achieve this, the me-

chanical design and electronic design must be carried out simultaneously, so that the

mechanical part can determine the tolerances, spaces, and operation of the electronic

part. This section will only explain the mechanical part, but both parts were developed

at the same time.
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The analysis of the mechanical part will be divided into two parts, since each one will

have its respective structure and electronics.

1.2.1. Conveyor Belt

A conveyor belt’s design is a crucial step in developing a trustworthy and effective

conveying solution. To do this, it is crucial to develop a thorough model that illustrates

the conveyor belt’s construction and functionality. This will enable you to plan and

picture how the material in issue will be delivered.

A block diagram depicting how the conveyor belt will function is shown in Figure 1.

Once there is a clear understanding of how the conveyor belt will function, it is possible

Figure 1. Block diagram of the Conveyor Belt

to begin creating a detailed conceptual design of the conveyor belt. This may involve

creating sketches, drawings and scale models showing the structure, components and

operation of the conveyor belt.

Today, conveyor belts are used in a large number of industries for automation purposes.

Some design ideas can be drawn from them. For example, the roller conveyor belt as

shown in Figure 2 is often used to transport boxes or bottles.

In this particular case, since it is a part weighing less than 100 grams, a belt with rollers

to support the weight of the part is not required, which simplifies the design process. A

viable option for conveyor belt design is to use a tensioned belt as shown in Figure 3,

which consists of a continuous belt of rubber-type material that is tensioned between

two support points and moves along a given path. This type of conveyor belt is very

useful for transporting light objects, as it does not require the installation of rollers or

additional support elements.

In addition, the use of a tensioned belt can allow greater control over conveying speed
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Figure 2. Roller Conveyor belt [1]

Figure 3. Tension Conveyor belt [2]

and direction, which can be advantageous in some production processes.

1.2.2. Cartesian robotic arm

The robotic arm must be designed with the specific purpose of gripping the part at

the end of the conveyor in mind. This involves taking into account the size, shape

and weight of the part being conveyed, as well as knowing the distance between the

arm and the conveyor, where the part will be and where it should exit the conveyor.

Depending on these factors, it may be necessary to equip the arm with specific tools

or end effectors to enable safe and effective gripping of the part. The operation of the

robotic arm is shown in a block diagram in Figure 4.
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Figure 4. Block diagram of the Robotic Arm

Several ideas can be considered for designing the robotic arm that will be responsi-

ble for manipulating and moving the piece from one place to another. A structure that

could be useful in this sense is gantry cranes [3], which are machines designed to lift

different types of loads and are usually manually operated by an operator. With the

help of these cranes, it is possible to move heavy loads from one place to another.

Figure 5. Gantry cranes [3]

Another interesting idea for designing the robotic arm is to use the structure of a 3D

printer, but only using two axes, the X-axis and the Y-axis. This structure allows for pre-

cise and controlled movement in two dimensions, which can be useful for manipulating

small and light pieces.
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Figure 6. 3D Printer

The advantage of using a 3D printer structure to design the robotic arm is that there are

already many solutions and components available in the market that can be adapted

and used. Additionally, most 3D printers use stepper motors, which are ideal for precise

motion control.

Once more defined ideas have been developed on what can be designed, sketches

can be started and mechanical calculations carried out to verify that the design will

work correctly.

1.3. Components dimension

In developing the initial sketch of the project, it is essential to perform a series of me-

chanical calculations to ensure that both the robotic arm and the conveyor belt can

function properly.

The properties of the materials should be examined to determine which is most suitable

for the project before the material is utilized across the full structure of the project.

Aluminum or steel are the best materials in this situation since they both have high

mechanical qualities and are frequently utilized in the building of constructions. Yet

it should be remembered that steel is a denser and heavier material than aluminum,

which may have an impact on the overall structure’s weight and the load capacity of

the individual parts.

Contrarily, aluminum is less heavy and more resistant to corrosion, making it the perfect
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material for projects that will be exposed to harsh conditions like salt or humidity. Also,

compared to steel, aluminum is simpler to form and work with, which might speed up

project building.

1.3.1. Robotic Arm Power Screw

1.3.1.1. Shear stress

A shear stress analysis is carried out on the power screw for the robotic arm. This

analysis is based on the axial force applied to the screw to join the parts, which results

in a uniform stress distribution along the screw cross-section. It is critical to consider

the shear stress when selecting a suitable power screw to ensure its ability to withstand

the load and resist plastic deformation or fracture. In the Figure 7 we have the data we

need from the bolt.

Figure 7. Power Screw Data

When calculating, we do so with the most critical point in mind, which would be that

weight is supported on a single bolt thread. Now we provide the necessary data to

perform the calculations, such as the thread width of the power screw of 1 mm, the

screw diameter of 6 mm commonly available, and the maximum load to be supported

of 18.14 N. We also take into account the yield strength of the screw material, which in

this case is 200 MPa and is obtained from the tables for steel. We apply the following

formula:

�shear =
W

A
(1)
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Where:

W: Is the weight to be supported.

A: Is the area by the width of the screw thread.

The overall outcome shows that the shear stress amounts to 0.4814 MPA. By utilizing

this information, we can incorporate a safety factor to ensure that the shear stress does

not pose any issues.

nshear =
0.7 ⇤ Sy
�shear

(2)

Where:

Sy: Yield Strength

The power screw is exceptionally sturdy and can sustain a larger shear stress than

anticipated in the project, according to the derived safety factor value of 290.81. It is

crucial to note that a number of variables contributed to the safety factor value being so

high. First off, the information utilized for the computation is accurate and was gathered

from dependable sources. Furthermore, the screw is a common market screw, making

it a dependable and secure choice.

1.3.1.2. Compression

The robotic arm’s design depends heavily on the compression calculation to make sure

the screw can support the weight without breaking. The screw may experience plastic

deformation, fracture, or even catastrophic failure if it is overloaded. To guarantee that

the load is distributed evenly over the screw’s cross-sectional area and prevent plastic

deformation and fracture, it is crucial to calculate the compression that will be induced

in the screw.

Figure 8. Compresion in the Power Screw

We establish the data provided by the worm screw, we have a total diameter of the
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screw of 8 mm counting the threads of the screw. And the other necessary data are

the ones used in the previous calculation. We apply the data in the formula (3).

�compression =
W

A
(3)

�compression =
18.1485 N

⇡
4 ⇤ 82 = 0.36 [MPa]

The computation of screw compression is critical for determining the danger of system

failure. Following the computations, a value of 0.36 MPa is derived for the compression

caused by the weight that the screw must sustain.

ncompression =
Sy

�compression
(4)

ncompression =
200

0.36
= 553.93

Calculating the appropriate safety factor is crucial for ensuring system safety. The

screw is found to have a safety factor of 555.56, meaning the specified load may be

supported by it without any chance of failure.

1.3.1.3. Buckling

To ensure that the screw will not buckle when it supports the weight at the highest point,

it is necessary to carry out a buckling analysis, which allows determining whether the

length of the screw is sufficient to withstand the buckling stress it may undergo.

Buckling occurs when an elongated piece subjected to axial loading deviates laterally

from its original position, and if not taken into account in the screw design, it can cause

failures and damage to the robotic arm.

The buckling formula is given by:

Pcr =
⇡2 ⇤ E ⇤ I
(L ⇤K)2

(5)

Where:
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E: Modulus of elasticity.

I: Moment of Inertia.

L: Column length.

K: Factor of fixation of the ends.

In this case the value of K would be 2, since the column at the bottom will be embedded

and at the bottom it is free. As shown in Figure 10.

Figure 9. Factors of fixation of the end [4]

The modulus of elasticity is 200 [GPa], the total length of the column is 230 mm and

the moment of inertia is determined with the total diameter of the bolt of 8 mm. Now

we obtain the value of the critical load.

Pcr =
⇡2 ⇤ 200000 [MPa] ⇤

�
⇡
64 ⇤ 8

4
�

(230 ⇤ 2)2
= 1875 N

To determine the safety factor with respect to buckling, the critical buckling load of

the bolt must be compared to the maximum load it is expected to withstand. If the

maximum load is less than the critical buckling load, then the factor of safety will be

greater than 1, indicating that the bolt will not buckle.

nBuckling =
PCR

W
(6)

nBuckling =
1875

18.14
= 103.35
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All of the safety factors that were estimated for the power screw were larger than 1, as

can be seen, and had extremely high values. A screw with a smaller diameter or made

of a different material may be produced, but doing so would raise the cost of the screw

and the cost of the entire machine, as well as lengthen the time needed to build the

machine.

However, even if a very high safety factor value was attained, it is crucial to remember

that potential variables, such as corrosion or wear and tear from repeated usage, must

always be taken into account. As a result, it is advised to routinely inspect the screw’s

condition as well as that of the robotic arm’s other parts to guarantee correct functioning

and guard against any problems or mishaps.

1.3.2. Robotic arm beam

Beam analysis is an important tool in engineering to determine if a beam can withstand

the loads that will be applied to it. For this project, it is crucial to ensure that the beam

supporting the pneumatic actuator can support the weight of the parts that will be

manipulated without suffering excessive deformation or breakage.

It is known that the weight to be loaded a is 9.1 N, the length of the beam is 425 mm,

and the total weight including the beam is 18.15 N. We calculate the summation of

moments generated in the beam.

Figure 10. Sum of Moments

M = (WT ⇤ LT ) + (
LT

2
⇤WV ) (7)
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M = (9.08 ⇤ 425) + (
425

2
⇤ 18.15) = 7713[Nmm]

We calculate the Stress :

� =
M ⇤ c
I

(8)

� =
7713 [Nmm] ⇤ 10 [mm]

7370.98 [mm4]
= 10.46[MPa]

With the value of the effort taken out we shop with the Yield Strengths of different

materials to determine which one benefits us the most. The Sy value for aluminum is

276 MPa and Sy for steel is 200 MPa.

n =
SyMaterial

�
(9)

nAluminium =
Sy

�
=

207

10.46
= 26.38

nSteel =
Sy

�
=

200

10.46
= 19.12

The results of both safety factors are greater than 1, indicating that both steel and

aluminum can function properly. Although the safety factor of steel is lower than that of

aluminum, both materials are suitable for the project.

1.3.3. Motors analysis

Motor analysis is a critical step in the design of the robotic arm, as it is necessary to

determine the amount of torque required to move the entire structure, including the

power screw.

The data we need to get is the coefficient of friction which is 0.8 between the steel

and the copper which are the surfaces that will be in contact to transmit the force. It is

known that the total weight including the beam is 18.15 N and the angle that the power

screw has between its wires is 16.8°. With these data, the force and friction force are
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determined.

F = u ⇤ w (10)

Fr = u ⇤ w ⇤ Cos ✓ (11)

Where:

F: Force.

Fr: Friction Force.

u: Coefficient of friction

w: Total weight

✓ : Angle of inclination of the screw threads.

F = 0.8 ⇤ 18.15 N = 14.52 N

Fr = 0.8 ⇤ 14.52 ⇤ Cos (16.8) = �6.69 N

With the calculated forces, a summation of forces is made and with the total force, the

torque we need can be calculated.

Ftotal = F + Fr (12)

Ftotal = 14.52 + (�6.69) = 7.83N

Now, calculate the required torque.

T = Ftotal ⇤ d (13)

Where:

T: Torque.
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F: Total Force

d: Inner radius of the power screw + half the tooth distance.

T = 7.83 [N ] ⇤ (3 + 0.5)[mm] = 27.40[Nmm]

To ensure proper operation of the motor, it is necessary to have at least 27.4 Nmm of

torque. If the motor has a higher torque, it would be even better as it would prevent the

motor from overloading and overheating.

1.3.4. Pulley

Calculating the minimum torque required to move the pulley on the X axis is crucial

to ensure proper operation of the system. This calculation depends on the weight and

dimensions of the object being moved with the pulley, as well as the physical properties

of the pulley itself, such as its radius. The minimum required torque must be sufficient

to overcome the friction and weight of the moving object, and ensure smooth and stable

movement.

The pulley has pre-established dimensions and the toothed belt must be adjusted to

fit the aluminum profile space, which means that the input data cannot be modified.

Therefore, to ensure proper operation, it is necessary to calculate the required torque

and power of the motor and select one that can move the structure with the fixed

characteristics of the pulley.

It is known that the weight of the piece to be moved is 0.75 Kg, the radius of the pulley

is 6 mm, the revolutions per minute will be 300 rpm, the time will be 1 second. With the

data is applied to the different formulas of speed, acceleration and force to obtain the

torque.

V = n [rpm] ⇤ 1 min

60 s
⇤ 2⇡ ⇤ r

1000
[m] (14)

A =
V [m/s]

t[s]
(15)
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F = W [Kg] ⇤ A[m
s2

] (16)

T = F [N ] ⇤ r[mm] (17)

Where:

V: Velocity.

A: Acceleration,

F: Force.

T: Torque.

V = 300 [rpm] ⇤ 1 min

60 s
⇤ 2⇡ ⇤ 6 mm

1000
[m] = 0.189m/s

A =
0.189

1
= 0.189

m

s2

F = 0.75 Kg ⇤ 0.189 m

s2
= 0.15 N

T = 0.15 [N ] ⇤ 6 [mm] = 0.84Nmm

The fixed dimensions and properties of the pulley were taken into consideration while

calculating the necessary torque to move the X axis, the piece, and the toothed pulley.

The findings show that in order to complete the movement without any issues, a motor

must have a minimum torque of 0.84 Nm. For optimum performance and to prevent

potential failures or overheating, it is crucial to choose a motor that complies with this

standard. In order to ensure dependable and long-lasting performance, it is also ad-

vised to take a safety margin into account when choosing the motor, picking one with

a larger torque than is necessary.
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1.3.5. Conveyor Belt

Calculating the required torque for the conveyor belt is essential to ensure that the

selected motor can move both the transported piece and the belt smoothly.

Figure 11. Conveyor Belt data

Different data relevant from the Figure 11 to the analysis of the conveyor belt were

obtained, such as the length between axes which is 267 mm, the belt speed which is

0.3 m/s, the efficiency factor which is 10, diameter of the roller is 20 mm, the weight

of the piece to be moved which is 0.08 kg and the weight of the belt which is 1.8 kg.

In addition, important technical specifications of the belt were provided such as the

modulus of elasticity of 0.03 GPa, the Yield Strength of 1.5 MPa and a coefficient of

friction of 0.35.

We need to determine the final length by applying the following formula:

Lf =
Sy ⇤ Lo
E ⇤ n + Lo (18)

Where:

Lf: Final Length.

Sy: Yield Strength.

E: Modulus of elasticity.

n: Safety Factor.

Lo: Initial Length.

Lf =
1.5[MPa] ⇤ 267[mm]

0.03[GPa] ⇤ 10 + 267[mm] = 268.34mm
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With the final length, we can obtain the angle of deformation that the belt has due to

the weight.

✓ = cos�1

✓
Lo

Lf

◆
(19)

✓ = cos�1

✓
267

268.34

◆
= 1.54

Then calculate the total force and with it the torque.

Ftotal = W ⇤ sin (✓) ⇤ e0.5⇤⇡ (20)

Ftotal = 1 = 88 [N ] ⇤ sin (1.54) ⇤ e0.5⇤⇡ = 88.67N

T = Ftotal ⇤ d (21)

T = 88.67 N ⇤ 20

1000
m = 1.77 Nm

Therefore, the minimum torque that the motor must have to be able to perform all the

belt movement is 1.77 Nm for optimum performance.

1.4. Components selection

In fact, you may start choosing the components once the essential calculations have

been done to define the qualities that must be satisfied by each of them. To achieve

this, it is necessary to explore the market for components that fit the budget while also

meeting the technical requirements.

1.4.1. Material

Aluminum was chosen as the material because it must be used to create profiles so that

the other components may be removed and positioned differently. Aluminum profiles

with a long useful life and high corrosion resistance are now available on the market.
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On the other hand, with steel, the project would need to be created with the profiles,

which would increase weight and make it harder for the project to be removed.

Another advantage of aluminum is that it is more environmentally friendly, as it is 100%

recyclable and requires less energy to produce than steel. In summary, aluminum

is an ideal choice for this project due to its mechanical properties, ease of use and

environmental sustainability.

1.4.2. Pulley and Timming Belt

It is important to choose a toothed pulley that have the right size to fit the robot’s frame

and a high enough friction coefficient to prevent slippage. The weight of the component

to be moved must also be taken into consideration since it affects both the belt choice

and the calculation of the torque needed to move the component.

For the pulley and timing belt, a belt has been chosen that is compatible with profiles

having a width of 6 mm, this is because the aluminum profiles selected for the project

structure have a width of 6 mm. In addition, the belt must have a length that allows the

movement of the part to be transported, and that is resistant and durable.

(a) Timming Belt (b) Pulley

Figure 12. Components

1.4.3. Power Screw

Use an existing stem bolt rather than building one since making one is far more expen-

sive than purchasing an existing one. We want one that is constructed of steel and has

an 8 mm diameter. In addition to the diameter and material, the length and accuracy

of the stem bolt to be utilized must be considered. It is best to choose a screw that is
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the correct length for the structure in which it will be used and has enough accuracy for

the desired movement.

Therefore, a stainless steel power screw with a length of 300 mm 8 mm in diameter

and 8 mm in diameter was selected as shown in the Figure 13.

Figure 13. Power Screw

1.5. Simulation

Simulations are a fundamental tool to predict the behavior and strength of components

before building them. In this case, a simulation is performed to verify the capacity of

the designed part to support the weight of the beam and the effort that the power screw

will make to move it.

The modeling of the component specimen shown in Figure 14 demonstrates that the

structure will not exhibit substantial deformations during operation. However, the most

essential regions of the section, i.e. the corners and the bent part, may suffer some de-

formation as a consequence of the stresses to which the structure would be subjected.
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(a) General Piece (b) Fold

Figure 14. Simulation Piece

In the simulation result we have a von Mises value of 0.0083 N/mm2 is a measure of

the equivalent stress at a given point in the material. In comparison, the steel strength

limit of 250 MPa is a measure of the maximum amount of stress the material can

withstand before failing in a tensile test.

Since the von Mises value is significantly less than the steel strength limit, it can be

concluded that the material is not experiencing excessive stress and, therefore, should

be able to withstand the applied load without permanent deformation or failure.

1.6. 3D Model

The complete design of the project is depicted in the picture below, which depicts both

the conveyor belt and the part that will be moved by it, as well as the robotic arm in

charge of handling the part. The graphic depicts the overall structure and operation of

the system by providing an overview of the design and its spatial arrangement.
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Figure 15. 3D Model

The project’s base will consist of a plate located at the bottom with aluminum profiles,

as illustrated in the Figure 16, and it will serve as the foundation for the components.

Figure 16. Plate

The 3D design is divided into two parts, the conveyor belt and the robotic arm.
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1.6.1. Conveyor Belt

The Figure 17 shows the conveyor belt with its bearings, the belt, the motor, the rollers,

the lateral structure, the structure where the part to be handled will arrive.

Figure 17. Conveyor Belt

1.6.2. Robotic Arm

The robotic arm shows bearings, rubber wheels, aluminum profiles, structural parts,

motors, pneumatic actuator, power screw and couplings.

(a) Front part (b) Rear

Figure 18. Robotic Arm
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1.7. Summary of mechanical components

The conveyor belt and robotic arm project requires several mechanical components,

including: motor, pulley and timing belt, power screw, aluminum profiles, bearings,

sensors, among others. For the selection of these components, factors such as the

motor torque, the strength and durability of the materials, and the required load capac-

ity must be taken into account. In addition, stress simulations have been performed to

ensure the structural strength of the parts and 3D modeling has been carried out to

visualize the complete design of the project.

2. Electronic and Control Design

To understand the electronic components necessary for the project, a block diagram

has been designed that illustrates the logic of connection between the different ele-

ments. This diagram is essential to have an overview of how the electronic system will

work and what components will be needed for its construction.

Figure 19. Electronic Block Diagram
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2.1. Components Selection

Proper selection of electronic components is critical to ensure proper operation of the

overall electronic system. It is important to consider factors such as the capacity, volt-

age and current handled by the components, as well as their speed and accuracy

characteristics.

Figure 20. Components
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Figure 21. Motors and Drivers Selection

2.2. Specification Components

The components listed in the table above have been selected for the following features

and functions:

2.2.1. PLC

The PLC will be responsible for monitoring and controlling various processes in the

project. From sensor monitoring and actuator activation, to coordinating multiple de-

vices, the PLC will play a fundamental role in executing all these tasks. It will also

be responsible for ensuring safety in the operation of the project, as different levels

of access and permissions can be established for users. In addition, the bidirectional

communication that can be established between the PLC and the HMI will allow for
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smooth interaction and constant feedback of the information collected in the project,

enabling continuous improvements in efficiency and productivity.

For this reason, the Xinje XC3-24RT-E PLC [5] was chosen, as it has 14 inputs, 8 relay

outputs, and 2 transistor outputs. The transistor outputs will be used to control the

motor speeds, and the relay outputs will be used for the various signals required for the

project’s operation.

Figure 22. Xinje XC3-24RT-E PLC

In addition, the Xinje XC3-24RT-E PLC shown in the Figure 23 is a very reliable and

durable device, perfect for industrial applications. It has a large amount of memory for

storing programs and fast processing speed to perform tasks quickly and correctly. It

also has various communication functions, allowing it to integrate with other systems

and devices in the automation process. The use of this PLC ensures that the project

runs smoothly and efficiently, with the ability to regulate and coordinate all machine

activities reliably.

2.2.2. HMI

The 4.3-inch Kinco HMI has various benefits that make it a good choice for automating

tasks. For starters, its high-resolution touch screen enables for intuitive and simple
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system interaction, making it user-friendly for operators. Its ergonomic and small form

also makes it simple to install in any workstation.

Figure 23. HMI Kinco 4.3”

Another significant benefit is that it is compatible with many communication protocols,

allowing it to be readily integrated with other systems and devices on the automation

network. It also features numerous communication connections, including Ethernet,

RS232, and RS485, allowing it to link to other equipment and devices in a variety of

ways.

2.2.3. Micro-controller

To accomplish the closed-loop control, an ESP32 microcontroller will be utilized, which

provides a high level of adaptability and processing power for control operations. The

ESP32 microcontroller contains a 32-bit dual-core CPU that operates at up to 240

MHz, making it ideal for executing complicated real-time control computations. It also

contains up to 4 MB of inbuilt flash memory and 520 KB of SRAM memory, allowing it

to manage massive quantities of data and applications.

The ESP32 microcontroller will play a crucial role in the project as it will be responsible

for establishing a connection between the motor with an encoder and performing the

PID control. By receiving feedback from the encoder, the ESP32 will calculate the

error between the desired and actual positions of the motor and adjust the motor’s

speed accordingly using the PID algorithm.
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Figure 24. ESP32-WROOM-32

In addition to connecting a color sensor that will identify parts that do not have the

allowed color for the process, the system will also be equipped with a servomotor

that will restrict the passage of such pieces. The servomotor will be connected to

the microcontroller, which will receive signals from the color sensor and use them to

control the servomotor’s movement. When a part with the wrong color is detected, the

microcontroller will send a signal to the servomotor, which will then move to block the

passage of the part.

2.2.4. Solenoid-Valve and Pneumatic Actuator

The solenoid valve is a key component in the pneumatic system, as it is responsible for

controlling the airflow that reaches the pneumatic actuator, in this case the pneumatic

clamp. Activation of the solenoid valve through a 12V signal will allow compressed air

to flow to the pneumatic actuator and exert the necessary force for the clamp to hold the

piece during the translation process. It is important to ensure that the solenoid valve

has the ability to handle the appropriate pressure and airflow for the proper operation

of the pneumatic actuator and therefore the pneumatic clamp.
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(a) Solenoid Valve (b) Pneumatic Actuator

Figure 25. Pneumatic System

2.2.5. Limit Switch

Limit switches are devices that are used to indicate the end of motion of the robotic

arm gripper at the extreme ends of its movements. These devices are of utmost im-

portance in process automation as they ensure that the gripper does not move beyond

the established limits, preventing possible damage to the system or the object being

manipulated.

Figure 26. Limit Switch

Limit switches typically operate by interrupting an electrical circuit when the gripper

reaches its limit position, sending a signal to the microcontroller to stop the motion. This

allows for greater precision and safety in the manipulation of objects by the robotic arm,

which is especially important in industrial processes where a high degree of automation

and quality control is required.

2.2.6. Presence Sensor

The presence sensor is a device that allows the detection of the presence or absence

of objects in a specific space. In this case, it will be used to detect the final position of
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the piece on the conveyor belt. Once the piece reaches this position, the sensor will

send a signal to the microcontroller indicating that it is ready to be picked up by the

robotic arm.

Figure 27. Presence Sensor

The use of this sensor is crucial for the proper functioning of the system, as it ensures

that the robotic arm is only activated when the piece is in its final position. In this way,

errors or accidents that could occur if the arm moved too early or if an attempt was

made to grab a piece that is not in its corresponding place are avoided.

2.2.7. Color Sensor

The color sensor is in charge of recognizing and differentiating the various colors that

will be placed on the conveyor belt. When the color of the moving item is determined,

the sensor sends a signal to the microcontroller indicating whether or not the color is

permitted.

Figure 28. Color Sensor

If the item is the correct color, the system will continue to run normally, enabling the

piece to proceed up the conveyor belt. If the piece does not match the necessary

color, the sensor will send a signal to the microcontroller, which will then engage the
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servomotor to limit the passage of the non-permitted piece, stopping it from continuing

in the manufacturing process.

2.2.8. Servomotor

Once the color sensor detects that the piece does not have the appropriate color, the

servomotor comes into action to restrict the passage of the piece through the conveyor

belt. This restriction ensures that the piece does not reach the next stage of the process

and prevents unnecessary work from being done on a piece that does not meet the

requirements.

Figure 29. Servomotor MG90s

The servomotor also allows the passage of the piece once it has been verified to meet

the color requirements, allowing the piece to advance to the next stage of the process

2.2.9. Module Relay

The 8-channel 5V relay module will serve as a link between the sensors and the PLC

input. This module is required to protect both the sensors and the PLC from system

voltage spikes or surges. The 5V relay module has the benefit of being compatible with

the 5V sensors being utilized, assuring correct signal transmission.

Figure 30. 8-channel 5V relay module
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Furthermore, the use of a relay module simplifies switching between different sensors

because they may be simply attached and detached from the module. This boosts

the system’s flexibility and versatility, making future modifications and upgrades easy.

Overall, using a relay module is a practical and efficient way to ensure correct commu-

nication between sensors and the PLC.

2.2.10. Motor Robotic Arm

The decision to use Nema 17 stepper motors for the movement of the robotic arm was a

deliberate and carefully considered one. These motors offer exceptional precision and

control over the arm’s movement. Their high output torque ensures that they can move

the weight of the robotic arm with ease. Furthermore, Nema 17 motors are known for

their reliability and durability. They also provide a much higher torque than what was

calculated on the mechanical side.

(a) Nema 17 (b) TB6600

Figure 31. Motor and Driver

To operate the Nema 17 motor, a TB6600 driver will be utilized. This driver allows for

the selection of the current at which the motor operates, as well as the step that will be

taken. The driver will be responsible for connecting the PLC to the motor and sending

it various operation signals.

2.2.11. Motor Conveyor Arm

The use of a motor with encoder for the conveyor belt operation, along with the im-

plementation of a PID control system, allows for precise control over the belt speed.



32

This is crucial for ensuring that the pieces being transported are moved at a consistent

rate throughout the manufacturing process. The HW-166 driver provides a simple and

efficient way to connect the motor to the microcontroller, allowing for easy control over

the direction and speed of the motor. Additionally, the use of PWM signals from the

microcontroller provides a smooth and precise control over the motor speed. With this

setup, the conveyor belt can be operated with a high degree of accuracy and reliability,

helping to ensure the quality and consistency of the manufacturing process.

(a) JGA-370 (b) HW-166

Figure 32. Motor with Encoder and Driver

2.3. PID Control

The realization of the PID control of the motor that will be in charge of moving the

conveyor belt will require a microcontroller and an encoder. The microcontroller used

will be the ESP32, which will be responsible for connecting the motor with encoder and

perform the PID control to achieve the nominal speed of the conveyor belt.

The encoder will be used to measure the speed of the conveyor belt and feed back to

the PID controller. In this way, it will be possible to adjust the motor speed and ensure

that the conveyor belt moves at a constant and accurate speed.

To perform the PID control of the motor driving the conveyor belt, it is necessary to

collect data from the motor. In this process, PWM values are changed to vary the motor

speed, and a maximum limit of 400 rpm is reached. This data is used to determine the

transfer function of the motor, which is essential for designing the PID controller.

In Figure 33 depicts a comprehensive and detailed connection diagram that shows

how to connect an H-bridge to the motor and the ESP32 microcontroller. The H-bridge

is used to control the motor’s direction and speed, while the ESP32 microcontroller
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is responsible for performing PID control on the motor. This diagram includes the

connection of the motor and the H-bridge, as well as the connection of the H-bridge

and the microcontroller. It also shows the power source and ground connections for

the motor and the microcontroller.

Figure 33. Connection Diagram ESP32 and Encoder Motor

This process involved collecting data of the motor speed as a function of time, by

varying the PWM of the control signal. Then, the curve fitting technique was applied to

determine the coefficients of the mathematical model that best fit the obtained data.

The transfer function was obtained using MATLAB software with the curve fitting tech-

nique method. The system-Identification function was utilized to input the motor’s col-

lected data and determine the transfer function with the highest level of accuracy.
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Figure 34. system Identification

The transfer function that had one pole and zero zeros was the closest to the original

data and had an approximation of 85.65%, which was the highest value. Adding more

poles or zeros would cause oscillation, which is not desired with this method.

Figure 35. Model Output

In this case, it was found that the transfer function of the system was of first order, with

one pole and zero number of zeros, which was expressed in the form:

G(s) =
K

s+ a
(22)

Where K is the system gain and ”a” is the pole time constant. This mathematical model

allowed to determine the behavior of the motor and to design the PID controller, in order
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to achieve a uniform and constant movement of the conveyor belt. Giving as transfer

function of the whole system the following:

G(s) =
19.49

s+ 27.77
(23)

The step Response plot of the obtained transfer function is shown below:

Figure 36. Time-Domain

And the initial values that are obtained are: Rise-Time = 0.0465, Settling Time =

0.0828, Overshoot = 0 and error of 30%.

Mp Ts Tr Error
Original 0 0.0828 0.0465 30%

Table 2. Transfer function values

The Ziegler-Nichols first method is widely used for tuning PID controllers to obtain

optimal system performance. This method involves applying a step input to the system
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and measuring the response to determine the ultimate gain and ultimate period. With

these values, the values of K, L, and T can be obtain.

Figure 37. Ziegler-Nichols first method

The values of L = 0.003317, K = 0.7018 and T = 0.041453. Then, the Cohen-Coon

formulas are applied to calculate the values of Kp, Ti and Td. And using these values,

obtain the other values of Ki and Kd.

KP =
⌧

KL

✓
4

3
+

L

4⌧

◆
(24)

TI =
⌧(32⌧ + 6L)

13⌧ + 8L
(25)

TD =
4L

11⌧ + 2L
(26)

After applying the Cohen-Coon formulas to the obtained values of K, L, and T, it was

found that Kp = 23.7436, Ti = 0.0987, and Td = 0.0012. These values were then used

to calculate the corresponding values of Kd and Ki using the formula.

KI =
KP

TI
(27)
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KD = TD • KP (28)

The resulting values of Kd = 0.0282 and Ki = 240.5430 were essential for the imple-

mentation of the PID control algorithm, as they are used to adjust the response of

the system in real-time to maintain the desired output. With the complete set of PID

parameters determined, the algorithm was implemented on the microcontroller, which

enabled precise control over the conveyor belt motor, allowing it to run at a consis-

tent speed and ensuring that the items being transported are moved smoothly and

efficiently along the assembly line.

2.4. Programming

The operation of the graduation project is shown in the Figure 38.

Figure 38. Block diagram of thesis operation

The programming for the correct operation of the graduation project was carried out

using the LADDER programming language with the XC Series Program Tool, which is

a specific software designed for Xinje XC model PLCs. The LADDER programming

language allows a visual representation of the control logic, which facilitates the design

and implementation of complex automation sequences. Using the XC series program-

ming tool, the instructions and logic required to control the various components of the

project, including motors, sensors and actuators, were programmed. The block dia-

gram of the programming logic and the control and electronic drawings can be found in

the annexes part of the document.
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