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Abstract

This paper looks at all aspects of developing a robotic
arm and hand that consists of five fingers which is able to
imitate human movements. The imitation ability, accuracy
and factors affecting both points are studied. A project like
this requires the interplay of various electrical components
to achieve the desired results.

The prototype constructed measured the controller’s
movements of the fingers with the help of flex sensors. The
movements in the elbow and wrist however were measured
with the help of potentiometers. The flex sensors and po-
tentiometers were connected to an Arduino Mega which
then sent the values with the help of a transmitter. The
robotic arm consists of an Arduino Uno, seven servomotors
and a receiver that reads the messages sent from the trans-
mitter. All values were converted into degrees that rotated
the motor axles accordingly.

The prototype produced positive results, showing that
it was able to copy all movements done by the controller.
Tests were conducted to study the accuracy and imitation
ability. The conclusion was that the factors affecting imi-
tation and accuracy were mostly connected to the weight
of the robot and the design of the hand.

Keywords
Mechatronics, Robotic Arm, Wireless Control.



Referat

Tradlos styrning av en robotarm

Denna uppsats behandlar olika aspekter i utvecklingen
av en robotarm vars gripdon &r en hand med fem fing-
rar, med syfte att kunna imitera ménskliga rorelser. Imi-
tationsformagan, noggrannheten samt vilka faktorer som
paverkar dessa studeras. For att uppné ett onskvért re-
sultat har det kravts styrning och samverkan mellan olika
elektroniska komponenter.

I prototypen som presenteras méttes fingrarnas rorelse
med hjalp av flexsensorer samt rorelsen i armbéage och hand-
leden med hjéilp av vridpotentiometrar. Flexsensorerna och
potentiometrarna var anslutna till en Arduino Mega vars
varden skickades med hjilp av en sindare. Elektronikkom-
ponenterna som anvéndes i robotarmen var en Arduino
Uno, sju servomotorer och en mottagare, vars funktion var
att lasa av meddelanden som skickades fran sindaren. Alla
varden omvandlades till grader och motoraxlarna roterade
i enlighet med dessa.

Prototypen uppnédde ett 6nskvért betteende da robo-
ten hade formégan att imitera alla rorelser som utfordes
av styrenheten. Noggrannheten och imitationsférméagan un-
dersoktes med olika tester. De mest betydelsefulla faktorer
som paverkade imitationen och noggrannheten av prototy-
pen var kopplade till vikten av roboten och designen av
handen, enligt slutsatserna som har dragits.
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Chapter 1

Introduction

1.1 Background

The idea that robots will one day help humanity has been fantasized about for as
long as humans can remember. With the development seen in technology and the
spread of information, what once was an idea is now looking more like reality. All
branches are looking at finding ways to implement machines such as robots.

The human anatomy is incredibly complex and one of the body parts that can be
used for countless tasks is the arm. Applying the knowledge of the functions of the
arm and hand enables the performance of complicated, dangerous or high accuracy-
based tasks. The development of control systems has allowed certain tasks to be
performed at much faster speeds with a better precision than before [22]. The
diverse functionality of a robotic arm has made it possible for it to be applied in
multiple areas such as prosthetics, industrial assembly lines and manufacturing [11],
thereby improving the human quality of life.

This project looks at the development of previous work in the area, namely the
wireless control of a robotic arm with the help of an exoskeleton control system
connected to the operator’s body. This project looks at building a robust robotic
arm which includes a robotic hand consisting of five fingers. The operator is to
easily be able to control the arm without previous knowledge of programming[27].

1.2 Purpose

The purpose of this research is to look at creating a robotic arm with a design
similar to the human arm so that the wireless control will be as user-friendly as
possible.
The research questions to be investigated in this thesis are the following;:

o How reliable is the robot’s accuracy?

e What factors affect the accuracy?

e How well can the robot imitate human movements?
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1.3 Scope

This report is a bachelor’s thesis which means that there are both time and resource
limitations. This in turn means that certain parts of the project, such as the design,
are simplified. The robot’s control system is dependent on the included electrical
components which often do not entail the highest precision.

1.4 Method

The project was started through potential sketches as well as identifying the most
important components of a robotic arm. A design adapted to the requirements
was visualised with the help of a computer-aided design (CAD) program known as
Solid-Edge [29]. A readily available design of the hand already existed online for
public use [20], the model can be found in Appendix D.1. The rest of the robot was
then designed to adapt to the hand. All parts were then created with the help of
three-dimensional (3D) printers. In addition, the robot’s movements were simulated
in a software called Acumen[12], where the code for the simulation can be found in
Appendix F. Once this step was completed, the focus was on the assembly of all
parts the robot consists of together with all electronic components. Furthermore,
the functionality of the components were tested where changes in the code were
made to achieve desired behaviour. The source code can be found in Appendix E.
Finally, it was time to investigate the research questions, which was done with the
help of two tests. The first test was conducted by testing the grip function with
six different grips. For the second test, the controller moved their arm at different
speeds and looked at how accurately the robot was able to imitate all movements.
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Theory

2.1 Previous Research

The inspiration behind this project are two previous bachelor’s theses that also
looked at a robot arm and a robot hand. This project is a development on the work
done by Miko Nore and Caspar Westerberg in their bachelor thesis “Robotic Arm
controlled by Arm Movements”. The purpose behind their work was the wireless
control of a robotic arm that has the ability to hold certain items [27].

The key area for development is the hand, the previous work used a variant of a
clamp to grab items. This means that the degrees of freedom (DOF) are restricted
since the hand can only perform one action. This project looks at incorporating a
robotic hand consisting of five fingers to help tackle the issue regarding the degrees
of freedom.

The robotic hand consisting of five fingers was inspired by the bachelor’s thesis
“Robotic Hand Controlled by Glove Using Wireless Communication” written by
Mehnaz Kazi and Michelle Bill. The purpose behind their project was to construct
a glove that can signal their robot hand to move with the help of finger movements
[23].

2.2 Physiology of the human arm and hand

The complexity of the human arm and hand depends on the number of bones, joints
and tendons that they consist of. The arm itself consists of three larger bones that
are connected to each other or to other body parts with the help of a total of three
joints [31]. The hand in turn, which is directly connected to the wrist, consists of a
total of 27 smaller bones [28].

2.2.1 Anatomy of the arm

The long bone in the arm, also known as the humerus is connected to the shoulder
from one end, and the elbow at the other end. The elbow in turn, is a complex

3
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joint similar to the shoulder. Since the elbow is composed of a hinge joint and a
pivot joint it allows movement with two DOF. Flexion and extension takes place
in one direction, with an approximate angle of 150 degrees. Rotation, also known
as supination and pronation, in the other direction, has an approximate angle of
about 160 degrees [6].These movements can be visualized by Figure 3.5b. Finally,
the forearm consist of two larger bones which are connected to the wrist. The
anatomy and function of the wrist are explained in more detail in the next section.

Figure 2.1: Freedom of rotation of the shoulder [7].

2.2.2 Anatomy of the hand

The main function of the hand is to grip, however its complicated structure including
the fact that it consists of many small bones makes it a multi-functional tool. As
previously mentioned, 27 smaller bones are included in the hand and to ease the
understanding of its anatomy and physiology, the hand is usually divided into three
main parts, namely the wrist, the palm and fingers [28].

Each part of the hand consists of bones of varying sizes and shapes, Figure 2.2b
gives a good overview of the structure of the hand. The movements in the wrist
can be summed up as extension, radial deviation, ulnar deviation, pronation and
supination [19]. All movements can be seen seen in Figure 2.2a.



2.3. COMPONENTS

1
Radial deviation1Ulnar deviation

@ L) /ﬁ\\ ©
I'xlcﬂsiurf‘ i |: | ronaton - -
i S i’ ! i e o 0000 e
N ‘\_i i _c J‘u—s"upinmion
Flexion K ! \ i
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Figure 2.2: The anatomy and physiology of the hand.

The mobility of the fingers allows the hand to grip objects in different ways.
The way the fingers bend for each grip gives a name to the grip itself, Figure 2.3
shows the most common grips. Each grip also involves a certain amount of force
and precision depending on the way the fingers are used. This report will not look
at the forces associated with each grip, instead the robots ability to imitate each
grip is studied.

HOOK or SNAP

PALMAR SPHERICAL GRASP LATERAL

Figure 2.3: Six most common grips [30].

2.3 Components

Controlling a robotic arms’ movements can be done with the help of a wide range
of methods, however the main methods are hydraulic control, pneumatic control,
and control with the help of electronic components. Hydraulics are characterized
by large components that in turn can control larger forces. Pneumatics can take
larger forces as well however cannot be used in feedback systems. Smaller electronic
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components are favored in feedback systems, such as the system used in this project,
however the drawback is the ability to only take small forces.

Electronic actuators offer high precision and repeatability, all while still being
noise free and free from environmental hazards such as fluid leaks. Their ability to
be quickly reprogrammed and networked is the reason it is the favored method to
build a robotic arm [18].

2.4 Potentiometer

A potentiometer is a variable voltage divider with a rotatable wiper in direct contact
with a resistive path. A potentiometer has three terminals, as can be seen in Figure
2.4, where one is connected to the feeding voltage, one for ground and the third is
directly connected to the resistance. Depending on the position of the wiper, dif-
ferent voltages are emitted by rotating the wiper. This allows the potentiometer to
be used for reading different voltages as different signals. Most of these components
have a wiper that is restricted to a 0-180° rotation which in turn means that the
voltage will be between 0 V and the maximal value of the supply voltage [13].

Wiper Resistive
A strip

GND Output +Vcc

Figure 2.4: Visual representation of the terminals in a potentiometer [8].

2.5 Servomotors

Servomotor is a collective name for motors with feedback, which means that there
are many different types of servomotors for different needs. What is common in the
construction of all servomotors is that they consist of an alternating current (AC)
or direct current (DC) motor and a potentiometer connected to a control circuit. It
is a feedback system which means that the movement of the motor leads to rotation
of the potentiometer where its resistance generates a certain signal in the form of
a voltage which is finally compared to the input voltage. This allows the control of
how many degrees the motor axle has rotated very easy [21].

The control of servomotors is done with the help of electrical pulses, also known
as pulse width modulation (PWM). The control signal usually occurs every 20
milliseconds (ms), which corresponds to a frequency of 50 hertz (Hz). It is the
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duration of the pulse that determines the position of the servomotor. A pulse of
1 ms usually corresponds to 0°, while pulses of 1.5 and 2 ms usually corresponds
to 90° and 180° respectively. Figure 2.5 depicts how PWM affects the servomotors
position [10].

_aoms O

H } “ “ 0 Degrees

—f—

Tms (0.5ms)

L - .
— -

1.5ms

H —‘ —‘ —‘ 180 Degrees

—~ - : :
2ms (2.5ms)

Figure 2.5: Correlation between PWM and angle [10].

2.6 Flex Sensor

To measure the amount of bending, also known as defection, a flex sensor can
be used. To be put simply, a flex sensor is a variable resistor that increases in
resistance the more it is bent. The bending is measured by measuring the angle
created between the front and the back of the sensor. The sensor consists of two
terminals, where the operating voltage required to activate the sensor can range
anywhere between 0-5V DC [15]. A basic configuration of a flex sensor can be seen
in Figure 2.6

cc

R1

" =4 00000000000000000

P2

Figure 2.6: Circuit with a flex sensor showing how the two pins of the sensor can
be configured [9].
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2.7 Radio Frequency Module

A small sized component that is used to transmit or receive radio signals is known
as a radio frequency (RF) module. An RF module can play a vital role in embedded
systems where information needs to be sent wirelessly. For many applications, RF
is the method of choice when transferring information wirelessly since there is no
line-of-sight requirement [16].

The module of interest in this study is the nRF24L014+ Wireless Module. To
communicate, the information is sent and received on a certain channel. The channel
is the frequency the transceivers are operating at. The nRF24L01+4 module operates
at any frequency in the range of 2.4-2.525 GHz, also known as the frequencies in
the 2.4 GHz ISM band. There are 125 different channels to choose from since each
channel requires under 1 MHz as well as the 1 MHz used for spacing. A visual
interpretation can be seen in Figure 2.7

2400 MHZ
s
DataChannel 1
2401 MHz
*r—i
DataChannel 2

1 MHz Spacing

2525 MHz
0
DataChannel 125

(N Last Minute
U ENGINEERS.cor

Upto 125 DataChannels

Figure 2.7: Frequency channels on the nRF24L01+ Wireless Module [25].

With the help of a 4-pin Serial Peripheral Interface (SPI), the nRF24L01+
module is able to communicate with maximum data rate of 10 megabits per second.
With the help of the SPI interface, parameters such as output power, frequency
channel and data rate can be configured.

As can be seen in Figure 2.8, there are 8 pins on the wireless module. The first
pin is GND which stands for the ground pin. The power supply is connected to the
Voltage Common Collector (VCC) pin which, as stated previously, can be between
1.9-3.3V. CE stands for Chip Enable and depending on the mode the module is in,
it will either transmit or receive. The Chip select not (CSN) pin is used to listen
and process data on its SPI. The SPI bus Master provides clock pulses which is then
accepted by the serial clock (SCK) pin. Master out Slave in (MOSI) and Master in
Slave out (MISO) are the SPI input and output. This means that in cases where
the transceiver is used only as a transmitter and receiver respectively, only one of
the pins needs to be used. Finally, when new data is available to be processed, the
interrupt request (IRQ) pin will alert the Master[25].
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Figure 2.8: Pin configuration on the nRf24L.014+ Wireless Module [25].

2.8 Microcontroller

It is of importance in this thesis that the control of the motors is regulated, values
read from flex sensors and potentiometers are read and converted so that the motors
react accordingly. This is done with the help of microcontrollers.

In general, interactions with electromechanical components are done with the
help of a microcontroller which, simply put, is an integrated circuit. A microcon-
trollers memory, microprocessor unit and other peripherals help control an electrical
system[24].

Arguably the most cost effective and popular microcontrollers are Arduino
Nano/Uno/Mega. The Atmega 2560 microcontroller is the basis for the open-source
microcontroller board. The board of interest is the Arduino Mega which includes 16
analog input pins, 54 digital input/output pins where 14 of them are PWM outputs,
a power jack and Universal Serial Bus (USB) connection. The layout of an Arduino
Mega board can be seen in Figure 2.9a

The boards of interest are the Arduino Uno and Mega. The difference between
the two boards is simply the number of pins. Both boards have a set number of
analog input pins, digital input/output pins where a percentage of them are PWM
outputs as well, a power jack and USB connection. The layout of both boards can
be seen in Figure 2.9.

(a) Arduino Mega [2] (b) Arduino Uno[3]

Figure 2.9: The layouts of the Arduino boards.
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The board can be powered either with the help of a USB cable or by batteries.
As previously stated, there are designated analog pins where each pin will read the
voltage between 0-5V and translate it to a 10-bit value. It is important to state that
all the analog pins can be used as digital input/output. SPI communication is done
with the help of MISO, MOSI, SCK and SS where each have different designated
pins on the two boards[14]. The digital pins can be configured as inputs or outputs
depending on the user’s needs. Digital pins can be seen as a less superior version
of the analog pins where it is not able to map out the voltages. Here it is simply
HIGH or LOW which translate to 5V or 0V[4]. To achieve voltages between 0V and
5V, PWM can be used. With the help of PWM one can control the output voltage,
however this can only be achieved by the certain designated digital pins that have
this increased functionality[1].

10



Chapter 3

Demonstrator

This chapter looks at the construction of the robotic arm both from a mechanical
and electrical aspect. Once construction is completed, the prototype is then used
to conduct tests in order to answer the research questions that were brought up at
the beginning of the report.

3.1 Electrical Components

The robotic arm is to be controlled by a person wirelessly where the controller’s
movements in the arm are mimicked by the robotic arm. The construction can
therefore be divided into two parts; the part that is used by the controller and the
part which is the robotic arm itself.

3.1.1 The Controller’'s Components

The controller is to have the movements in their fingers, wrist and elbow measured
so that the robotic arm can then mimic the movements based off of the values read
by the flex sensors and potentiometers. A list of all the components and the amount
can be seen in Table 3.1.

Table 3.1: The controller’s electrical components

H Component Amount H

Arduino Uno 1
Flex sensor
Potentiometer
Resistor 10k2
nRF24L01+
4x AA Batteries

— = Ot DN Ut

Every finger is to be measured by a flex sensor, the elbow and wrist movement

11
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are to be measured by potentiometers where the rotation in the joints change the
resistance which is then picked up by the Arduino Uno. Finally the data is then
transmitted with the help of the nRF24L01+ transceivers. It is left to the controller
how they want to power the Arduino Uno, a pair of batteries or a USB connection
to a computer will both work, however this project used 4 AA batteries. The circuit
can be seen in Figure 3.1.

- Sy T T T T T T T T T T T T TTTTTTTIT AN
-~ Sy T T T T T T T T T T T T TTTTTTTTTAA

— Sy T T T T I T T T T T T TTTTTITITTIT AN
—E Sy T T T T I TT I T TTIITITITITAM
—ESy T T T T I T T T I T TTITTTITITIT AN

- .

0.0

Figure 3.1: The controllers circuit created with Fritzing [17].

3.1.2 The Robotic Arm’s Components

The robotic arm translates the data read from the controller into degrees the motor
axle is to rotate. Table 3.2 shows a list of all the components required to allow the
robotic arm to move.

Table 3.2: The robotic arm’s electrical components

‘ ‘ Component Amount ‘ ‘

Arduino Mega 1
MG995 Servo Motor 5
DS3225 Servo Motor 2

1
4

nRF24L01+
4x AA Batteries

The data is received by the nRF24L01+ transceiver and translated by the Ar-

12
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duino Mega. Each finger is then controlled by an MG995 servomotor. Due to the
weight of the hand and the large torque required to rotate the wrist and elbow, the
high torque DS3225 servo motors were used. The motors need to be operating at
high torques which in turn means that each motor require high voltages. Therefore
4 sets of 4 AA batteries are used. The circuit for the robotic arm along with how
each motor is power can be seen in Figure 3.2.

Figure 3.2: The robotic arms circuit created with Fritzing [17].

3.2 Software and Programming

The programming language C is often used when working with Arduino and this
project is no exception. The code was written in Arduinos integrated development
environment which is available for free on their website[5].

Two different codes were written; one for the transmitter and one for the receiver.
The code regarding the transmitter simply read all the values from the flex sensors
and potentiometers, created a vector containing all the data and finally sent it to
the receiver. Once the receiver received the data, it converts the numbers to angles
between 0-180 where finally the motors rotate accordingly. An overview of the code
can be seen in Figure 3.3.

13
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Figure 3.3: A software flow chart created by Microsoft PowerPoint [26].

3.3 Construction

The construction work of this project has been divided into two main parts, namely
the robotic arm itself and a separate construction to control the robotic arm.

3.3.1 Design of the Robotic Arm

The robot arm consists of four larger parts, namely a hand, a forearm, an upper
arm and a base, which in turn are made up of smaller components. The hand is
printed with the help of a 3D printer and consists of a palm and five fingers, where
each finger is made up of six smaller details. In addition, an M3 screw is used
between each joint to represent the hinge joint between each part of the finger. The
contraction and extraction of the fingers is done with the help of a thin rope and
rubber band, which corresponds to the muscle function in the body. Each part has
two smaller holes, one for the rope used to contract the finger and one for a rubber
band for the extraction of the finger into its original position.

14
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(a) Assembly of the (b) Assembly of the (c) Assembly of the in-
hand thumb dex

Figure 3.4: Assembly of the hand, pictures taken by the authors.

The forearm consists of a 3D-printed wrist and elbow as well as a tube that
forms the forearm itself. The tube has an opening adapted to the dimensions of a
motor holder where the motors that pull the fingers are located, as you can see in
Figure 3.5a. The elbow is designed in such a way that it has room for two more
servomotors, one for rotation of the entire forearm and one for vertical movements,
as shown in Figure 3.5b. All parts are assembled together with the help of screws
and nuts of different sizes.

(a) Assembly of the forearm (b) CAD picture of the elbow

Figure 3.5: Figure of the forearm and the elbow designed in Solid-Edge [29].

In order for the forearm to be connected to the rest of the structure, it was
necessary to design a type of fork that is screwed onto the upper arm and thus allows
vertical movements, as shown in Figure 3.6. The upper arm is in turn attached to
the base itself with the help of metal angles and screws. It has been designed to

15
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allow rotation that mimics the movements of the shoulder when adding another
motor and removing certain screws. However, this leads to weakened stability.

Figure 3.6: The upper arm and it’s fork, picture taken by the authors.

Finally, the base consists of a pipe that sits on a square construction made
of smaller wooden beams and wooden boards assembled with screws. The square
wooden construction consists of three "floors”; as shown in Figure 3.7a. The floors
are self-designed and the 3D-printed ball bearings, as shown in Figure 3.7b, facilitate
the rotation of the robot around its own axis. This rotation has to be done manually
in this project, however if desired one can place an extra motor there to do it
wirelessly.

16
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A \
(a) Assembly of the base (b) Ball bearings

Figure 3.7: Figure of the base and its ball bearings, pictures taken by the authors.

3.3.2 Design of the controller

The control panel can, like the robot, be divided into four parts which in this case
consist of wooden boards and are adapted to the user’s body size. A board sits, as
shown in the left corner of Figure 3.8, on the user’s back and fulfills two functions,
partly for convenience, partly since it is a suitable place to attach all electronic
equipment such as the micro-controller and batteries. The board mounted on the
user’s forearm is attached to the back plate using a potentiometer that acts as an
axis of rotation. Furthermore, the board that is to sit on the forearm is mounted
using two potentiometers and a wooden-angle, as shown in the middle of Figure 3.8.
This way the freedom of rotation is increased and the user has the opportunity to
rotate the forearm vertically and horizontally. Finally, a glove is also mounted at
the end of the forearm board, where the flex sensors sit with double-sided adhesive
tape, as shown in the right corner of Figure 3.8.

Figure 3.8: The control panel from two views and the glove with the flex sensors,
pictures taken by the authors.
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CHAPTER 3. DEMONSTRATOR

3.4 Testing

The research questions in this project are primarily about the robot’s precision
and imitation ability. Two different tests were conducted to answer the research
questions.

3.4.1 Imitation tests

The imitation tests were used to examine whether the current construction of the
hand can withstand different types of basic grips that were discussed in the theory
section. To test the hand’s ability to grip, different objects were used to see whether
or not the robot was able to get a grip. The results consist of a simple pass or fail
grade for each type of grip.

3.4.2 Accuracy test

Due to the weight of the robotic arm, all motors will be exposed to large amount
of torque. It is therefore important to examine whether or not the construction is
able to withstand sudden forces. The test is conducted by moving the fingers, wrist
and elbow at the same time and separately at varying speeds.
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Chapter 4

Results

This chapter presents the results achieved from testing as well as the overall per-
formance of the robotic arm.

4.1 Overall Performance

The robot is able to mimic all movements done by the controller, even if the con-
troller is in a different room. However, the poor 3D printing quality sometimes
causes the middle finger and thumb to get stuck during flexion. Furthermore, the
motor in the elbow was not able to perform as well as what is specified in the data
sheet which can be seen in Appendix A.2, therefore an elastic band was connected
from the wrist to the elbow to help the motor lift the forearm and hand.

Overall the results are positive for a first prototype. Despite certain concerns
with the rigidity of the base, the robot was able to lift objects weighing up to 100
grams and hold objects weighing up to 220 grams without lifting.

4.2 Imitation Test

When performing the imitation test, the tests were based on imitating the six basic
grips discussed in the theory section. Table 4.1 shows the type of grip that was
tested and whether or not the robot could successfully perform each type of grip.
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CHAPTER 4. RESULTS

Table 4.1: Results of the imitation tests

’ Imitation tests

Grip type Figure description Result
2

Cylindrical Grasp \,:‘E'fl PASS

Tip B FAIL

Hook or Snap {J:i> PASS

Palmar ' FAIL

Spherical Grasp (ﬁ) PASS
===

Lateral oS FAIL

4.3 Accuracy test

After conducting multiple tests it was observed that the fingers and wrist could
move as desired when moving each one at a time. With the help of the rubber
band, the elbow was also able to move as desired as well. Without the rubber band
the elbow would simply not move.

Issues arose when moving multiple parts at the same time. At times, the hand
was able to move all fingers at the same time without any problems, however there
were anomalies where some fingers would only move slightly. The wrist was always
able to move as desired even if other parts were moving, however the same cannot
be said for the elbow. The elbow requires a better power source because there were
a few instances where the elbow would give up if the batteries powering the motor
showed the slightest bit of aging. The largest issue regarding the accuracy of the
elbow was the rigidity of the base. The base as it is currently is not stable enough
to withstand the weight of the arm, so at times when moving the elbow, the ball
bearings seen in Figure 3.7b slightly move out of place.
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Chapter b

Discussion and conclusions

5.1 Discussion

The robotic arm performed very well, however there are some points that can be
further analyzed and discussed. A large part of the project was dedicated to de-
signing a robotic arm that can imitate the movements done by a controller. This
was done by focusing on some key grips that were introduced in section 2.2.2. Table
4.1 shows that the arm is able to imitate three grips, depending on the users needs
these three grips can be enough. However, if one wants more flexibility, the hand
can be redesigned to fit the users demands.

Regarding the accuracy of the robot, the results were once again positive for
the most part. The robot was able to accurately copy the controllers’ movements,
however some irregularities arose when moving all parts at the same time. These
irregularities were almost always connected to moving the arm vertically, meaning
that the arm is simply too heavy. The problem regarding the weight was only
exaggerated due to the ball bearings in the base. The project was constructed to
show that, if need be, the entire robotic arm can rotate 360 degrees, to do that
ball bearings and an extra motor are needed. However, the ball bearings were 3D
printed and consists of two parts that can easily be separated. This means that
moving the robotic arm rigorously can cause the two parts to separate a little.

The final research question was determining the factors that affect the robot’s
accuracy. It has already been discussed that the weight of the construction, 3D
printing quality and stability of the base are the main factors to look at. The
weight of the construction mostly came from the large number of screws that are
in the hand. The weight of the screws along with the long forearm made the job of
the motor in the elbow difficult. As for the stability of the base, this can simply be
solved by removing the ball bearings or using ball bearings that are not 3D printed.

Many parts of the project were 3D printed or obtained from the warehouse
available for all students at the Royal Institute of Technology (KTH). Despite this,
the cost of the project exceeded the SEK 1000 budget set from the beginning. This
is mostly due to the number of flex sensors and the number of servo motors the
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CHAPTER 5. DISCUSSION AND CONCLUSIONS

construction requires.

5.2 Conclusions

A prototype of a robotic arm was constructed that could be controlled from afar.
The prototype was able to complete three of the six basic gripping techniques and
was able to deliver a well approved accuracy for a first prototype. The factors af-
fecting the accuracy mostly depended on the weight of the construction and rigidity
of the base. Further development of the robot is possible by focusing on solving
these factors.
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Chapter 6

Recommendations and future work

The project has a lot of potential which with the recommendations that will be
presented shortly, a more robust construction can be built that allows even more
DOF with an improved accuracy.

Starting with the hand model, the one used in this project is not complex at
all due to the budget limitations. For a wider variety of gripping techniques, one
can look at more complicated designs. Another improvement regarding the hand
would be to look at 3D printed screws for the hand. This will allow the weight of
the construction to drop significantly.

The forearm consists of a single tube where the only improvement that can be
done is shortening the tube so that there is just enough space for all the servo
motors. By shortening the tube, the need for high torque motors is negated as well
as removing the need to use the elastic band that is currently helping the motor in
the elbow to operate.

Our ambition with the project from the beginning was that the upper arm would
be able to rotate as well, however due to the budget limitations this was not feasible.
The upper arm in the current construction is attached to the tube that is coming
out of the base. By removing two of the screws seen in Figure 3.6 one can allow the
robot to mimic the movements done at the shoulder.

The base is rigid, however due to the structure of the ball bearings there is some
instability in that region. Firstly, one can add an extra servo motor inside of the
ball bearings to rotate the tube coming out of the base allowing for an extra DOF.
Secondly, the ball bearing should be more compact so that it does not consist of
two parts like it currently does.
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APPENDIX A. SERVOMOTOR DATASHEETS

Appendix A

Servomotor datasheets

A.1 MG995 datasheet

31150-MP
MG995 High Speed Servo Actuator

The unit comes complete with color coded 30cm wire leads with a 3 X 1 pin 0.1" Pitch type

female header connector that matches most receivers, including Futaba, JR, GWS, Cirrus,
Blue Bird, Blue Arrow, Corona, Berg, Spektrum and Hitec.

This high-speed servo actuator is not code dependant; You can use any servo code, hardware
or library to control them. The MG995 Actuator includes arms and hardware to get started.

Specifications

e Weight: 55 g
Dimension: 40.7 x 19.7 x 42.9 mm approx.
Stall torque: 8.5 kgf-cm (4.8 V), 10 kgf-cm (6 V)
Rotation Angle: 120deg. (+- 60 from center)
Operating speed: 0.2 s/60° (4.8 V), 0.16 s/60° (6 V)
Operating voltage: 4.8 Vto 7.2 V
Dead band width: 5 ps
Stable and shock proof double ball bearing design
Metal Gears for longer life
Temperature range: 0 °C — 55 °C

38 mm




A.1l. MG995 DATASHEET

31150-MP
MG995 High Speed Servo Actuator

Vcc=Red (+) 4 ©

Ground=Brown (=) —

Duty Cycle

48Vto72V i |
Power i

and Signal

20 ms (50 Hz)
PWM Period

Information obtained from or supplied by mpja.com or Marlin P. Jones and Associates inc. is supplied as
a service to our customers and accuracy is not guaranteed nor is it definitive of any particular part or
manufacturer. Use of information and suitability for any application is at users own discretion and user
assumes all risk.

5 MARLIN P. JONES & ASSOC., INC.
P.O. Box 530400 Lake Park, Fl 33403
A 800-652-6733 FAX 561-844-8764
WWW.MPJA.COM
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A.2. DS3225 DATASHEET

A.2 DS3225 datasheet

%% (Product Name): _DS3225
i 8hiii& (Product Description):
™ & P (Drawing)

6V_25kg RC Digital Servo

> !
= ~
i i ;
40 - = 20 ==
1. (B3 %P Apply Environmental Condition
No. Item Specification
1-1 | {#fki/% Storage Temp Range -30C~80C
1-2 | i@fT#J¥ Operating Temperature Range | -15C~70C
1-3 | TAE4E M Operating Voltage Range | 4.8-6.8V
2. WLWAFHE Mechanical Specification
No. Item Specification
2-1 | R} Size 40*20*40.5mm
2-2 | Mifit Weight 60g
2-3 | tifelt Gear ratio 275
2-4 | $li7K Bearing Double bearing
2-5 [ MK C wire 300+ Smm
2-6 | ik Motor 3-pole(s)
2-7 | BiKHERE Waterproof performance 1P66
Brand Dsservo
Product Name |DS3225 DS3225 Coreless Digital Servo
21 kg-cm @5V 22 kg-cm @5V
Torque 24.5 kg-cm @6.8V 24 kg-cm @6V
25.5 kg-cm @7.4V
0.15 cec/60" @5V 0.1 sec/60" @5V
Speed 0.13 sec/60" @6.8V 0.08 sec/60° @6V
0.07 sec/60° @7.4V
High Torque High Speed . High Efficiency
Note Encure that the BEC has enough output power|Recommend using 7.4V

lRocommtnd uging 6V
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Appendix B

Flex sensor datasheet

/)

Mechanical Specifications

FLEX SENSOR

Special Edition Length

Features NG

- Angle Displacement Measurement
- Bends and Flexes physically with motion device
- Possible Uses

- Robotics

- Gaming (Virtual Motion)

- Medical Devices

- Computer Peripherals

- Musical Instruments

- Physical Therapy
- Simple Construction
- Low Profile

Electrical Specifications N

-Life Cycle: >1 million -Flat Resistance: 25K Ohms
-Height: <0.43mm (0.017") -Resistance Tolerance: +30%
-Temperature Range: -35°C to +80°C -Bend Resistance Range: 45K to 125K Ohms

(depending on bend radius)
-Power Rating : 0.50 Watts continuous. 1 Watt

Peak
Dimensional Diagram - Stock Flex S
PART LENGTH
73.66 [2.900]
ACTIVE LENGTH
"7 55.37 [2.180] 4‘1
e )

6.35 [0.250] R

How to Order - Stock Flex Sensor

Active Length
FS = Flex Sensor L = Linear 0055 = 55.37mm

How It Works - —

Flat (nominal resistance)

Resistance

ST = Solder Tab

45° Bend (increased resistance)

90° Bend (resistance increased further)

spectrasymbol.com Rev A2 - Page 1 (888) 795-2283



Schematics I

BASIC FLEX SENSOR CIRCUIT:
Vw
[ - -
R —P Vo
VOLTAGE R: -
DIVIDER

i}
IMPEDANCE
BUFFER Vo=V "( 3 )

Following are notes from the ITP Flex Sensor Workshop

"The impedance buffer in the [Basic Flex Sensor Circuit] (above) is a single sided operational amplifier, used with these
sensors because the low bias current of the op amp reduces errer due to source impedance of the flex sensor as

voltage divider. Suggested op amps are the LM358 or LM324."

"You can also test your flex sensor using the simplest circut, and skip the op amp."

"Adjustable Buffer - a potentiometer can be added to the

circuit to adjust the sensitivity range." ¥ ADJUSTABLE BUFFER CIRCUIT

Bend Sensor

Figure 1.1

Figure 1.2

"Variable Deflection Threshold Switch - an op amp is used

and outputs either high or low depending on the voltage of the VY ARMABLE DEFLECTION THRESHOLD SWITCH

inverting input. In this way you can use the flex sensor as a
switch without going through a microcontroller.”

Bend Sensor

"Resistance to Voltage Converter - use the sensor as the
input of a resistance to voltage converter using a dual sided
supply op-amp. A negative reference voltage will give a positive
output. Should be used in situations when you want output at a
low degree of bending."

VREF

Bend Sensor

RESISTANCE TO VOLTAGE
CONVERTER

spectrasymbol.com Page 2

(888) 795-2283
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Appendix C

Potentiometer datasheet

Date: 08/07/08 Ref.#: TW-700187

Potentiometer
31VA Series
31VC Series

ALPHA 31VJ Series

e

M8 x .75mm

Dimensions (In.)
(except where noted)

472
0118 r 4" 0.323
i .e

Mounting Holes

Shaft Shown inO 123
Full C.C.W. Position

Specifications:
Resistance tolerance: +20%

+ Taper: |ine?f(31VAse{ieS: 31VC series), MOUSER [Value| | MOUSER |Value|| MOUSER |[Value]
M aule(SWJ slerleS) v STOCK NO.| (Q) |[STOCK NO.| (Q) [|STOCK NO.| (Q)
g oage: O oo ey 31VA301-F | 1K | [31VC205-F | 500 |[31VJ301-F | 1K
e B 31VA302-F | 2K |[31VC301-F | 1K [[31VJ305-F | 5K
Power Dissipation: éz\\l,vv((';‘uﬁ;t;‘gg) 31VA303-F | 2.5K | |31vC302-F | 2K |[31vJ401-F | 10k
+ Insulation resistance: >100MQ @ 500VDC STVAS05-F | 5K ||31VC303-F | 2.5K ||31VJ405-F | 50K
i f L 31VA401-F | 10K | |31VC305-F | 5K ||31VJ501-F |100K|
+ Minimum resistance: if total R < 2K then <20Q
if total R > 2K then = 100Q 31VA403-F | 25K | [31VC401-F | 10K [[31VJ503-F |250K
if total R > 1m then < 200Q 31VA405-F | 50K | |31VC403-F | 25K ||31VJ505-F |500K
. L 31VA501-F |100K| [31VC405-F | 50K [[31VJ601-F | 1M
+ Rotation life: 15,000 cycles
g i - 31VA503-F [250K]| |31VC501-F (100K
+ Resistive element: carbon composition
. : . o s 31VA505-F [500K| |31VC503-F (250K
« Electrical rotation angle: 285° +5
- . o 4 £ 31VA601-F | 1M ||31VC505-F |500K
* Rotation angle: 300° +5
) X 31VA602-F | 2M ||31VC601-F | 1M
+ Rotation torque: 20~200 gf.cm 31vA605-F | 5M ||31vCe05-F | 5M
+ Shaft stop strength: > 6Kgf.cm/min _ .

Terminals: solder lugs
Shaft length*: .335"(31VA series, 31VJ series), 1.32"(31VC series)
RoHS Compliant

Available from Mouser Electronics WWW.mouser.com (800) 346-6873

Specifications are subject to change without notice. No liability or warranty implied by this information. Environmental compliance based on producer documentation.






APPENDIX D. COMPUTER AIDED DESIGN MODELS

Appendix D

Computer Aided Design models

D.1 Model of the hand




D.2. MODEL OF THE ELBOW

D.2 Model of the elbow
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Appendix E

Source code

E.1 Transmitter code

* Wireless Control of a Robotic Arm (Transmitter Code)

x Date: 06-05-2021

* Written by: Alan Issa & Christos Andreanidis

* Examinor: Nihad Subasic

* TRITA-nr: 2021:42

* University: Royal Institute of Technology, KTH
* Course: Degree Project in Mechatronics, MF133X

* The arduino code written is used to transmit all values
read from flex sensors and potentiometers.

*/

#include <SPI.h>
#include "RF24.h"

RF24 myRadio (7, 8);
byte addresses[][6] = {"0"};

int Vector[7]; //Vector conatining the values of the flex
sensor

//Values read from analog read
int valuel; // (Thumb)

int value2; // (Index)

int value3; // (Middle)

int value4; // (Ring)



APPENDIX E. SOURCE CODE

27l int wvalueb; // (Little)
28| int valueb; // (Wrist)
29/ int value7; // (Elbow)
30

31| //Pin associated with each flex sensor and potentiometer (
number after each pin indicates which body part defined
above)

32|int flexpinl = A5;

33|int flexpin2 = A4;

34| int flexpin3 = A3;

35|int flexpind = A2;

36| int flexpin5 = Al;

37 int wristpin = AS8;

38| int elbowpin = A9;

39
40
41
42|void setup ()
4314
44 Serial.begin (115200);
45 delay (1000);

46
47 //Set up RF module

48] myRadio.begin();

49| myRadio.setChannel (115);

50 myRadio.setPALevel (RF24_PA_MAX) ;

51 myRadio.setDataRate ( RF24_250KBPS ) ;
52 myRadio.openWritingPipe ( addresses[0]);
53 delay (1000);

541}
59
56| void loop ()
571 {
58 // Read all the values from the flex sensor
59|  wvaluel = analogRead( flexpinl );

flexpin2
flexpin3

14

60 value?2 = analogRead ( )
61 value3 = analogRead ( ) ;
62 valued = analogRead( flexpind );
analogRead( flexpinb )
( )
( )

63 valueb = ;
64 value6 = analogRead( wristpin );
65 value7 = analogRead( elbowpin );
66

67 // Enter all the value into the vector
68 Vector[0] = valuel;




69
70
71
72
73
74
75
76
7

E.1. TRANSMITTER CODE

Vector[1l] = value2;
Vector[2] = value3;
Vector[3] = valued4;
Vector[4] = valueb;
Vector[5] = value6;
Vector[6] = value’;

// Send the vector
myRadio.write (&Vector, sizeof (Vector));
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APPENDIX E. SOURCE CODE

E.2 Receiver code

*/

Wireless Control of a Robotic Arm (Receiver Code)

Date: 06-05-2021

Written by: Alan Issa & Christos Andreanidis
Examinor: Nihad Subasic

TRITA-nr: 2021:42

University: Royal Institute of Technology, KTH
Course: Degree Project in Mechatronics, MF133X

The arduino code written is used to control all motors
depending on the values sent from the transmitter.

#include <SPI.h>
#include "RF24.h"
#include <Servo.h>

RF2
byt

//D

4 myRadio (7, 8); //7,8
e addresses[][6] = {"0"};
efine servomotors

Servo motorl; // (Thumb)
Servo motor2; // (Index)
Servo motor3; // (Middle)
Servo motord; // (Ring)

Servo motor5; //(Little)
Servo motor6; // (Wrist)
Servo motor7; // (Elbow)

//D

int
int
int
int
int
int
int

int

efine which pin it is connected to (Note that some are
analog some are digital)
motorpinl = A5; //AL

motorpin2 = A4;

motorpin3 = 2; //DIGITAL 2
motorpind = 3;

motorpinb = 4;

motorpin6 = 5;

motorpin7 = 6;

vector[7]; //Define my vector



E.2. RECEIVER CODE

//Values read from the receiver

int valuel;
int value?2;
int value3;
int valued;
int valueb;
int valueb6;
int value7;

//Used to convert the values into angles

int anglel;
int angle2;
int angle3;
int angle4;
int angleb5;
int angleb6;
int angle7;

void setup ()

{

//Attach all motors
motorl.attach (

motor2.attach
motor3.attach
motoréd.attach
motor5.attach
motor6.attach
motor7.attach

//Make sure all motors are starting at O

(
(
(
(
(
(

motorpinl
motorpin2
motorpin3
motorpind
motorpinb
motorpiné
motorpin7

motorl.write (0);
motor2.write (0);

motor3.write
motord.write
motor5.write
motor6.write
motor7.write

5);

Serial.begin (115200);

delay (1000);

)
)
)
)
)
)
)

4

’

4

~

~

’

4



84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

121
122
123
124

APPENDIX E. SOURCE CODE

//Set up RF module

myRadio.begin();

myRadio.setChannel (115);
myRadio.setPALevel (RF24_PA_MAX) ;
myRadio.setDataRate ( RF24_250KBPS ) ;
myRadio.openReadingPipe (1, addresses[0]);
myRadio.startListening () ;

void loop ()
{
if ( myRadio.available()){ //If a message is available
myRadio.read( &vector, ) ;
the vector sent from the transmitter

sizeof (vector) //Retrieve

//Take out all the values sent from the transmitter

valuel = vector([0];
value?2 = vector[l];
value3 = vector[2];
valued4d = vector[3];
valueb5 = vector([4];
value6 = vector[5];
value7 = vector|[6];

//Convert all wvalues

anglel
angle?2
angle3
angled
angleb
angle6
angle’

if

(angle6>115) {

map (valuel,
map (value2,
map (value3,
map (valued,
map (valueb,
map (value6,
map (value7,

to angles

650,750,0,180);

620,720,0,180);
)
)

14

660,760,0,180
650,700,0,180);
650,750,0,180);
150,360,115,25);
400, 700, 90, 120);

//Make sure that the wrist value

isnt outside of our intervall
angle6=115;

if

(angle6<25) {

//Make sure that the wrist value

isnt outside of our intervall



E.2. RECEIVER CODE

125 angle6=25;

126 }

127

128 if (angle7>120) { //Make sure that the elbow value
isnt outside of our intervall

129 angle7=120;

130 }

131

132 if (angle7<90){ //Make sure that the elbow value isnt
outside of our intervall

133 angle7=90;

134 }

135

136 //Make all motors rotate according to the angles

137 motorl.write (anglel);

138 motor2.write (angle?);

139 motor3.write (angle3);

140 motord.write (angled);

141 motor5.write (angleb);

142 motor6.write (angleé6);

143 motor7.write (angle?);

144

145







Appendix F

Acumen code

//Program name: Robotic Arm Simulator
//Andra program- Simulering

//Date: 2021-03-03

//BAuthors: Alan Issa & Christos Andreanidis
//Examiner: Nihad Subasic

//Course: MF133X

model Main(simulator) =

initially
alphal=0, //The angle between the upper arm and z axis
alphal’=pi/4,
ratel=pi/4,

alpha2=0, //Angle between hand and y axis
alpha2’=0,
rate2=pi/2,

alpha3=0, //Angle between the fingers and the xy plane
alpha3’=0,
rate3=pi/2,

_3D:<) ’
_3DView=((12,-5,9) , (-8,10,-8) ), //Camera View

//Three coordinates will be used the simulation,
//there are 3 simulations

//each simulation uses one set of coordinates
i=1, //The first

j=0, //The second

k=0 //The third



APPENDIX F. ACUMEN CODE

always
//Directly start the first simulation the shoulder rotation
alphal’=ratel,
//0Once the shoulder rotation is done, the wrist will begin rotating
alpha2’=jxrate2,
//Finally the fingers will start moving
alpha3’=kxrate3,

3D = ( //Initiate all the shapes required for the arm

//The base
Box center=(0,1,3) size=(2,1,6) color=black

//The base
Box center=(0,0.5,5.5) size=(2,0.25,1) color=black

//Shoulder joint
Sphere center=(0,0,5.5) size=(0.5) color=blue

//The upper arm

//Which coordinates are in polar form dependent on alphal

Cylinder center=(2.75*xsin(alphal),0, (5.5-2.75%xcos (alphal)))
size=(5.5,0.25) color=red rotation=(pi/2,-alphal, 0)

//Elbow Jjoint that is dependent on the angle created by the upper arm
Sphere center=(5.5+«sin(alphal),0,5.5-5.5xcos (alphal))
size=(0.5) color=blue

//The forearm which is also dependant on the angle alphal
Cylinder center=(5.5%sin(alphal)+2.75xcos (alphal), O,

5.5%x (1-cos (alphal))+2.75xsin (alphal))

size=(5.5,0.2) color=red rotation=(-alphal,0,pi/2)

//The wrist
Sphere center=(5.5*sin (alphal)+5.5xcos (alphal), O,
5.5%x (1-cos (alphal))+5.5«sin(alphal)) size=(0.5) color=blue

//The hand which is also dependant on the angle alphal
Box center=( 5.5+sin(alphal)+6.25%xcos (alphal), O,
5.5%x (1-cos (alphal))+6.25xsin(alphal) ) size=(1.5,1.5,1)
color=yellow rotation=(alpha2,-alphal,0)



//Fingers:
//The coordinates of the fingers will change depending on simulation.

//A lot of trigonometry!

//Index
Cylinder center=
( (i+j-k)*(5.5xsin(alphal)+7.5%cos (alphal))+k* (7+0.5%cos (alpha3)),
(i+3) *(0.65xcos (alphaZ2)),
ix(5.5%x (1-cos(alphal))+7.5*sin (alphal))+
Jx (0.65xsin (alpha2))+k* (0.5%xsin (alpha3)) )
size=(1,0.1) color=green rotation=(i* (-alphal)+k=* (-alpha3), alpha2, pi/2)

//Middle
Cylinder center=( (i+j-k)*(5.5xsin(alphal)+7.5+cos (alphal))+
kx (7+0.5%xcos (alpha3)), (i+]j)*(0.25%xcos (alpha2)),
ix(5.5%x(1l-cos(alphal))+7.5*sin(alphal))+
Jx (0.25%sin (alpha?2))+k* (0.5*sin (alpha3)) )
size=(1,0.1) color=green rotation=(i* (—-alphal)+k* (-alpha3),alpha2,pi/2)

//Ring
Cylinder center=
( (i+3-k)+*(5.5+sin(alphal)+7.5+cos (alphal))+k* (7+0.5xcos (alpha3)),
(i+73) * (-0.25*cos (alpha2)),
ix (5.5% (1-cos(alphal))+7.5*sin (alphal))+
j* (=0.25xsin(alpha2))+k* (0.5*sin(alpha3)) )
size=(1,0.1) color=green rotation=(ix (-alphal)+k« (-alpha3),alpha2,pi/2)

//Pinkie
Cylinder center=
( (i+j-k)*(5.5xsin(alphal)+7.5%xcos (alphal))+k* (7+0.5%xcos (alpha3)),
(i+3)*(-0.65%cos (alpha2)), i*(5.5x(l-cos(alphal))+7.5+«sin(alphal))+
Jx (=0.65xsin (alpha2))+kx (0.5*«sin(alpha3)) )
size=(1,0.1) color=green rotation=(i* (-alphal)+k* (—-alpha3),alpha2,pi/2)

//Thumb :

Cylinder center=( 5.5xsin(alphal)+6.25%xcos (alphal),
(i+j-k)* (1.25xcos (alpha2))+k«x (0.75+0.5*cos (alpha3)),
ix(5.5%x(1l-cos(alphal))+6.25«xsin(alphal) )+
Jx (1.25%sin (alpha?2))+k* (0.5*sin (alpha3)) )
size=(1,0.1) color=green rotation=(alpha2+alpha3,0,0)

),

//The shoulder will continue rotating until the angle pi/3 is reached
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if (alphal>pi/3) then
ratel=-pi/4 //Start rotating in the opposite direction
noelse,

//Once it is back to starting position, stop rotation of the shoulder
if (alphal<0) then

ratel=0
noelse,

//Now it 1s time to rotate the hand
//Polar coordinates will be used once again
//however as a function of a new angle

if (ratel==0) then
i=0,
J=1 //Is used in "center" for the fingers.

//Allows new coordinates to be used
//also allows alpha2 to not be zero
noelse,

//Once the hand is flipped over
if (alpha2>pi) then

rate2=-pi/2 //Chage direction
noelse,

//Once the hand is back at its starting position
if (alpha2<0) then

rate2=0 //let the hand rest
noelse,

//0Once hand is back at original position.
//Start moving the fingers, this is the third and final simulation
if (ratel==0 && rate2==0) then
k=1 //used to change coordinates and activate alpha3
noelse,

//Once the fingers are all inwards
if (alpha3>pi/l1.7) then

rate3=-pi/2 //Change the rotation direction
noelse,

//Once we are back to starting position
if (alpha3<0) then

rate3=0 //Third and final simulation complete!
noelse
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