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Abstract

Humanoid robotics represents an important sub-field of Robotics that has many applica-
tions, such as house assistance, surveillance, medical assistance, dangerous environments,
repetitive works, and rehabilitation. Human joints are difficult to replicate in a humanoid
robot. The available biological models may differ from the real-life robotic models. This
work aims at modeling, building, and controlling a low-inertia, high-stiffness, tendon-
driven shoulder joint. Force and position sensors are integrated for further study of the
system dynamics. A Python-V-REP model of the joint is developed to study the joint
motion and to optimize its design. Also, a Python interface is used to visualize the control
mechanism and to represent the force sensor and magnetic encoder values that facilitate
monitoring and controlling the actuators’ status. We explored the possibility to use EEG
(Electroencephalogram) signals to control the robotic joint, taking into account possible
applications in telerobotics and as prosthesis. A parallel manipulator with three curved
limbs can be used in a humanoid robots as a shoulder and wrist joints. Describing the
kinematics of this type of platform is a challenging process. This work tried also to ex-
amine two methods to find the direct and inverse kinematics of the parallel manipulator.
The successive screw method is applied to one limb of the manipulator with the assump-
tion that the other two legs will follow the first one. The geometric method describes a

change in the height of the manipulator where pulleys are located.
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Chapter 1

Introduction

1.1 Introduction to the topic

Humanoid robotics aims at developing robotics systems that manipulate objects and
move in the environment in a similar way that humans do. Their kinematic architecture
is meant to partially reproduce the mobility of the human skeleton. In most of the systems
developed so far, a sequence of revolute joints is used to reproduce the mobility of complex
articulations present in the human body [25]. For example, the human shoulder represents
a complex mechanism that can apply rotation and translations to the upper limb. In this
thesis work, we want to develop a tendon actuated spherical joint that can reproduce
the behavior of the humerus-glenoid cavity present in the human shoulder. We will also
explore, with a feasibility study, the possibility to integrate EEG signals into the control

architecture to predict the motion [17].

Parallel manipulators can withstand huge loads. One type of parallel manipulator
is the Stewart platform. The Stewart platforms can be used to substitute shoulder and
wrist in humanoid robots. This work will try to solve direct and inverse kinematics
of the Stewart platform that has 12 rotational joints, 4 in each limb. Also, we will
examine the problem of finding the relationship between the end-effector’s position and
orientation. We have also tried to verify direct and inverse kinematics using MATLAB
and the simulation was done in V-REP. Successful implementation of the Stewart platform

with 12 rotational joints would help to make the humanoid robot’s hand robust.



1.2 Importance of the topic

The problem we intend to solve is very important for future applications in the field
of humanoid robotics. An actuated spherical joint will allow the robot to move more
naturally and it also will simplify its design. Since the actuation system will be installed
before the joint, the upper arm will be lighter and therefore capable to move faster and
displace bigger payloads.

The possibility to integrate EEG signals in the control architecture of the artificial
shoulder represents an important research question [2].

Using brain signals to assist to the control of the shoulder motion may be beneficial
for many people who have lost their limbs and need a more natural control of their
prosthetic arm [5] [4]. The system can also be used for teleoperation purposes, facilitating
the operation of an exoskeleton (master-arm). Predicting the motion of the operator’s
arm could be used to reduce the stiffness of the exoskeleton and to allow a more natural

operation [9].

1.3 Terminology

V-REP - is a software used to simulate the mechanical assembly to see how it performs
and to analyze its movements before implementing the movements in real-life so that the
shoulder is stressed bothered too much before its development is finished.

DOF - degree of freedom, characteristics of the movement of mechanical systems.
Quaternion (from Latin quaternion, four) - system of hyper-complex numbers, forming
vector space with a dimension of four on the field of material numbers. It is used to
decrease the calculation amount.

Forward kinematics - the process of determining parameters of connected objects (
for example, kinematic pairs or kinematic chains) for approaching necessary positions,
orientations, and the location of these objects.

Inverse kinematics - we have an end-effector in the case of a tendon-driven joint, and
we aim to find the angles of the joints.

EEG - Electroencephalogram is a way of representing brain data.

URS5 - Universal robotics 5, a family of robot manipulators for research and industrial

purposes.
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PCB - printed circuit board.

KiCAD - software for designing models of PCB designs.

CNC machine - computer numerical control machine for engraving the models of PCB.
PWM signal - pulse width modulation signal.

DRVS8835 - a motor driver to actuate and control the directions of 2 actuators.

1.4 Literature review

This literature review consists of four sections. In the first part, I will only talk about the
design and control of shoulder joints. In the second part, I will discuss V-REP models
that replicate human joints. In the third part, I will talk about the shoulder joints that
are controlled by EEG signals from the brain. In the last section the robotic joint and

systems which use Arduino will be discussed.

1.4.1 Control of shoulder joints survey

In this survey different designs will be compared and opposed to each other, to make
3 DOF tendon-driven shoulder joints robust. In each paper, there is some important
information in torque, force, design specialties, and the most important findings.

Kim et al (2018) [7] emphasize their high speed, safe interaction with their robot with
robotic joints. This is the most important side that will be analyzed in this paper that is
how to make the robot joints move with high speed. In addition to it, low stiffness, and
safe interaction will be considered. This paper contains quaternion representation, for-
ward and inverse kinematics. The key point is to master them and to apply the knowledge
to build a system. So, the mathematics of this paper is valuable. The authors brought
their robot structure to real life and called it LIMS2-AMBIDEX.

The design of our shoulder joint initially was aimed to operate using tendons like
[7] Kim and others humanoid arm’s shoulder joint, however, we will also evaluate other
actuation mechanisms.

Additionally, this paper uses the quaternion representation of the shoulder joint kine-

matics and implements the forward and inverse kinematics.
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Figure 1-1: Modular design and replication human arm which is 7 DOF [6]

Ball et al (2017, August) emphasize the robotic joint’s rehabilitation sides. And the
design of the robotic joint is made especially safe and for rehabilitation purposes, rather

than for experimentation of dangerous works, for example.

Ball et al (2007, September) also emphasize the rehabilitation side and present a
robotic exoskeleton of 5 DOF and this designed mechanical joint is cable-driven. The
value of these two Ball et al’s papers in medical applications is important,the design of
the system is appealing.

Ball et al (2007) represented a planar 3 DOF cable-driven robotic joint which is used to

move shoulder and wrist for rehabilitation purposes.

Buongiorno et al (2018) [3] discuss the application of their tendon-driven differential
transmission mechanism for the rehabilitation. It is important to know how differential
transmission is used for this purpose. It is a bit unintuitive, but not rare in this domain.

These authors developed a prototype which are worn by users.

Jiang et al (2019) present [6] their modular design and the replication of the human
arm which is 7 DOF. It is more difficult to replicate a holonomic redundant system . So,
it is particularly interesting to understand how this mechanism works. In the paper, it
is unclear if they implement a real prototype.

Jiang et al (2019) also designed a tendon-driven 7-DOF cable-driven humanoid arm.

All the papers above represent application papers. In most of the them the concepts

are proven in CAD.
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Kim et al (2018) Shoulder: 4.17 kg | Small size ( not ~5+ ~12 in one ~6 sensors for
enough shoulder or wrist | shoulder (10-15
information) joint sensors for whole

robot)

Ball etal (2017, No information No information ~5+ 4+ No information

August)

Buongiorno etal | ~4.7kg (WRES + | Standard man’s ~3+ 3+ 6+

(2018) driverbox) wrist side hand
size

Jiang et al (2019) | No information No information ~3+ 6+ No information

Ball etal (2017, 115 kg (Actuators | exoskeleton ~5+ 5+ 3+

September) and exoskeleton

)

Folgheraiter and | ~2.4kg Radius ~ 140mm |4 3 7 (3 force, 4 3

Otarbay* (planned and the height is magnetic

to send for about 300mm encoders)

publishing in

2020-2021)

Figure 1-2: Survey results

Folgheraiter et al (2019) [21] focus on the implementation of Cartesian and joint space
control modalities in a teach pendant. The paper is important as the propositions can
be used to make the interface of our 3-DOF tendon-driven shoulder joint. This is our
previous year’s work and we want to add a page that controls our 3 DOF shoulder joint to
the teach pendant GUI. Eventually, this pendant can control the whole NU-biped robot.
This paper has its theoretical proofs, CAD model, and real device. Automation of the
device was implemented using Python modules such as matplotlib, NumPy, scipy in the

back end. And as a front end uses a Python Tkinter module.

Another method of assisting the human shoulder is using exoskeletons [28] is a survey
paper where 71 neuro-controlled exoskeletons. The authors state that the exoskeletons
mostly found usage in the military and for rehabilitation purposes. The most accepted
exoskeletons are the passive ones. The people who mostly required such exoskeletons are

suffering from cuts in the upper and lower limbs.

In [19] the authors present a functional system for an arm of a robot to increase the
speed of the robot. The functional system looks like a PID control and the arm for which

the authors try to develop its algorithm is actuated by stepper drives. They analyze
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the transfer function of the system and they found an equation of the movement of the
shoulder joint in the robot. They also present a regulator for the system which is based
on quasi-optimal control. They also suggest an algorithm for quasi-optimal control which
is similar to a control-block architecture where it has a beginning, end, derivative finding

part, and optimal control part.

A simplified optimal control to understand the foundation of usage of this kind of
control was suggested by [31] where the paper’s mathematical side is very important and
could be used if we decided to improve the speed of our shoulder joint for a humanoid
robot. In this work author tries to stabilize the speed of the angle of robot-manipulator.
However, the work was designed to explain the concepts of the optimal control and it
may not be so much precise compared to similar works. More accurate result can be
obtained in a case if some random leaps are added to the phase trajectory. The results
obtained are not so much new for this field, but just supplements to the theory of optimal
control of stochastic systems of differential equations in cases of discontinuities of phase

trajectories.

A paper written by [24] focuses on controlling a robot-manipulator both by traditional
way and by applying fuzzy logic, also they present a Matlab simulation of this kind of
robotic manipulator. This means that the suggested solution could be considered as
a hybrid model. The necessity of such way presents a concrete scientific and practical
interest as they state in the conclusion as long as compared with methods based on only
traditional algorithms of control this method is more adaptive and allows to reach the
required accuracy when changing the parameters of control, to shrink the volume of the

produced calculations and to increase the speed of the control system.

Identifying deformations using Solidworks is also an important part when making a
humanoid robotic joint. [12] present such analysis for 3 shoulders of a robotic manip-
ulator which is intended to be similar to a FANUC R2000iB robot. So they design a
model in Solidworks and test it for deformations. The authors also show and discuss the
architecture of the control with a microcontroller which they developed in their project.
In this paper additionally, the electric schematics can be found. Finally, they bring the
experimental model to life and test it. One more important part is that they present a

geometric method to find the inverse kinematics of their manipulator at the end.

The authors in [22] present a wheeled robot with a humanoid face. But, the shoulder

14



of the robots is differentiated from the humanoid shoulder. The height of the robot is 120
cm, for the face and emotions the authors use LED. They optimize the printing process
using 3D extruder for this robot. The robot is adapted for a presentation and initially
was dedicated for presentably assisting purposes. Authors are mostly concerned with
designing the heads, faces, and the shoulder of the robot.

Summary Six publication were compared and contrasted 1-2. Ball et al [1] presented
relatively robust and rehabilitation aimed exoskeletons. Tendon based actuation is com-
prehensive and a bit more robust for shoulder or wrist joint substitute purposes. Like
some of the works we reviewed here, we are also going to apply the simulation techniques

for the shoulder joint before we test each of the movements in the real prototype.

1.4.2 V-REP models that replicate humanoid joints

[27] discussed a spherical joint actuated with 3 motors, 6 gears, and 6 revolute joints.
The design is unique and it has simulation results such as angle and unique unit vectors.
Link collisions are detected by built-in CoppelliaSim and the V-REP is connected with
MATLAB to implement the model control. The V-REP model was verified using a
physical model in real life.

[20] describes a soft robotic limb that is bent when a light source is received by
the sensor. This soft robotic limb is also tendon driven and it also has both V-REP
and physical model verification. The mathematical part is useful, especially the V-REP
programming part was helpful to adapt it for our shoulder joint.

For the V-REP model workspace [29] analyzed important kinematic calculations.
They suggest some systems of equations to determine the workspace of the robot. Accord-
ing to the authors, the obtained equations allow not only to determine the coordinates of
the output but also inversely to determine the constructive characteristics with the given
parameters of the workspace of the delta-robot.

Adaptive control for robot manipulator is presented by [23] where the author focuses
on Puma-560 and inverted pendulum. State-space is used in dynamic control and in
stabilizing the system. He also suggests a PID control for this system and the graphical
output after applying the PID control. According to the author compared to the neuro-
controller the adaptive control in a wide range of mass and length of the shoulder joint

allows some installed accuracy, by giving required change of the angle of the manipulator
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Figure 1-3: BCI-controlled-UR-manipulator [10]

as output .

1.4.3 Shoulder or robotic grippers that are controlled by EEG

signals from the brain survey

In the [8] work written by Abidullaev (2020) and colleagues, the robotic arm URS is
controlled using EEG signals acquired from the brain. The accuracy of classification to
control left and right or up and down movements achieved for 7 different subjects is about
75.9% on average. This is a bit lower than what is required for real-time control and also
makes the subject tired, so this makes this control mechanism not so practical.

Luu et al [18] present EEG signals from the brain to make a walking avatar. For
that, they get EEG signals from the cortical part of the brain. The used dataset is EEG
obtained from 64 channels for 100 Hz. It is useful for my research even though it is for
walking, the general structure uses the EEG signal from the brain.

The following is an application of EEG robotic arm control using a direct brain interface.

Fu et al [15] presents an EEG control mechanism for shoulder-elbow joint by focusing
on ERD for stroke survivors to assist them. One of the important parts of this research
is noise rejection which we can apply in my research. They reject noises from the scalp
and facial muscles.

In [13], the authors implemented EEG integrated with 9 DOF shoulder joints. I re-
viewed the work of Folgheraiter et. al. implementing a 9 DOF exoskeleton that controls
the control system is modulated with the EEG signals. These are used to predict 300 ms
in advance the intention of movement of the user and trigger the exoskeleton actuation
system. This design suggests a robust electronics and safe design for its software. The

voltage and the power of the hardware are also safe, thus it is highly unlikely to harm
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b)

Figure 1-4: Folgheraiter et al EEG based BCI to predict motion [21]

the human subject. This research represents teleoperation-based software-hardware parts
and a movement prediction technique which is one of the important parts of the research

that is related to my thesis work.

Bhagat et al [10] show a feasibility study of an asynchronous EEG-based BMI for a
chronic stroke. Although this method is slightly different from the method we are going
to use, but it is more or less related to its general structure. This research uses combined
EEG and EMG to assist the subjects’ movements. Fixation is also used in this research

to determine the subjects’ intentions.

1.4.4 Robotic joints and systems using Arduino and teensy mi-

crocontroller

[11] examines the ways to control the robot with different software. The robot’s system
can overload and run for a long time, so the programming language should be as compact

as possible. To do this, the language focuses on the limb.

[30] examines the ways of using robotic systems in welding. The researcher found 4

different Arduino systems and used one of them to build his robot for welding.

[14] examines a rehabilitation system with the help of robots. Evaluates the effec-

17



tiveness of this method. This robotic system including 4 different methods which are
called designed as brain-computer exoskeleton brushes is more efficient than traditional

methods of rehabilitation.

There are 4 different stimulation frequencies that were used in the experiment of
SSVEP based BCI in [16]. Since the objective of the original paper, by [16], was aiming
for the versatile algorithm. [16] gets participants through the offline event. The result of
the paper suggested very high accuracy, 256 sampling rate may be good for the points.
Like "We get high accuracy with even 256 Sample rate'. For 53 subjects, the experiment
had about a general average of 95.5%.

[24] focuses on controlling a robot-manipulator both, by traditional and by applying
fuzzy logic, also they presented a Matlab simulation of this kind of robotic manipulator.
That means they suggested a solution that could be considered as a hybrid model. The
necessity of such way presents a concrete scientific and practical interest as they stated in
the conclusion that as long as it is compared to methods based on only traditional control
algorithms this method is more adaptive and allows to reach the required accuracy when
changing the parameters of control, to shrink the volume of the produced calculations
and to increase the speed of the control system.

Identifying deformations using Solidworks is also an important part when making a
humanoid robotic joint. [12] present such analysis for 3 DOFs shoulders of a robotic
manipulator which is intended to be similar to the FANUC R2000iB robot.

So they design up a model in Solidworks and tested it for deformations.

The authors also show and discuss the architecture of the control system with a
microcontroller which they developed in their project. In addition to it, the electric
schematics can also be found in this paper. Another important part is that they present
a geometric method to find the inverse kinematics of their manipulator.

The authors in [22] present a wheeled robot with a humanoid face. But, the shoulder
of the robots is different from the human shoulder. The height of the robot is 120 ¢m, for
its face and emotions the authors use LED. They optimize the printing process using 3D
extruder for this robot. The robot is adapted for presentation and initially was dedicated
for assisting purposes. Authors are mostly concerned with designing the heads, faces,

and the shoulder of the robot.

For the V-REP model workspace, [29] gives some idea and also the kinematic cal-
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culations. They suggest some system of equations to determine the workspace of the
robot. According to the authors, the obtained equations allow not only to determine
coordinates of the output but also inversely to determine the constructive characteristics

with the given parameters of the workspace of the delta-robot.

1.5 Knowledge gap (What is missing?)

Most of the researches that we listed in the literature review are not employing a spherical
joint in the shoulder, but a sequence of revolute joints [25]. The payload is generally
limited, especially in tendon-driven systems. Different systems are also not accurate or
report just simulated models. Very few examples are available of integration of EEG
signals in the control architecture. This research aims to improve the design of Kim et
al’s (2018) that is based on the usage of 3D printed parts.

The mechanical design and the electronics part represent the core of my thesis.

1.6 Problem statement

Part of our research is focusing on measuring the shoulder activity in a dynamic interface.
We can measure three dynamic force sensor values and four magnetic encoder values where
each of the magnetic encoders are attached to the actuators and each of the force sensors
are attached to the shoulder parts where we can measure the forces to scheme or CAD
of the force and position sensors. After this, we will focus on the V-REP simulation part
to investigate how the shoulder joint performs in the virtual simulation so that to spare
the real prototype.

Figure 1-5 represents the change of L in the shoulder joint for the older version of the
prototype:

Direct and inverse kinematics of the Stewart platform with rotational joints and curved
limbs need to be solved and verified algebraically and geometrically using MATLAB, the
CAD, and simulation platforms.

The main problem is to identify the relationship between the end-effector’s position
and orientation and the sensors length. The challenge of solving the dynamics problem

is to make sure of its correctness and its coherence with the theoretical calculations.
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Figure 1-6: the Stewart platform with rotational joints

1.7 Potential impact

It may bring many benefits to our country in terms of science, economics, technology,
and society. This research project allowed to look deeper to shoulder joint construction.
Through it the effective design, brain-computer interaction, connections to device was
researched. With this work robot start to have new challenges and chances, new features
and programs. Limb can roll on both sides and be fixed under some degree, it controlled
by touch-pad and program was made with simple control. This work prepared me for

more difficult tasks.
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Chapter 2

Design and implementation

As a preliminary work, firstly I have tried to make calculations for the shoulder joint and
find the distance change between the fixed and moving part of the shoulder joint. Then, I
made a control mechanism where I coded in Teensy 3.6 and Python the simulated model
for the older version of the shoulder joint. Then, I have made a KiCAD model to engrave
the PCB for the shoulder joint.

I designed a V-REP model for both of the two versions of the hardware and implemented

the required constraints.

2.1 Mechanical design (Computer-Aided Design)

The model of the shoulder joint was drawn, designed, realized and assembled. Figure
2-1 represents the cad model of our shoulder joint. Solidworks was used to design the
prototype and to conduct the first simulations. This way, It was possible to do a detailed
design with reduced number of iterations. After the VREP model was implemented, the
constraints such as max force, motor speed, torque were integrated in the V-REP model.
The angular constraints or the maximum and minimum angles reach of the bend are
pitch - 90 degrees and roll - 60 degrees. These are the angles at which the shoulder can
rotate. 2-1 shows the views of shoulder joint assembly in Solidworks with 180 degrees
curved legs hj., = 60mm. Each leg makes 180 degrees of a curve from the base to reach
the platform. The three limbs of the shoulder joint are separated at 120 degrees from
each other.

The symmetric orientation of the platform compared to the base makes 60 degrees.
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Parts of the SPM | Material type | Approximate in axis, mm dimensions | Quantity
X axis Y axis 7, axis
Base part PLA 140 140 8 1
Curved leg Metal 40 10 90 3
Universal joint | ypoo) 10 10 30 6
(plastic)
Tendon wire platic tendon | 1 1 150 3
Circular Platform | PLA 140 140 50 1
Manipulator PLA 65 20 110 1
hanger
Aluminum Aliminuim | 300 20 20 1
extrusion
Clamps PLA 10 60 50 2
motor pack PLA 140 140 45 1
pulley Stainless steel | 10 10 3 3
Shaft pack PLA 25 25 30 3
Motor holder PLA 140 140 3 1
Motor metal 38 38 75 4

Table 2.1: Parts of SPM

The 2.1 consists of shoulder joint part materials, approximate dimensions, and their
quantity. The CAD model is as good as the actual 3d printed shoulder joint.

Figure 2-2 demonstrates how tendon actuation in our shoulder joint works. The yellow
one which is the tendon is rotated to the head of the actuator. So, when an actuator is

rotated clockwise and anticlockwise, the tendon is tightened and loosened.
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Figure 2-1: a) Views of the shoulder joint in Solidworks that resemble the functionality
of the articulatio humeri assembly, b) Shoulder joint bent to the target position.

Figure 2-2: Tendon actuation
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Figure 2-3: Circuit schematics design in KiCAD

2.2 Electrical design

Together with the mechanism of the shoulder joint also the electronics was developed.

Picture 2-3 shows the schematics of the circuit of the mother-board that reads the
sensory information, control the actuation system and communicate with the PC where
the GUI is running.

Figure 2-5 reports the KiCAD PCB of the mother-board where all the necessary
electronic components and the additional electronics boards can be mounted. The PCB
was built to reduce the amount of required wires to connect to the sensors and actuators.
Almost all of the footprints and schematics were designed by the author of this document.
I created the PCB using a CNC machine and after, to avoid the presence of short circuits,
I tested all the connection on the PCB with a multi-meter. The KiCAD model is flipped
for all components which allows checking the Teensy 3.5 pins easily by looking at its
numbered side. This is one of the unusual sides of the design. However, this does not
affect the functionality. Also, the reset button of Teensy 3.5 can be used in implementing

some control function.
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2.3 Manufacturing and assembly

Figure 2-6 shows the built prototype of our tendon-driven joint which is intended to
replicate the functionality of the human’s shoulder joint. At the moment it is limited to
2 DOFs as long as we are using only 3 tendons. However, it can be extended to include
3 DOFs if we implement the YAW rotation using an additional motor whose shaft can
pass through the center of the joint. Each of the three actuators winds the tendons and
thread through holes of the platforms. And the next end of the tendons is fixed to the
moving platform. The angle between each tendon is 120 degrees. There are included two
rotary encoders for a real-time (with Teensy constraints) testing of the shoulder joint
motion manually. These 2 rotary encoders send signals to the DRV8835 motor board to
control the speed of the motors in forward and backward directions. One rotary encoder
was initially to control motors 1 and 2. Using the switch integrated in the rotary encoder
it is possible to stop the motor, reverse the direction and switch from motor 1 to motor
2. The second rotary encoder does the same thing but for motors numbers 3 and 4 (not
used) in the prototype. There are 2 motor driver boards, 1 motor driver is for motor 1
and 2 and the second motor driver is for motor 3 and 4.

The prototype includes also 3 force sensors in order to measure the tension on each
tendon. These force sensors F1, F2 and F3 are calibrated with a calibration factor of
-70.0, -700.0, -1000.0 correspondingly and this is somehow equivalent to measuring the
mass of real objects with some weight limit. These force sensors are working in parallel
with the rotary encoders and motor drivers. There is a 1-2 seconds delay when the force
sensor sends its value to the serial monitor, this is probably because there are 7 sensors
and 2 motor drivers and 2 rotary encoders working at the same time and each of them
writes data on the serial monitor. But this can be improved optimizing the code.

Also, 4 magnetic encoders sense the rotation of the actuators in clockwise and anti-
clockwise directions and send them measurement to the Teensy as a PWM signal. These
encoders count relatively precisely when not mapping their output, this means that these
magnetic encoders work as non-calibrated more precisely. Their signal ranges from 0 to
1000 and it works well, showing the counts of the revolutions when the motor rotates.
But, we mapped 0 to 1000 signal to be 0 to 360, so that we could associate with a real
circular motion. However, at first we saw some jump in the measurement. However, this

problem has been solved by removing the delay during reading the encoder. This, on the
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Figure 2-6: Proof of concept for a 3-DOF shoulder joint (only two actuated) realized in
PLA.

other hand, works very smoothly when we do not map the magnetic encoder signal and
leave it to be 0 to 1000. Also, these magnetic encoders work simultaneously with 3 force
sensors and 2 motor drivers, and 2 rotary encoders. This all happens because of Teensy’s
all pin interrupts capabilities.

When 3 tendons work in parallel, in order to have motion, the force that is applied
to the actuated tendon should be opposite compared to the other two tendons that have
to loosen/tighten. (At this point the tendon simulation is not scripted, but controlled
by Newton’s laws). In the physical simulation, by using the Python program, each
button was programmed to make the 3 motors work at the same time. To make the best
movement, it was decided to make all tendons tightened at first, and coordinate them
according to the motion we wanted to realize. While the joint is moving it is necessary
to avoid the situations whee tendons exceed their force limits or loosen too much.

In Figure 2-8 the motherboard is represented. It includes the micro-controller, the
motor boars and all the wires necessary to connect the force sensors and the position
encoders. Up to now the interface works as expected and can control the shoulder joint.
The PCB plate contacts have been tested with a multi-meter to detect short-circuits
or discontinuities. The motor boards and the Teensy 3.6 were mounted using male &
female connectors in a way to easily substitute them if required. In particular, the female
connectors where soldered on the mother-board while the male connectors on the Teensy
3.6 and the motor boards. After seeing that it is working as expected, each component

was soldered one after another and the correct integration with the Teensy 3.6 verified.
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Figure 2-7: Concept explanation [4]

Figure 2-8: Motherboard which incorporates a Teensy 3.5, force sensors amplifiers, motor
controllers, and rotary encoders.
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2.4 Software part and GUI to control the joint

The motors can be stopped at any point as long as we are using threads.

When running the Python interface code, see figure 2-6, an updated interface can be
seen. When the gauge is rotated and the actuator is chosen; for example the actuator 1,
then if we click the button the PWM duty cycle value is send to the microcontroller. The
tendon which is attached to actuator 1 gets loosened or tightened depending on which
direction the gauge is rotated. This logic is the same for actuator 2 and actuator 3. Also,
the indicator lamps show the color green if the corresponding actuator is actuated. The
interface can also read the force sensor values instead of reading the position encoder
values. The position encoder values can be read by default. The actuators can be turned
off in case of an emergency using one button, so all the actuators shut down immediately.
Also, the table below shows the values of position encoders or force sensors. The dynamic
graph represents the position encoder or force sensor values while they are changing
dynamically depending on time. The table values also correspond to this time. The 2nd
or 3rd actuators can be activated at the same time, but it is recommended to be careful
with the mechanical limit of the shoulder so that the tendons’ or PLA components’ lives
do not get shortened.

The dial in the interface is used to represent the negative and positive values from
-100 to 100. The button "send the value' is used to send the values in the dial. "Turn off
the actuators" is used to turn off all the actuators. "Actuator 1" actuates actuator 1 and
deactivates it back. "Actuator 2" actuates the actuator 2 and deactivates back and so on.
And the red indicator is turned on when one of the actuators is activated. The graph
for the encoder represents the corresponding position values received from each of the
magnetic encoders that are installed over the head of the actuators such that the encoder
can increase or decrease its values depending on the direction of the motor rotation.

Figure 2-12 depicts how commands are encoded to be sent to the micro-controller
from the Python graphical interface. The serial port is used as a connection between the
Python interface and the Teensy 3.6 micro-controller. Integers are converted to bytes and
send to the micro-controller to activate functions, they allow reading and writing data
from and to the micro-controller.

For example to run motor 3 forward with 0.5V:
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Figure 2-10: Example of an interface to manage the spheroid joint (the graph shows the
force sensor measurements)

0:0[1:0]2:03:50|4:0]5:0(6:0|7:0|8:0]9:253]

3-motor stop:

0:0[1:0]2:0(3:-1|4:0|5:0|6:0{7:0|8:0|9:253|

stop all:
0:-1/1:0]2:0/3:0]4:0|5:0|6:0{7:0/8:0(9:0|

We had to rewrite most of our code since the program was not working as expected,
specifically it could not process one byte at a time to send both force sensor and position
encoder data from the Python interface to the micro-controller and back. And it needed
some delay to start reading sensor data, also there was a delay to send the last position
data to Arduino from the file. In this case, the measurements were not accurate, motors
started to work before reading data. To make everything working at the same time, we
had to send commands in one line, and process it first, only then start everything at loop
without delay. Also, the program was optimized to have less code. It was not suitable to
use string library in Arduino IDE, so we used C implementation using char array.

The main of Program:
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command line from Python to Arduino Board:

0:0|1:0|2:0|3:0|4:0|5:0|6:0|7:0|8:0]9:253|
to switch off ! S option to read sensors
all motors value for motors last recorded value 253 - Magnetic Encoder & Forse Sensors
of motors 254 - Magnetic Encoder

255 - Forse Sensor

Figure 2-12: Command codes from Python to Arduino

When working on program of sending commands to Microcontroller and reading real-
time data from it, two main obstacles were encountered. Commands, at first, were sent
byte by byte, the internal loop in Microcontroller read each byte and processed it with
some programmed delay. And then send sensor data also with some delay. Even if delay
was very small, bytes that were send as a command information and bytes that were read
and processed not only suffered from lag but also was prone to interfere with each other.
Better decision was to organize one command for controlling motors and fetching specific
data. Below is an example, value for motors are power from 0 to 120 (255 is maximum,
but only 1 motor can run with such power. Since each motor driver controller 2 motors,
we could potentially operate 4 motors in parallel sending signal values less than 127).

Example to run the second motor: 0:0]1:0]2:70(3:0(4:0|5:0|6:514|7:0|8:0|9:255| the sec-
ond motor PWM (Pulse Width Modulation) value is 70, last saved position is 514 degrees
(which was set to maximum, it means motor previously rotated to its maximum to the

right), 255 is command to read both Magnetic Encoder and Force Sensor at the same
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Figure 2-14: Stop thread

time. Such a solution allowed the micro-controller to parse the input and then start
running the motor and reading the sensor data almost at the same time, e.g., without
delay. Here is an example to stop all motors: 0:-1]1:0/2:0/3:0|4:0/5:0|6:0|7:0|8:0/9:0| To
stop only the second motor: 0:0[1:0]2:-1]3:0]4:0|5:0/6:0|7:0/8:0|9:0] The second problem
was that when reading from Serial port real-time data, the Main Program was busy, and
GUI was not responding. So that decision was made to create 4 threads to each motor.
Maybe it was to some extent more than necessary cause there is only one Com Port for
reading and sending data, but it made each process less dependent on each other. Here is
an example of creating 4 threads when the Main Program is initialized, also notice that
worker and thread objects of PyQt5 are not deleted to be able to start process again if

we send a new command.

Also, before sending command to stop a specific motor or to stop all running motors,
we must be sure that the Com Port is not busy, e.g., the respective thread of fetching
data from the sensors is properly stopped.

And while pressing the button:

The main program is so organized, that pressing GUI buttons and accessing GUI Dial

object, participate in creating command line self.cmd.

Figure 2-15: While pressing button
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Figure 2-17: V-REP model updated, set angX=15 and angY=15

In addition other fields were added to the GUI, thus AngX and AngY, to control also
the V-REP model.

For example, in this case, we set angX=15 and angY =15 we can see the corresponding
rotation:

These are the first and second page of the GUI and it is working as expected:

2.5 Force and position control with updated design

The following is the tendon length and position or angle relationship 2-20.

Right now the motor rotates from -514 to 514 degrees. It takes approximately 3
rotations. There was one challenge, when we were reading encoder and force data, we
could not send a command to stop the motor. It was solved by reading input every 7

iterations from the micro-controller and making 4 separate processes (threads) in Python
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0.14m

Initial position to start measurements (fully stretched)

Figure 2-20: Position or angle relationship

Position, voltage, time and number of rotations

60

30

Figure 2-21: Position, voltage, time and number of rotations

for each motor to fetch data. Also the button "set 0" was added. When the motor is
installed in default position, this button refreshes configuration file to pos:0[0]0[0].

The figure below 2-22 shows the position and force control scheme.

As you could see from figures 4-10 and 4-11 it is starting from the saved value in the
control text file. The encoder decrements according to the direction and then increments

from that point. It can also be calibrated now.

Table 2.2: Position voltage-time and number of rotations

volts (approx) | sec | 1 degree/sec | N
0.40 45 | 8 5)
0.45 32 | 11,25 4
0.50 29 | 12,4137931 4,027778
0.55 % | 14,4 3819444
0.60 22 | 16,36363636 | 3,666667
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Figure 2-23: Position is saved on a text file
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Chapter 3

Articulatio spheroidea model and

simulation

3.1 Detailed design of three degrees of freedom ma-
nipulator

The kinematic architecture of the shoulder joint is presented in figure 3-1. It consists in
three legs that connect the fixed platform to the moving platform. Each leg has a RRRR

kinematics, thus a sequence of four revolute joints.

0: Fixed base

Figure 3-1: Architecture of parallel kinematic mechanism with rotational joints.

If we indicate L as the numbers of independent loops in the closed kinematic chain,
n=11 the number of links including the fixed and moving base, and j=12 the number of

binary joints. Using Euler equation:
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L=j—n+1 (3.1)
L=12—-114+1=2 (3.2)

And for any parallel manipulator the number of limb:

m=L+1=2+1=3 (3.3)

In this special manipulator the DOFs are three and therefore they differ from the number

of limbs. Therefore Gliibler criterion does not apply.

3.2 Kinematics for the primary limb

For this parallel manipulator, w.=47.44mm, [.=109.25mm, hy=128.32mm. If we consider

Figure 3-2: hq is the distance between the platforms, [. is the length of the limb,w, is the
distance between the limbs

each leg as an open kinematic chain we can use the screw method to formalize the forward

model. Starting from a reference frame we can define the four screws as the table 3.2.

Si Soi

1,0, 0) (ap,0,0)
07 17 O) (a07 Oa (11)

5 O) (ao, O, aq + CLQ)
) | (ag,0,2a1 + as)
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y s1

Figure 3-3: Screw method

Note, here we use a notation: sf = s and cf = c.

associated with each of the four screws are, Ay, Ay, A3, and Ay:

The transformation matrices

10 0 0
0 cCiT —851 0
A = (3.4)
0 s ¢ O
o0 0 1
[ Co 0 So CLO(SQ — 1) — 1592
0O 1 0 0
—S82 0 c1 —agSs + (a1 + ag)(SQ — 1)
0 0 0 1
c3 0 s3 ap(s3s—1)— (a1 +az)ss
0O 1 0 0
Ag = (3.6)
—S83 0 C3 QapS3 — (a1 + (12)(83 — 1)
0 0 0 1 |
10 o0 0 ]
0 ¢4 —s —(2a1 + a9)s
A, = 4 4 (2aq 2)S4 (3.7)
0 S4 Cy <2CL1 + CLQ)(]. — 84)
00 0 1 |
Ay = A1 A3A3A, gives us the transformation matrix associated with the compound
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SCrew..

a11 Q12 Q13 Px

Q21 Q22 (23 Dy

(3.8)

@31 a3z AaAs3 Py

Pz = Sa(apss — (a1 +az)(s3—1)) — sa(a1s2—ap(sg—1)) +ap(s3—1) — so_3(s4—1)(2a; +as)
(3.9)

Py = s152(a152 — ag(ss — 1)) — s1(ar + as — apss) — s154(2a1 + az) — (54 — 1)(s15253—

$25381)(2a1 + as) — s251(apss — (a1 + az)(s3 — 1)) (3.10)

P, = s1(a1 + as — ags3) — s1852(a182 — ag(sz — 1)) + (s4 — 1)(818283 — $18283)(2a1 + az)

—8481(26L1 -+ CLQ) + Sng(aoSg — (CLl —+ CLQ)(Sg — 1)) (311)

3.3 Single Limb Inverse Kinematics

The inverse kinematics for one limb of the shoulder joint is the same as for the other
limbs. Applying the DH method, thus multiplying left and right side of the matrix equa-
tion by the inverse of the elementary transformations matrices we can solve for the four

joints angles.

p = A1AA3A4p0 (3-12)

ATAT D = A Agpo (3.13)
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—_

Uy =

o

e}

u = Rl RQ Rg R4U0

u
4 = —tanb,

Uy

0, = —atanQ(@)
Uy
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(3.14)

(3.15)

(3.16)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)



By equating

AT ATTp
and
AzAy
using MATLAB results:
T i \@(pysl + p.s1)
04,1 = —— — arcsin( )
4 2(2(11 + CLQ)
using MATLAB results and
04,0 = Sm + arcsin( \/g(py& il p281))
P2y 2(2a; + as)
Uy = C2-3

Sg_g3 = +y/1 —u2

0y_3 = atan2(£y/1 — u2, u,)
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(3.20)

(3.21)

(3.22)

(3.22)

(3.23)

(3.24)

(3.25)



023+ 0213 = atcm?(i\/q7 Uy) £ W

20, = atan2(+£y\/1 — u2, u,) & \/u2 + u?

atan2(d\/1 = w2, up) +/u + u2

021 = 5
. atan2(im, Ugy) — \/m
22 =

2

O3-3 — ba13 = atanQ(im, uy) £ \/m

—203 = atch(j:\/m7 Uy) + \/W

atan2(£4/1 — u2, u,) + /u2 + u?
g, _ an2Ey1 — b ) & g ol

-2

azfcm2(i\/q7 ug) + \/m

-2

051 =
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(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)



atan2(£4/1 — u2, u,) — y/uZ + u? (3.34)

s = =

3.4 MATLAB simulation of PM

We have simulated one limb of the parallel manipulator in MatLab as it can be seen in the
figures 3-4 and 3-5 . When one leg is moved the other two legs will follow. By changing
the angle of the first two joints in the first leg it is possible to change the position and

orientation of the end-effector, thus the parallel structure has only two DOFs.

Figure 3-4: MATLAB simulation of PM, the first leg is bent § (¢ angle) and therefore
the moving platform is bent § (¢ angle)
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Figure 3-5: MATLAB simulation of PM, the first leg is in the base position

3.5 Inverse Kinematics Planar Case - Geometric Method

Formulation of dependency

Figure 3-6: Formulation of dependency

tg(V)ye = xe — ho * tg(1) (3.35)
to(v) = 5 (3.36)
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r=x.* sin(y) (3.37)

6 k
sin(z) = — (3.38)
2
6
k= % + sin(3) (3.39)
Eﬁ> pe (Xe,¥e)
Circle
w )
K oo x
Figure 3-7: Geometry of movement
Figure 3-8: Geometrical solution attempt for the one limb adapted from [7]
20=Tq=[f+Sy*xm+s3n— f (3.40)
Tog =Yg =S1 %N+ Sy %k (3.41)
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home position

Figure 3-9: Geometrical solution attempt for the one limb adapted from [7]

Yo = Zg = C4*N+Coxm—+8S3*n—+cy*xk (3.42)

3.6 Inverse Kinematics of the Shoulder Joint

Figure 3-10 shows the kinematic model of the shoulder joint that is made up of a moving
platform, fixed base, and a central limb that allows a rolling motion. The moving platform
is considered as spatially oriented, thus, it will be analyzed as three extensible limbs
connected to the moving platform at points B; and the fixed base at points A;. Pulleys
across the platform can be used to vary the lengths L of the robe to control the motion
of the moving platform.

For analysis, two Cartesian coordinate systems O(zo, yo, 20) and E(x1,y;, 21) are at-
tached to the fixed base and moving platform respectively. The origin of the platform is
chosen to be at the center of an additional limb. The transformation from the moving
frame E to the fixed frame O is described by a 4x4 transformation matrix °T%. The
initial orientation of the moving frame E coincides with the fixed frame O and the final
displacement is obtained by performing a rotation of an angle ¢ about the z-axis, followed
by a second rotation of g about the y-axis, followed by a translation of a quantity h along

the z-axis, a rotation of g about the y-axis and finally a rotation of an angle —¢ about
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Figure 3-10: Geometric representation of our shoulder joint, adapted from [7]

the z-axis. The resulting transformation matrix is given by equation 3.43, [7].

Ty = Ra(0) Ry ()T.(h) Ry () el ~0) =

1-202(9)S%(8))  —25(26)S%(9)  C(¢)S(0) hC(9)S(

~25(20)S%(4) 1 -25%(¢)S%(4) S(6)S(0) hS(#)S(%)
—C(6)S(6) ~S(¢)S(0)  CO)  hC(©)
0 0 0 1

“(

If we assume that the position vector a of point B; is given by

T
EB. = |p,

(2]

b.

Ty

bi., 1

Then the position of the moved vector with respect to the fixed frame O is

OB, =° T «¥ B;

(3.43)

(3.44)

(3.45)

Knowing the extremities of the tendons as the point vectors ©B; and © A; it is possible

to calculate the length of each tendon i as ||[9B; —© Aj]].

49



3.7 3D design components of PM

The 3D design of the parallel structure is shown in figure 3-11. The numbers in the
figure represent different parts of that manipulator: 1 - fixed base, 2 - base and limb
connection, 3 - rotational joint, 4 - link, 5 - rotational joint, 6 - union, 7 - platform and
limb connection, 8 - moving platform.

E ———

7 =

o “l-" R — Y
SRS VI

K3

Figure 3-11: Low inertia high-stiffness parallel manipulator

Three tendons are displaced around the parallel structure at 120 degrees. They apply
forces to the moving platform and therefore the torques T1, T2, and T3 as reported in
the V-REP model. T3 is known and and T1 are calculated and T2 are calculated. T3 =
10 -> Target torque 3.

Figure 3-12 shows the shoulder joint simulated model (in V-REP, older version)

The figure 3-13 shows how the shoulder joint is bent in a V-REP simulation environ-
ment. a) model is controlled with x and y angles, the second b) with tendons. Torque

and Speed formula

P
ower (3.47)

Torque =
speed

or

SH

(3.48)

\]
I

Where P is the power of the actuator,
T is the torque,

w is the angular speed or velocity.

Figure 3-14 represents show a first realization of the shoulder joint.

30



‘Scene hierarchy

& DefauliCamera
b Graph#0 (2
& ref_paint
& ResizableFloor 5 25 &
& Defaultlights
& XvZCameraFroxy
@ actuators0#n (= [0
& Base_link &l 10
a Base_shape
) Base_shapel
() Base_shape?
| 9 rewl_0
A & rev2_ i
A— & rev3_
W octuators
{} Shape
) Shape#D
b Shape#l
o 5 genericRevoluteMotar =] [
B+ & genericRevolutebator_joint
B (@ Extracted_shape
) Shapeld
o G genericRevalutshotort =] 1
B & genericRevolutebataor_joint#
B () Extracted_shape#l
() Shapel#d
Jeo- G genericRevoluteMotor#l =] [[1

B &7 nanaricBaunlitabdatar ininddd

[ -

Figure 3-12: V-REP simulation, a) the model which is controlled with x and y angles b)

shoulder joint
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Figure 3-13: V-REP simulation, a) speed control of the tendon actuated shoulder joint
simulation b) speed control of the model which is controlled with x and y angles ¢) graph
which is obtained from shoulder joint simulation d) the model which is controlled with
x and y angles is bent to a target location e) simulation of the tendon actuated shoulder

joint where it is bent to a target location
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Figure 3-15: Example of tendon actuated humanoid shoulder joint. Tendons are in
vertical orientation [4]

When in vertical orientation our shoulder model’s tendons look like the mechanism in
figure 3-15. As advantage, in the design we implemented, the links introduce additional
constrains and the shoulder keeps assembled also in absence of tension in the tendons.

The figure 3-16 shows an approach to imitating the spherical joint. Due to the dif-
ficulty of replicating the tendon in V-REP, we have built a V-REP model which is a
simulation of the real hardware. However, the workspace shows that the imitation model

differs from the real hardware.
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Figure 3-16: A V-REP model which imitates the spherical joint bent to 90 degrees

3.8 EEG Control System Setup

One of the goals of this thesis was to evaluate the possibility to control the shoulder using
EEG signals. This may be useful when performing rehabilitation therapies or to control
a prosthesis device. The preparation of a model of the shoulder is crucial to conduct
preliminary experiments without involving the real robot prototype. In the beginning,
will be possible to work in a simulation environment where EEG signal are integrated
and used to control the shoulder model. After when the control system is tuned will be
possible to do real experiment involving the shoulder prototype. The shoulder prototype
and the model we developed have 2DOFs, however to emulate the DOFs of a human
shoulder another rotational joint can be added in series to the moving platform.

For the EEG integration part, is possible to use a motor imagery dataset to pars the
shoulder movements and their duration time (in the source code they are stated as x, y, z
directions) and then use this information to control actuators 1, 2, and 3 correspondingly
to move the shoulder joint. So, firstly we can test the system without EEG with the
motor imagery dataset and when we can make it work we will use EEG to directly do
the control. We will also focus on implementing prediction. In this code, for example,
we will only have a com port for the shoulder teensy 3.5, because the IP address is here
for the URS.

The software part using EEG data acquired from the brain from an experiment in [8]
was adapted so that it controls the spherical joint that we have discussed in this thesis

instead of the UR-5 manipulator. So, the signals that are useful to rotate the spherical
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joint in our shoulder were used for the software to send it to the Teensy micro-controller
to see the movement in the spherical joint. However, testing the system with EEG cap

and the software is left as future work.

3.9 Approach and methods to resolve the matter

We are working on this shoulder and have some outcome which is a robotic shoulder that
can be controlled using the interface. We will also be working with V-REP to simulate the
shoulder joint to be able to test all the movements before we finish the whole development

(see some related paper from our university: [26]), but it now also works in the real life.

3.10 Encountered Research and Technical Challenges

The main challenge is that it is difficult to make a 3-DOF shoulder joint. The human
shoulder joint is not easy to replicate, because as an organism we have everything that
supports our joints: lubrication, sphere-like mechanisms, and everything that evolved
during human evolution time. The second problem is due to the tendon-driven mecha-
nism. Tendons are moved by pulleys attached to motors equipped with gearbox. If the
motor by rotating unwind the tendon till the end and continue is motion it will start
to wind the tendon in the opposite direction and the control system will stop to work.
Therefore a mechanism need to be implemented to always keep the absolute position of
the tendon.

The third problem is represented by possible collisions between the parts of the shoulder.
For example, the limbs should not touch the platform during the motion. Thus, it is
important to have an accurate geometric model of the manipulator. The fourth problem
is a real-time signal transfer problem. And measuring these systems with sensors is also
difficult if you aim to make a low-cost design. For example, in our case, at first the signals
from the force sensors to the Teensy 3.6 was delayed of 1-2 seconds.

The fifth problem is an integration problem. As a whole system all sensors, actuators, and
signals from the controller should work smoothly. And the interface should be working
synchronously as well. This is one of the challenging parts of the shoulder joint design.

I found the biggest bug that many can encounter in Arduino, it is common to send data
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with Serial.print() and Serial.println() The serial print turns integer and character into a
byte array that is why it is commonly used. But sometimes sending several Serial.print
commands or Serial.print inside the loop, makes Serial port filled with different byte
arrays. End when reading in client applications like Python, these byte arrays can mess
up. It leads to not adequate reading or corrupt data. The solution is that everything
has to be put inside char or byte array, concatenated strcpy, and strcat, and send in
one command. with termination symbol 'backslash 0. It is not recommended to use
std::string library in Arduino, since it results in memory overwriting using characters

and bytes was time-consuming. For one formatted character:

Listing 3.1: Arduino spherical joint control part

but results were successful.
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Chapter 4

Testing and results

Our main goal was to achieve full control of the shoulder joint using a graphical interface,
thus allow monitoring and controlling the joint position and tendons forces. In addition we
developed a V-REP model to simulate the shoulder joint so that to test all the movements

before we finish the whole development.

All the necessary resources to develop the model and the real prototype were available
in our laboratory or at NU. The total cost of the shoulder joint materials is approximately
under 500% (See the table in the Appendix A). In Figure 4-1 is represented a first version
of the final prototype that mount rigid tendons made out of metal. The three motors
that control the lengths and forces of the tendons are visible in the back of the fixed

platform (in green). The green case include the pulleys were tendons are winded.
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Figure 4-1: Proof of concept for a 3-DOF shoulder joint (only two actuated) realized in
PLA. The shoulder joint is bent to the target position.

In Figure 4-2 the final prototype is represented where the rigid metal tendons were
substituted with flexible one. This allow to decrease the rigidity of the joint and reduce the
risk of damaging the prototype in case of failures of the control system. In addition metal
supports were installed on the moving platform to reduce the friction. Force sensors, load

cells, were installed in the moving platform to measure the forces applied by the tendons.

4.1 Force sensor experiment results

In this experiment we moved the real prototype in all the possible directions while mon-
itoring the value of the tensions in the three tendons. This required to coordinate the

tendons in order to avoid over-constrained configurations.

The Figures 4-3 and 4-4 show the act-left of about 90 degrees. While figure 4-4 shows

the three force sensors measurements.
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Figure 4-2: Proof of concept for a 3-DOF shoulder joint with an elastic tendon (only two
actuated) realized in PLA. The shoulder joint is bent to the target position.

Figure 4-3: Act left about 90 degrees
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Figure 4-5: Act-right about 30 degrees and Act-top -45 degrees

Figure 4-6: Act-right about 30degrees and Act-top -45 degrees dynamic graph
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Figure 4-4: Act left about 90 degrees, 3 force sensor measurements

The figures 4-5 and 4-6 show the act-right of about 30 degrees and act-top of -45
degrees (the joint is rotated to the bottom, the blue line represents the tendon that
experiences the high value of tension the orange line the tendon with the second highest
tension (motor which rotates the joint to the right), force sensor value should be multiplied
by 0.01 Newton).

Act-left of 75 degrees is represented in the figures 4-7 and 4-8 (the green line repre-
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sents the tendon that experiences the high value of tension, force sensor value should be

multiplied by 0.01Newton).

Figure 4-7: Act-left 75 degrees

Figure 4-8: Act-left 75 degrees dynamic graph

4.2 Position encoder experiment results

In order to measure the absolute position of the tendons a counter mechanism was im-
plemented to allow measuring rotation of the motor from 0 to 360 x 3 degrees. This
required to store the last position of the motor before shutting down the system. To
observe the behavior of the pulley while winding and unwinding the tendon we build a

small motor setup, see Figure 4-9
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Figure 4-9: Position encoder experimental setup

In figure 4-10, continuous line, we can see the position of the encoder increasing from
the last recorded position to 360 degrees then reset to zero and increase again. As dashed

line we can see the absolute pulley position ranging from -480 to +480 degrees.

Encoder measurements

= Motord
=== Motor_rt4

0 =0 100 150 200 =0 300
Time, 100*milliseconds

Figure 4-10: Position encoder on forward direction

In figure 4-11, continuous line, we can see the position of the encoder decreasing from
360 degrees to zero. As dashed line we can see the absolute pulley position ranging from

480 to -480 degrees. The second plot of this figure reports the tensions of the three

tendons.

Figures 4-12 and 4-13 show two experiments where the reading from the encoder failed

and therefore the position signal present discontinuities.
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Encoder measurements
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4.3 Workspace Measurements

In this experiment the model of the robot was moved in order to cover different points
of the workspace. In particular the two angles defined the orientation of the moving
platform were range in the interval 0-90 degrees.

Figure 4-14 shows the second tab of the interface, the workspace can be drawn ac-

cording to the angle of the rotation given to the moving platform.

7 rob_leb

RealTime  V-rep

Cantrol Panel_rep

Control Panel_vrep

setAng K ¥

Control Panel_vrep

Figure 4-14: Workspace of a imitating V-REP model represented in 3d on GUI

As it is possible to notice the workspace resemble the surface of a sphere which radius
is equal to the diameter of one of the two spheres that represent the rolling motion.
In Figure 4-15 the workspace of the shoulder joint in the 3D space, in figure 4-16 it is

reported the projection of the workspace in the x-y plane.
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Figure 4-15: Workspace of the shoulder joint obtained from the V-REP model.
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Figure 4-16: Projection of the workspace on the x-y plane. The workspace was obtained
from the V-REP model.
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Chapter 5

Conclusion and future work

In this work a shoulder joint was developed for application in humanoid robotics. The
mechanism has a parallel kinematic structure with three limbs that allow a total of 2DOFs.
The shoulder joint is actuated with three tendons that are controlled by revolute motors.
Magnetic encoders were installed to estimate the lengths of the tendons and therefore the
orientation of the moving platform. In addition force sensors were installed to measure
the tension of the tendons and therefore the forces applied to the moving platform.

A kinematic model was developed to allow controlling the robot. A realistic kinematic-
dynamic model was developed in V-REP software. A graphical interface was designed in
order to monitor all the sensory data and conduct a series of experiments on the model
and the real prototype.

The workspace of the shoulder joint was measured by controlling the lengths of the
tendons within their maximum range.

Overall we have achieved full control of tendon actuated shoulder joint. We have
learned that in the V-REP simulation there are limitations due to the difficulty to rep-
resent correctly the tendon behavior. The kinematic model we developed is based on the
simplifying assumption that one limb moves and the other two limbs will follow the first
one. The geometric method finds the length d; of the manipulator which gives us the po-
sition and orientation of the moving platform. This method requires further investigation

and research in the future.
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Appendix A

GUI software

A.1 GUI software in python

Listing A.1: Python interface
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Listing A.2: Arduino spherical joint control
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