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ABSTRACT

DESIGN, MANUFACTURING AND CONTROL OF 3-DOF SPHERICAL
PARALLEL MANIPULATOR

TASKIRDI, Gorkem
MSc., Department of Mechanical and Aeronautical Engineering

Supervisor: Assist. Prof. Dr. Masoud LATIFINAVID

OCTOBER 2023, 113 pages

This study focuses on the design, manufacturing, and control of a spherical
parallel manipulator with three degrees of freedom (3 DOF). Spherical parallel
manipulators have a wide range of potential applications in various industrial and
scientific fields. This research focuses on a design optimization technique for
improving the efficiency of a prototype spherical manipulator, which includes
kinematic calculations, modeling, and control. Critical performance parameters such
as the manipulator's workspace, speed, and smooth rotation were optimized
throughout the design process, taking its kinematic structure into account. To achieve
this, several different mechanical design alternatives were evaluated. In the prototype
manufacturing phase, the production and assembly of the designed manipulator parts
were carefully carried out. Material selection and prototype manufacturing processes
were optimized to increase the durability and precision of the manipulator. In the
control phase, the software used in 3D printers, which is disposed to manage the
precise movements of the designed manipulator, was adapted for use in the prototype
manipulator. Additionally, a computer-based simulation of the prototype spherical
manipulator was performed. As a result, this study has addressed the integration of
the design, manufacturing, and control processes of 3 DOF spherical parallel

manipulators, demonstrating the efficient usability of an optimized manipulator in
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industrial applications. This work may provide significant contributions to future

manipulator designs and the development of robotic systems.

Keywords: Spherical parallel manipulator, optimization design, kinematic

verification, control, simulation.
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3 SERBESTLIK DERECELI KURESEL PARALEL MANIiPULATOR
TASARIMI, IMALATI VE KONTROLU

TASKIRDI, Goérkem
MSc., Makine ve Ugak Miihendisligi Boliimii

Tez Yoneticisi: Dr. Ogr. Uyesi Masoud LATIFINAVID

EKIM 2023, 113 Sayfa

Bu ¢alisma, 3 derecelik serbestlik derecesine (DOF) sahip bir kiiresel paralel
manipiilatériin tasarimi, imalatt ve kontrolii ile ilgilenmektedir. Kiiresel paralel
manipiilatorler, bir¢ok endiistriyel ve bilimsel uygulama alaninda genis bir kullanim
potansiyeline sahiptir. Bu ¢aligsma, bir prototip kiiresel manipiilatoriin verimliligini
artirmak amaciyla bir tasarim optimizasyonu yaklasimini ele almaktadir ve
kinematik hesaplamalari, simiilasyonu ve kontroliiniin saglanmasini igerir. Tasarim
asamasinda, manipiilatoriin kinematik yapis1 dikkate alinarak, hareket araligi, hiz ve
rahat rotasyon saglayabilmesi gibi 6nemli performans metrikleri optimize edilmeye
calisilmistir. Bu amacla, bir¢ok farkli mekanik tasarim alternatifi degerlendirilmistir.
Prototip imalati asamasinda, tasarlanan manipiilatoriin pargalarmin iiretimi ve
montaj titizlikle gerceklestirilmistir. Yapilan malzeme se¢imi ve prototip imalat
stirecleri, manipiilatoriin dayanikliligini ve hassasiyetini artirmak amaciyla optimize
edilmistir. Kontrol asamasinda, tasarlanan manipulatérin hassas hareketlerini
yonetmek i¢in 3D yazicilarda kullanilan yazilim diizenlenip prototip manipulatérde
kullanildi. Ek olarak, prototip kiiresel manipiilatoriin bilgisayar ortaminda
simiilasyonu gergeklestirildi. Sonu¢ olarak, bu c¢alisma, 3 DOF kiresel paralel
manipiilatérlerin tasarim, imalat ve kontrol siireclerinin birlesimini ele almis ve

optimize edilmis bir manipiilatoriin endiistriyel uygulamalarda verimli bir sekilde

Vv



kullanilabilirligini gostermistir. Bu calisma, gelecekteki manipiilator tasarimlarina

ve robotik sistemlerin gelistirilmesine 6nemli katkilar sunabilir.

Anahtar Kelimeler: Kiiresel paralel manipiilatdr, optimizasyon tasarimi, kinematik

dogrulama, kontrol, simiilasyon
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CHAPTER 1

INTRODUCTION

Spherical parallel manipulators (SPMs) provide three degrees of freedom which
enables the capacity of an object to move with 3 degrees of freedom in space. They
are robotic systems that have received significant attention in recent years. Parallel
manipulators have widespread usage in applications such as flight and automobile
simulators, industrial robots, and mechatronics systems. Spherical parallel
manipulators comprise a pyramid-shaped top plate, a cylindrical base platform
housing the motors, and three equally spaced interconnected legs. Each leg consists
of two links and three rotating joints. These manipulators are capable of handling
many complex tasks due to their high precision, wide range of motion, and rapid
responsiveness. However, the design, kinematic calculations, and control of these

manipulators require careful attention for successful implementation.

1.1 Spherical Parallel Manipulator Structural System

A Spherical Parallel Manipulator is a mechanical structural system with three
degrees of rotational freedom in every direction and a spherical joint or gimbal
mechanism at its base. It is usually made up of a stationary base, a movable platform,
and a series of linked stiff arms or links with spherical joints at both ends. Because
of its capacity to give fine orientation and positioning control in three-dimensional
space, these parallel manipulators are frequently employed in robotics and
automation applications. The structural structure of the spherical parallel
manipulator is intended to assure stability, precision, and great load-bearing
capacity, making it suited for jobs like 3D printing, machining, medical operations,

and simulators. It is mentioned under 6 headings, these are;

o Base o Linkages o Actuators
o End-Effector e Sensors o Control System

1



Wrist

Distal

Proximal

Figure 1. 1: Manipulator Links

This study focuses on the optimization of the design, kinematic calculations, and
comparison with real-world data for a spherical manipulator with three degrees of
freedom (DOF). Important performance features such as the range of motion, speed,
and precision were attempted to be optimized, taking into consideration the
kinematic structure of the manipulator, during the design phase, Various mechanical
design alternatives were evaluated, resulting in an optimized design. Flexible
couplings were used to ease the rotation of the motor shaft and bearings were
employed to ensure there were no center irregularities. Gears were designed to
increase the torque from the motors, while large bearings were designed to facilitate
the rotation of the arms responsible for motion. The 3D model of the design was
modeled in the SolidWorks and Catia V5 program. 3D printers were utilized in the

production of prototype manipulator components.

The Marlin software, which is used in 3D printers, was adapted, and integrated
according to the prototype's requirements to control this manipulator. Step,
acceleration, and speed settings have been made according to gear and stepper

motors. Sensors such as temperature etc. have been disabled. Besides, forward, and



inverse kinematics analysis were calculated, controlled, and simulated with the
MATLAB program.

Finally, this study includes experimental tests aimed at evaluating the performance
of the designed manipulator using the collected data. The primary objective is to
validate the computer-based kinematic analyses with the improved prototype
manipulator outputs. The results of this study may provide insights and significant
contributions to the design and application of spherical manipulators, benefiting

future projects and industrial applications.

Figure 1. 2: Prototype Spherical Parallel Manipulator



1.2 Motivation

In the thesis we assume that,

e To make improvements on a conceptual design and to validate the
computerized data and real-life outputs with kinematic analysis.

e The designed prototype spherical parallel manipulator to operate in the range
of —30°, +30°.

e Prototype manipulator to carry 100 grams.

e Since stepper motors work more precisely than servo motors, it is easier to

see the desired values more precisely.
Contribution of this study to the literature,

e Improved design addresses the shortcomings or problems of an existing
concept. Creative new solutions have led to the development of more
effective or more reliable manipulators.

e Kinematic calculations were used to understand the mobility of the design
and how the mechanisms work. Accurate kinematic calculations helped
predict the performance and behavior of the design.

e The computerized data was used to create virtual simulations of the design.
This simulation showed how the design should theoretically work and
enabled potential problems to be identified.

e Design improvements are experimentally tested in the real world. Real-world
data was used to validate the performance and reliability of the design.

e This work can contribute to advances in related application areas (e.g.,
industrial machines, robotic systems, medical devices, transportation

vehicles, etc.) by informing design improvements and kinematic analysis.



CHAPTERS 2

LITERATURE REVIEW

2.1 Design

Soheil Sadeqi, Shaun P Bourgeois, Edward J Park, and Siamak Arzanpour [1]
discuss the design and performance analysis of a 3-RRR spherical parallel
manipulator for hip exoskeleton applications. The design process includes kinematic
and dynamic analysis and optimization of manipulator geometry and actuator layout
to improve its performance. The article also presented the results of experiments to
evaluate the performance of the manipulator, including the working area, singularity
avoidance, and dynamic stability. It is concluded that the 3-RRR spherical parallel
manipulator is very suitable for hip exoskeleton applications due to its high dexterity,

compact size and good dynamic performance.

The kinematic simulation and computer-aided design (CAD) of spherical parallel
manipulators with prismatic or revolute actuators are the main topics of this study by
Gosselin, C., Perreault, L. L., & Vaillancourt, C. (2002) [2]. Beginning with a study
of the kinematic analysis of spherical parallel manipulators, it briefly discusses
singularity locus expressions as well as direct and inverse kinematic issues. The
study then goes into detail about figuring out where these manipulators might
function. Notably, it offers a computer program specifically created for CAD needs
that enables interactive examination of manipulators with all designs. This package
simplifies tasks like graphic animation of trajectory provided by either the direct or

inverse kinematic module, workspace representation, and singularity visualization.

The authors of this article, Liu, X., Jin, and Gao (2000) [3], investigated the use of
assessment criteria, such as stiffness and the conditioning index, to direct the choice
of link lengths in 3-DOF spherical parallel manipulators (3-DOF SPMs) and to

evaluate their operational performance. The work creates atlases of the global

5



conditioning index and global stiffness index inside the solution space to optimize
these link lengths. A comparison of the manipulators' dexterity and stiffness reveals
a relationship between global or local conditioning and global or local stiffness
indices. This technique has broad applications in the design of both serial and parallel

robots, enhancing the understanding and optimization of their performance.

This paper by Bai, S. (2010) [4] focuses on the best design of spherical parallel
manipulators (SPM) with a set workspace. It presents a numerical technique to figure
out the ideal design parameters, considering link dimensions and architectural
features, with the goal of maximizing dexterity. The solution procedure is made
simpler by the method's transformation of the optimization issue into a nonlinear
least squares problem using a well-constructed objective function. The paper also
deals with the problem of design space by constructing a set of inequalities based on
connection dimensions, which define the area for workable SPM designs. Using real-
world examples, this optimization method may be applied to create SPMs that are as

flexible as possible for a given workspace need.

It is mentioned by Andrea Bulgarelli, Giorgio Toscana, Ludovico Orlando Russo,
Giuseppe Air Farulla Marco, Indaco Basilio, and Bona's [5] description of the design
and development of an open-source, 3D printable, low-cost anthropomorphic robotic
hand with parallel spherical jointed wrists that is intended to mimic sign languages.
Utilizing ready-to-use parts and 3D printing technology, the robotic hand is intended
to be inexpensive and simple to construct. The parallel spherical joint wrist offers
excellent dexterity and flexibility in hand movements, making it suitable for
mimicking the intricate hand motions used in sign language. The robotic hand's
design, testing, and outcomes are discussed in length in the article, which also offers
comprehensive building and operation guidelines. It is concluded that the proposed
robotic hand is a promising solution for sign language production and other
applications that require high dexterity and flexibility.

This paper was written by Essomba, T., Hsu, Y. C., Sandoval, J., Laribi, M. A., &
Zeghloul, S. (2019) [6] presents the kinematic design of a robotic manipulator

tailored for craniotomy procedures. The design process is driven by motion capture
6



experiments that measured the motion of a surgical drill during craniotomy on human
cadavers. The paper discusses the experimental results, emphasizing the need for a
remote center of motion (RCM) in this medical application. To address this
requirement, the paper introduces a novel 3-RRR spherical parallel mechanism
(SPM) featuring a reconfigurable base capable of reorienting the first revolute joint
of the RRR legs. This innovation is achieved through the integration of three
pantographic linkages that manipulate the SPM's base. Its effects on workspace and
kinematic performance are taken into account when the kinematics of this novel
mechanism are examined. This kinematic data is used as the basis for an optimization
process, and the behavior of the improved mechanism is evaluated by analyzing the
drill motion trajectories. The comparison highlights the considerable contribution of
the reconfiguration variable to the mechanism's dexterity by contrasting the newly

built mechanism with the standard SPM with a trihedral base.

In this study written by Dinh, T. V., & Kheylo, S. (2020) [7], a screw calculus-based
theoretical framework for spherical mechanisms with a parallel structure is
presented. The method tackles the identification of specific manipulator locations as
well as direct and inverse velocity difficulties. The process entails figuring out which
power screws, inside each kinematic chain, reciprocate with the unit vectors of the
non-drive pair axes. After that, velocities of the spherical mechanism in a parallel
construction are described by equations derived from these power screws, with
solutions given for both direct and inverse velocity issues. The study shows that
degeneration of kinematic screw systems in connecting chains is associated with the
loss of one or more degrees of mobility, whereas loss of controllability arises from
linear dependencies within the power screw system. The algorithms proposed here,
relying on screw calculus, offer valuable tools for optimizing manipulator

parameters and analyzing manipulator functionality.

In this study written by Vatsal, V., & Hoffman, G. (2021) [8] presents a design that
achieves rotating motion for wrist prostheses without the use of motors, meeting the
specifications of a conventional single 3-degree-of-freedom (3-DOF) spatial
mechanism. Inspired by the Kresling origami idea, the design called the 3RRR
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slanted arm allows for the necessary pronating and supinating motions that are
sometimes absent from wrist prostheses based on parallel mechanisms. Furthermore,
the circular movement capability of this design is in line with the requirements of a
typical 3-DOF spatial mechanism. This work provides an initial analysis before
building a physical prototype. It also forms the basis for a new prosthetic wrist for
trans-radial amputees that can be activated utilizing motion capture data and surface
electromyography (SEMG) control. Surface electromyography has already
demonstrated success in enabling precise limb and joint control for prosthetic
rehabilitation patients using the remaining muscles and nerves from post-amputation

stumps.

This paper written by Chen, Y. J., Tung, W., Lee, W., Patel, B., Bucinskas, V.,
Greitans, M., & Lin, P. T. (2023) [9] describes an automated platform stabilization
system based on a three-RCC structure that can rotate on the Z-axis at different tilting
degrees. With stabilization periods of 5 seconds at 30 degrees, 3.5 seconds at 20
degrees, and 3 seconds at 10 degrees, automated stabilization efficiency is
established. The initial model had instability because of isolated gears, prompting
changes in mechanism design, such as adding internal gears with bearings to improve
system stability. To increase stability, torque was reduced and the number of arms
supporting the platform was reduced. While real-time stabilization was discovered
to be less efficient than kinematic analysis, which performed well with shorter
duration, future research may investigate achieving accurate angle control and
rotation over 360 degrees with servo motors, as well as improving responsiveness to
sudden changes in tilting direction during stabilization. Furthermore, despite their
increased space requirements, stepper motors may be used for more efficient and

precise stabilization.

This research was written by Altuzarra, O., Tagliavini, L., Lei, Y., Petuya, V., &
Ruiz-Erezuma, J. L. (2023) [10] compares the performance of a tripod-type parallel
continuum manipulator, 3PFS, to that of its rigid equivalent, 3PRS. Reduced
mobility in rigid parallel manipulators is described using equations that connect end
effector pose parameters, whereas continuum architectures, characterized by flexible
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linkages, do not readily allow for such algebraic expressions due to deformation
under actuation and load. However, specific mechanical arrangements can limit
deformation in certain directions, resulting in constraint-like effects. The study
models the flexible 3PFS tripod continuum manipulator and reveals that, unlike the
rigid case, the output-dependent parameters of the flexible mechanism exhibit some
dependence on the end effector. This is due to the mechanical arrangement of flexible
rods, which do not rigidly constrain spherical joints in specific vertical planes. This
approach produces an analytical expression that connects output-independent
parameters to parasitic movements, like constraint equations in the rigid 3PRS

example, offering insight into the behavior of the 3PFS manipulator.

This study is written by Leal-Naranjo, J., Wang, M., Paredes-Rojas, J., & Rostro-
Gonzélez, H. (2019) [11] describes a three-degree-of-freedom spherical parallel
manipulator that may be used as a prosthetic wrist. The investigation begins with the
solution of the inverse position issue and the generation of a closed-form equation.
A mobility study using the screw theory technique reveals that the suggested
mechanism is capable of achieving spherical motion. Screw theory is used for
velocity analysis, which results in an input-output velocity equation. A preliminary
virtual design of the mechanism, including workspace analysis and analytical static
assessment, is provided. The article finishes with dynamic simulations of three
important wrist movements: pronation-supination, flexion-extension, and ulnar-
radial deviation. The findings show that the suggested mechanism can achieve the
whole range of motion necessary for daily activities, with actuation torque levels that

are critical for future development.

2.2 Control and Kinematic Analysis

In their paper published in 2014, Aibek Niyetkaliyev and Almas Shintemirov [12]
present an approach to obtain unique kinematic solutions of a spherical parallel
manipulator. The approach relies on the use of algebraic equations to represent the
kinematic constraints of the manipulator and uses these equations to solve for the
manipulator's configuration. The article discusses the mathematical methods and

algorithms used in this approach and demonstrates its effectiveness in obtaining
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unique solutions for the kinematic configuration of the spherical parallel

manipulator.

This paper is written by Bozorgi, E. R. J., Yahyapour, 1., Karimi, A., Masouleh, M.
T., & Yazdani, M. (2014) [13] delves into the design, dynamics, and control aspects
of a two Degrees-of-Freedom (DOFs) spherical Parallel Mechanism (PM) developed
at Laval University. The study begins with the determination of geometric and
inertial parameters through CAD software to optimize weight and prevent
interference between the two limb movements. The dynamic analysis employs a
unique approach that dissects the mechanism into subsystems and combines
kinematic analysis, Lagrangian, and Newtonian methodologies. The paper evaluates
the approach’s performance for the dynamics of the mechanism using various test
trajectories for the end-effector, comparing the results to those obtained from
dynamic analyzer software to validate the proposed algorithm. Additionally, a co-
simulation between MATLAB and MD-Adams is conducted to implement control
via the computed torque method, successfully guiding the end-effector along the
desired trajectory. The paper demonstrates the effectiveness and correctness of the
approach in designing, analyzing, and controlling this specific spherical Parallel

Mechanism.

This paper written by Li, T., & Payandeh, S. (2002) [14] focuses on optimizing the
workspace of a spherical parallel mechanism used in laparoscopic surgery, where the
choice of this mechanism is driven by its unique characteristics. The study examines
two specific designs: a haptic device intended for training purposes and a
laparoscope holding mechanism. The latter design must meet additional constraints
related to minimizing the space occupied above the patient during surgery. The
primary objective is to address the design challenge and provide these mechanisms
with the largest possible workspace. The paper not only presents the optimal design
parameters but also outlines the design of a haptic interface and the laparoscope
holding mechanism based on these parameters. To achieve this, the paper employs a

Genetic Algorithm (GA) approach, which proves effective in selecting the optimal
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design parameters to maximize the spherical parallel mechanism's workspace for

laparoscopic surgery applications.

In a 2005 paper by N. S. TLALE and P. ZHANG [15], a method was found for
teaching the design of parallel manipulators and controllers using MATLAB,
Simulink, SimMechanics, and CAD. The method involves using these software tools
to teach students the principles of parallel manipulator design, kinematics, dynamics
and control. The article describes the use of MATLAB and Simulink for modeling
and simulation, SimMechanics for dynamic analysis, and CAD for geometric
modeling. The article also presents the results obtained by applying this teaching
method in a university course, showing that students can gain a solid understanding

of parallel manipulator design and control using these software tools.

In this article written by Shaoping Bai, Michael R. Hansen, and Torben O. Andersen
[16], they present a method for modeling a special class of global parallel
manipulators using Euler parameters. The method involves the use of Euler
parameters to represent the direction of the end effector of the manipulator, allowing
for a more compact and efficient mathematical representation of the manipulator's
kinematics. The article presents an in-depth analysis of the kinematic and dynamic
properties of this class of manipulators and shows that the use of Euler parameters
leads to a significant simplification of the mathematical equations involved in the
analysis. The article concludes that the proposed method provides a useful tool for

modeling and analysis of this class of global parallel manipulators.

The paper by Houssem Saafi, Med Amine Laribi, and Said Zeghloul [17] presents a
study of the advanced kinematic model resolution of a custom spherical parallel
manipulator and compares it to real-time validation. The study focuses on the
resolution of the forward kinematic model of the manipulator used to determine the
position and orientation of the end effector relative to the base. The article compares
different methods to solve the advanced kinematic model and evaluates their
performance through simulations and experiments. Real-time verification of the
kinematic model is also performed using data from motion capture systems. The

study found that the proposed method to solve the forward kinematics model of the
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manipulator yielded accurate results that were in good agreement with the real-time
validation. The article concludes that this method is a reliable and efficient solution

for the kinematic resolution of the custom spherical parallel manipulator.

This paper is written by Chaker, A., Laribi, M. A., Zeghloul, S., & Romdhane, L.
(2011) [18] focuses on the design and analysis of a spherical parallel mechanism
(SPM) intended for use as a haptic device in a medical application, specifically for
minimally invasive surgery involving anastomosis techniques. The study begins by
determining the necessary task space for performing an anastomosis procedure,
utilizing a motion capture system and the expertise of an experienced surgeon.
Experimental data from the surgeon's actions are used to define the required
workspace. Subsequently, an SPM is designed with a workspace that encompasses
the desired range. An optimization process is carried out to identify the optimal SPM
configuration that closely matches the desired workspace, with Genetic Algorithms
employed to solve this problem. The paper also explores the impact of the tool's
rotational range on the structural parameters and workspace. Finally, through
simulations, the paper demonstrates that the obtained design parameters successfully
achieve the required workspace for the anastomosis technique in medical

applications.

This paper is written by Kizir, S., & Bingdl, Z. (2012) [19], sliding mode and PID
controllers were used to operate a high-precision 6-degree-of-freedom Stewart
platform. These controllers were built within a Dspace DS1103 real-time controller
in the Simulink environment. These controllers' whole development cycle from
subsystems to the main model—was discussed in detail. The experimental outcomes
demonstrated outstanding performance, with both controllers demonstrating
minimal steady-state error in position control and attaining exact target placement
with errors below 0.5 m utilizing step inputs. Even though PID had faster responses
because of larger gains, the sliding mode controller had better overshoot control than
PID. Both controllers responded similarly in tracking trials without external loads,
but when nonlinear external pressures were applied to the moving platform, the

sliding mode controller beat the PID controller, demonstrating its robustness in
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dealing with difficult circumstances. This study provides insights into the relative
merits of PID and sliding mode controllers for high-precision motion control
applications and serves as a notable example of real-time controller creation utilizing
Matlab/Simulink and the Dspace DS1103 platform.

This paper is written by Vidakovié, J., Lazarevi¢, M. P., Kvrgi¢, V., Dancuo, Z., &
Ferenc, G. (2014) [20] emphasizes how crucial it is to create effective robot
kinematics algorithms, especially when it comes to serial manipulators. Even though
kinematic modeling is typically done in Cartesian space, the shortcomings of usual
orientation representations, such as Euler angles and rotational matrices, have
prompted the search for a more reliable, succinct, singularity-free, and
computationally efficient method to describe rotational information. The approach
suggested here uses unit quaternions and results in kinematic modeling in dual
quaternion space. In order to solve kinematic problems, the paper offers a thorough
overview of the spatial descriptions and transformation methods that can be used in
these spaces. A particular emphasis is placed on the various mathematical
formalisms used to represent rigid body attitudes, such as rotation matrices, Euler
angles, axis-angle representation, and unit quaternions, while also highlighting how
these formalisms are interconnected. Additionally, it emphasizes the benefits of
using quaternion-based kinematic modeling and proposes a unique direct kinematics
technique in the dual quaternion space. This approach is used to the human

centrifuge, a 3-DOF robot manipulator, to show how it works.

This work written by Tursynbek, I., & Shintemirov, A. (2020) [21], presents a new
approach to modeling and simulating parallel manipulators in the CoppeliaSim robot
simulator, including an example of a Specific Parallel Manipulator (SPM) with
coaxial input shafts. The paper covers the manipulator's kinematics and offers a
thorough breakdown of the CoppeliaSim modeling procedure, with an emphasis on
using the CoppeliaSim-MATLAB API interface to operate the model from
MATLAB. The process is demonstrated by means of simulation scenarios, which
are confirmed by means of experimental testing on a real manipulator prototype. The
outcomes show how accurate the suggested approach for simulating parallel
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manipulators is, and they also imply that it may be used to describe and simulate
other closed kinematic robot systems. Furthermore, it is demonstrated that the
CoppeliaSim model's MATLAB-based control technique is a useful tool for motion
analysis and collision detection in parallel manipulators, with exciting opportunities

for design optimization and a range of applications.

This work is written by Glizin, D., & Gezgin, E. (2022) [22] proposes an improved
conceptual design of a brain surgical manipulator, which builds on the same author’s
previous work of a 2-degree-of-freedom spherical parallel manipulator. The system
becomes flexible for a variety of brain surgical techniques, including craniotomy,
neuroendoscopy, and deep brain stimulation, by adding various modules to the
manipulator platform. The work focuses on the scenario of opening a bone flap on a
human skull and presents trajectory planning for this surgical procedure to
demonstrate its capabilities. In the MATLAB SimMechanics environment, a virtual
model of the manipulator is generated to assess the dynamic behavior and actuator
torque needs under a particular trajectory. Analytical dynamic analysis using the
Lagrange technique confirms the dependability of the virtual model, with a minimal
divergence of 0.29% and 0.22% in needed torque values compared to the virtual and
analytical models, respectively. The virtual model and dynamic analytic technique
are confirmed further by hardware verification on a real prototype of the spherical
manipulator, as well as an assessment of trajectory tracking capability, proving the

system's potential for use in brain surgery.

This study written by Zarkandi, S. (2020) [23] describes a unique 3-DOF 3-PRR
Spatial Parallel Manipulator (SPM) with symmetrical construction and a star-shaped
foundation. The manipulator has actuated intermediate revolute joints with motors
positioned on the base, similar to a traditional parallel manipulator. The paper
describes the manipulator's construction in detail, performs mobility analysis using
screw theory, and solves both inverse and forward position kinematic issues in closed
form. The inverse issue yields up to eight real solutions, establishing eight working
modes, whereas the forward kinematics are given by an eight-degree univariate
polynomial. Numerical techniques are used to calculate the manipulator's orientation
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workspace, and singularity and isotropy evaluations are done using Jacobian
matrices, showing two forward kinematic singularities at the central point of the star-
shaped base. A kinematic conditioning index (KCI) is used to analyze the
manipulator's kinematic dexterity, and strategies for identifying distinct working and

assembly modes during motion are described.

This study written by Enferadi, J., & Jafari, K. (2020) [24] proposes a systematic
technique for doing closed-form dynamic analysis on the 3(RSS)-S parallel
manipulator, a unique completely spherical robot with actual co-axial actuated
shafts. This robot is designed to rotate completely around a vertical axis, making it
suitable for applications such as celestial orientation and rehabilitation. The study
describes the construction of the robot and performs inverse position, velocity, and
acceleration evaluations. A systematic methodology for obtaining the dynamic
equations of motion is provided using Kane's method, proving that the inverse
dynamics of the manipulator can be reduced to solving a set of three linear equations
with three unknowns. Furthermore, the research proposes a computational technique
for solving the inverse dynamics and gives simulations for several moving platform

trajectories, providing insights into the robot's dynamic behavior.
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CHAPTER 3

MECHANICAL DESIGN

This prototype spherical manipulator was inspired by the spherical manipulator
design known as the Orbitra [25]. The performance, energy efficiency, and
usefulness of spherical manipulators could be improved through mechanical design

optimization.

Geometric Tolerance Enhancement: The geometry of the spherical parallel
manipulator's links and axes was optimized. This aided in making the manipulator
smaller, lighter, and faster. The design was revamped in comparison to step motors,
and internal structures were modified accordingly. While all dimensions of the
components were increased, new bearing holes were introduced, and the components

were redeveloped based on geometric tolerance.

Material Selection: Choosing the right materials for the manipulator's links and
other components is essential for considerations of weight, strength, and durability.
Therefore, lightweight, and high-strength materials were preferred, and parts printed
from a 3D printer were favored. PLA was selected as the material of choice Figure
1.2.

Optimization of Range of Motion: The manipulator's range of motion was carefully
considered during the design phase. Providing the necessary range of motion for
desired applications while preventing unnecessary excessive movement contributed
to energy savings. First, the motors and flexible couplings are connected to each
other. Then the motors with couplings are connected to the gear via the shaft, thus,
the torque and energy efficiency of the manipulator are increased. Additionally, large
bearings were designed to facilitate the rotation of the motion-inducing arms.

16



Link Sizing: The dimensions and proportions of each link were carefully determined
during the design process, enhancing balance and rotational performance. Part
dimensions have been doubled compared to the norms and extra tolerance has been

given to some parts, ensuring smooth rotation of the manipulator.

Load Distribution and Balancing: A structural design was created to support the
main skeleton, reducing the load on motors or arms. Thus, the manipulator's load-
carrying capacity was optimized, and balanced load distribution was achieved.
Furthermore, both arms and the main skeleton featured gears with bearings,

facilitating load distribution.

The manipulator was designed using computer-based programs, specifically Catia
V5 [26] and Solidworks. [27]

Figure 3. 1: Spherical Parallel Manipulator
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3.1 Used Materials on Design

The prototype spherical manipulator assembly image and bill of materials are as

shown below Figure 3.2.

PART NAME PIECE | BOM NUMBER
TOP PLATE 1 1
ARM 3 2
COVER PLATE 1 3
SUPPORT ARM GEAR 3 4
GEAR 3 5
MIDDLE BODY PART 1 6
BEAR 62527 15 7
BEAR 62422 6 8
DESIGNED OF THE ROLLER 3 9

Figure 3. 2: Technical drawings of bill of material
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The prototype spherical manipulator assembly of the main parts. They include the

base, supported arms, middle body part and bearings shown below Figure 3.3.

Figure 3. 3: Status before basic assembly
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3.1.1 Top Plate

The top plate of the manipulator is shown with 625zz bearings. By placing X, Y, and
Z coordinates on the plate, the manipulator's movements can be observed clearly.
The upper-side design is triangular shape. A cylindrical design was made to which
bearings can be connected at the ends of the concentric triangular table. The reason

for using bearings is to ensure smooth rotation during angular movement Figure 3.4.
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Figure 3. 4: Top plate with bearing 6252z
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3.1.2 Arms

A total of 4 bearings (625zz) were used in one arm, at the back and front. In this
project, 3 arms were used, and they were designed to be 90 degrees. It can easily
perform cylindrical angular movements. Three arms will be connected to the top
plate to support them. M3xM5x36 shafts, M3x40 bolts, flakes, and fiber nuts are
used with the bearings as shown in Figure 3.5.
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Figure 3. 5: Arm with bearing 624zz & 625zz

21



3.1.3 Support Arms

As mentioned earlier, the support arms are connected by the arms. M3xM5x24
shaft, M3x30 bolt, flake and fiber nut are used in the bearing. The upper part is
designed with an angle of 130 degrees, this is to provide an easy movement in arm
rotations. In addition, countersunk bolts are used in holes with a center spacing of 60
mm compared to other places. The reason for this is to hide the bolts in the support
arm and ensure that they do not hit another section during rotation Figure 3.6.

]

Support
Arm

Figure 3. 6: Support arms and measurements



3.1.4 Top cover

To cover the top of the manipulator, a design was designed. It is secured with M4

bolts and placed over the internal gear shown in Figure 3.7.

Top Cover

F

116

Figure 3. 7: Top Cover
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3.1.5 Designed Bearings

The designed bearing has been utilized to reduce friction between two surfaces and
facilitate smoother rotation or sliding motion. This has helped in minimizing wear
and tear, thus extending the manipulator's lifespan, reducing energy losses, and
enabling more efficient operation. Additionally, it is predicted that it will increase
weight-bearing and load-carrying capacity. The designed bearing aims to reduce
vibration and noise. After the part was produced, the balls used in bearings were
placed into the designed bearing.

Figure 3. 8: Technical drawing of designed bearing
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Figure 3. 9: Detailed technical drawing of designed bearing

Figure 3. 10: Designed bearing
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A design was made to reduce the manipulator's upper and lower clearances. Balls
were assembled on both sides of the bearing designed for this purpose, thereby
enhancing the stability of its operation. Although it wasn't used in the thesis, it will
be in other research projects in the future.

Figure 3. 12: Designed bearing for future work
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3.1.6 Support arm gear

This gear design is intended to make angular rotation smooth. The support arm gear
is assembled on the support arm. In this project, three support arm gears were used
shown Figure 3.13.

Support
Arm Gear
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29
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Figure 3. 13: Support arm Gear

3.1.7 Middle body part

The design is the main body where all the parts are assembled. The gears are
connected to the support arm gears and rotated angularly. The gears are directly
connected to the motors with the shaft and move with the motors. Bearings 624zz
are used to achieve better rotation on the underside of the gears. Supported arm gears
shown in Figure 3.13, and assembled body with motors shown in Figure 3.14,
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Figure 3. 14: Middle body part and gears
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Figure 3. 15: Gear
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3.1.8 Base and motor holder

In this design, the base and motor holders are designed separately the assembled
state. The base supports the entire system, and the middle body part is positioned on
top of the base. Motor cables are not visible from outside the system. There are three
openings on the base, which serve as areas for the cables to exit and connect to the

power supply Figure 3.16.

Motor
Holder

Base

Figure 3. 16: Base and motor holder

3.1.9 Designed Manipulator Box
The manipulator's electrical box is designed to keep electrical connections safe,
organized and protected. The box ensures safe and orderly operation of electrical

connections. The Box is designed to avoid any problems, and includes an LCD

screen, control card and power supply.
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Figure 3. 17: Sheet metal electrical box

Figure 3. 18: Completed electrical box

Note: The reason is the length measurements of the parts in the images are not given
is that they are made in 3D because they are processed parts. For this reason, all

dimensions are not shown in the figures.
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3.2 Production of Materials

Prototype Production: During the design phase of mechanical systems, it is critical
to see how the design will operate in practice. Using 3D printers allows designers
rapid prototyping to convert their concepts into tangible products. This assists in

identifying design problems and improvement possibilities at an early stage.

Custom Part Manufacturing: It is common for mechanical systems to require
specialized parts and components. These parts can be produced quickly and

affordably by using 3D printers.

Manufacturing Complex Geometries: For generating complex or geometrically
complex objects, 3D printers are more effective than conventional manufacturing
techniques. Particularly for mechanical systems of the next generation, this provides

design freedom.

Low Production Costs: Using conventional techniques to produce small quantities
or manufacture on demand might be expensive. For low-volume production, 3D

printers are cheaper.

Lightweight Complex Structures: Mechanical systems can require lightweight,
complex, or optimized structures. 3D printers allow materials to be built up in layers,
making it simpler to build lightweight and detailed designs.

Tolerance and Accurate Fit: Because 3D printers can make components with

perfect tolerances more accurate mechanical systems may be created.

Quick Manufacturing: Compared to conventional machining techniques, 3D

printers provide a faster production process, allowing ideas to be realized quickly.

Design Innovation: By enabling designers to realize new concepts quickly and

imaginatively, 3D printers promote innovation in the design of mechanical systems.

As a result, 3D printers are an important tool used in various stages of mechanical

systems, such as design, prototype production and special parts production. They

make design processes more efficient and effective. For the reasons mentioned
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above, a 3D printer was found to be suitable and was preferred when producing the

prototype spherical parallel manipulator in this thesis.

—_—

Figure 3. 19: Hybercube 3D printer
3.3 Errors in the Prototype due to Using 3D Printer

In this study, 3D printer errors were observed and the reasons for this error and

deviation are as shown in Figure 3.20 and Figure 3.21.

J—

Figure 3. 20: 3D part with errors
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Figure 3. 21: 3D printed part with errors

Using filaments of different brands caused clogging in the nozzle, which
affected print quality. Since the melting temperature of each brand of
filament varied, difficulties occurred at the time of printing, which affected
the print quality.

The 3D printer used has 3D parts that have already been printed and there is
a %1 margin of error for new products at the time of printing.

The 3D printer lacks a cooling system; if the hot filament is not cooled down
immediately, deformations can occur in the printed part. This can cause

problems, especially for objects with complex geometry.
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Figure 3. 22: Deviation

It is seen that the cube, which is expected to come out 20, comes out 20.15, so
the margin of error is 0.75. In total, 20 parts were produced from the 3D printer
and each part has a margin of error of 0.75 as shown in Figure 3.22. The
produced prototype spherical parallel manipulator may have a 15% margin of
error in total. Due to reasons arising from the 3D printer, errors were observed in
the printed parts, which creates an error margin of 1°or 2° between the angles
entered in MATLAB and the angles measured in real. For this prototype
manipulator, +1 or +2 degrees of deviation are acceptable according to 3D

printer’s margin of error.
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CHAPTER 4

SPM MANIPULATOR KINEMATICS

The kinematics of a Spherical Parallel Manipulator (SPM) involves the study of how
the manipulator's end-effector or platform moves in space based on the motions of
its various components, such as the links and joints. SPMs are typically characterized

by their ability to provide three degrees of freedom (3-DOF) in spatial movement.

The joint angles for the 3-DOF kinematic calculations. Each step comprises three
joint angles, 8;, ¢; and y;, with its roll, pitch, and yaw axis, where "i"" stands for the
leg's index. Although step motors cannot be seen here, they impact the 6;. The
working range of the designed spherical parallel manipulator is between + 30°

degrees. The angles are explained in detail in [28] seen in Figure 4.1.

Figure 4. 1: Roll, pitch and yaw angles

35



4.1 Denavit Hartenberg Parameters

Denavit-Hartenberg parameters (DH parameters) are a widely used method for
modeling the kinematics of robotic manipulators, including spherical parallel
manipulators (SPMs). However, the application of DH parameters to SPMs is
different from traditional serial manipulators due to the structure of SPMs. In the DH

parameter framework, each joint is represented by a set of four parameters:

(a): Length of the common normal X; is symbolized by the letter "a," which should
not be confused with the Greek letter " a ™ This is the radius around the Z; if a

revolute joint is used.

(d): Z; offset to the common normal X; and X;,, . For spherical parallel
manipulator this may correspond to the distance from one spherical joint to

another.

(8): Angle from X; to new X;,,, with respect to Z;. In an SPM, the joint angles

can correspond to the angles of the spherical joints.

(a): The angle from the Z; to the new Z;,; around the common normal X;. This
parameter may not be applicable if spherical parallel manipulator spherical joints

provide multi-axis rotation.

With the given information, the Denavit-Hartenberg table is shown for transition
from Base to Top Plate Table 4.1.

Table 4.1: Denavit Hartenberg Table

ApHj-1 0 Qap ap
Aphj-1 0 0 0
dphj-1 0 0 0
Ophj-1 0; Qi Y;
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Where ap = g and ap = —g are constants [28]. The initial position of the joints,

angles shown below 6;, ¢; and y;:

e 0;0=0°
© Pi=5=90
TL’

© Y= =-30°

4.2 Reference Frame and Initial Position

The reference frame is positioned at the midpoint of the base section so that the X-
component points in the direction of the main chain, the Z-component points
upwards toward the articular joint axis, and the Y-component is selected so that the

X,Z and Y form a frame in accordance with the right hand rule [28] Figure 4.2.

Figure 4. 2: Reference frame
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Each leg needs to be at 2?” =120° angle when the initial position is matched with

the Reference frame orientation. [28] see Figure 4.3.

Figure 4. 3: Initial position

4.3 Forward Kinematic Analysis

Forward kinematics takes three angles as input and calculates a homogeneous matrix
[29] based on these angles. Forward mapping [28] calculations based on the
reference frame are shown below and depicted graphically shown in Figure 4.4. This

orientation matrices are follows:
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(B;} v (P} v (D;} w— (W} w— (H} C(HT)

CRD)

C(RP)

{R} > {T}

Figure 4. 4: Forward kinematics map

Transformation of Base frame to Reference frame:
CER (1)
Transformation of Proximal frame to Reference frame:

C(RP) — C(RB)(C(BP) )

Transformation of Distal frame to Reference frame:

C(RD) — c(RB)(BP)(P.D) 3)

Wrist to Reference frame:

CRW) — c(R.B)c(BP)(PD)(DW) (4)

Hexagon to Reference frame:

CRH) = c(RB)(BP)(P.D)(DW)(DH) (5)

Tool to Reference frame:

CcRT) = cRB)c(BP)(P.D)cDW)c(DH)(HT) (6)

4.4 Inverse Kinematic Analysis

Inverse kinematics can be used to predict the robot's motion to arrive at a specific
place. A robotic arm used in a production line, for instance, requires accurate motion
from the starting point to the goal. If the inverse kinematics orientation is known
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from the Forward kinematics equations, then the equation steps can be solved with
Euler angles in inverse kinematics. The calculation results of three angles of
homogeneous matrix and position with respect to Inverse kinematics and the angles

that entered forward kinematics as input should be matched [28].

Calculation of 8; angle according to quaternion calculations [30] is as follows;

2epe;3 cos(6;) — 2eje; cos(2n; + 6;) + (e3% — ey?) sin(6;)

sin(a
(@) +(e;% — e,?)sin(2n; + 6;)

(")

+2 cos(ap) [(ege; + e,e3) cos(n;) + (ege, — eqe3) sin(n;)] = 0

) _ Zuj
sm(Hj) = Trup? )
COS(Q') = ﬂ (9)

J 1+u]-2

0
u; = tan(?) (10)
Aj(eOrepez,es,’?i: ap, ap) (12)
B;(eq, €1, €z, €3,M;, g, Ap) (13)
Cj(eO'el'BZIe& T’iraBlaP) (14)
-Bj+ /Bj2—4Ajc]-

Uji/2 = 24, (15)

Since aD is a mechanical constant, its value is aD=-90° due to the construction and
the Denavit-Hartenberg notation. Consequently, the statement can be simplified even

further by multiplying it by the term (1 +u?) [28] and setting cos(aD) =
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cos(—90°) = 0. The quadratic equation can be expressed in terms of u to identify

the variables A, B, and C in the equation Au? + Bu + C = 0.

The parameters A, B and C from the quadratic equation Au? + Bu + C = 0 can be

determined:

Parameter A,

2(—ege; sin[aP] + e, e, cos[2n;] sin[aP] + cos[aP] ((ege; + ee3) cos[n;] +

(ege; — eqe3) sin[nj]) — %ef sin[aP] sin[2n;] + %ezz sin[aP] sin[27n;]) (16)
Parameter B,

2(—e? sin[aP] + eZ sin[aP] + e? cos[27n;] sin[aP] — eZ cos[2n;] sin[aP] +
2e, e, sin[aP] sin[27;]) @an

Parameter C,

2(eges sin[aP] — e; e, cos[2n;] sin[aP] + cos[aP] ((epe; + eze3) cos[n;] +

(ege, — e1€3) sin[m]) + %ef sin[aP] sin[2n;] — %ezz sin[aP] sin[2n;]) (18)

Both answers to 6; can be computed using the expression (15).

g2 .
6, = Atan2 (ﬂ 2“—“) (19)

1+uj,12, 1+u]"12

—y a2 .
6, = Atan2 (i 2“—1) (20)

1+u]-‘22' 1+u]"22

Calculation of ¢; angle according to quaternion calculations [30] is as follows;

. 2t;
sin(0,) = e @
1-t;2
cos () = @)
(p.
tj = tan(?’) (23)
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Dj(30:e1'92;e3'ni:a3'ap) (25)
Ej(eo' ey, €y, e3,1;, A, Ap) (26)
5(80,81,82,83, niraB'aP) (27)

The mechanical constant Cos[D]=Cos [-90°]=0 is then equal to the dot product of
the normal vector and Y (€ ®P)) [28]. Itis clear that the angle | is expressed in terms
of Sin [¢i] and Cos [¢i], which are then replaced by the variable t using the
Weierstrass substitution (appendix 1). This substitution leads to a quadratic equation
with coefficients D, E, and F = f (eg, e, e;,e5,B,P, |) where Dt?2 + Et + F = 0 is

the solution.
Parameter D,

—el cos[0i] + e2 cos[0i] + e? cos[2n; + ;] — eZ cos[2n; + ;] — 2eqe5 sin[B;] +
2e, e, sin[2n; + 6] (28)

Parameter E,

—2(eype, — eje3) cos[aP — nj| + 2(eye, — e1e3) cos[aP + nj]| + 2eye; cos[aP —
0i] — 2e e, cos[aP — 2n; — 6i] + 2eye; cos[aP + 6i] — 2e;e, cos[aP + 2n; +
0i] — 2eyeq, sin[aP — nj] — 2e,e5 sin[aP — ni] — 2eye, sin[aP + nj] —

2e,e; sin[aP + nj] + eZ sin[aP — ;] — e2 sin[aP — 6;] — e?sin[aP — 2n; —

0i] + eZsin[aP — 2n; — 6;] — e3 sin[aP + 6;] + eZ sin[aP + 6;] + e?sin[aP +
2n;i + 0] — e2sin[aP + 2n; + 6] (29)

Parameter F,

e cos[8i] — e2 cos[8i] — e? cos[2n; + Oi] + e2 cos[2n; + ;] + 2eqe3 sin[B;] —

2e; e, sin[2n; + 0] (30)
—Ejt /Ej2—4Dij
iz = 20; (31)
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Both answers to ¢; can be computed using the expression (31).

@1 = Atan2 (1 a” 2t ) (32)

1+tj1% 14847

@j2 = Atan2 (1 a” 2t ) (33)

1+tj2% 14t 52

Calculation of y; angle according to quaternion calculations [30] is as follows;

sin (1/),-) = 122 (34)

cos (1) = 1125 )

sj = tan( D) (36)
Gisi*+ Hisj+1; =0 (37)
Gi(eo, €1, €2, €3, 1y, ap, ap) (38)
Hj(eo, €1, €2, €3,1;, ap, ap) (39)
I;(eo, €1, €2, 3,11, 3, tp) (40)

The dot product is equal to 0 because the vectors C®W) and C®2W) [28] are
perpendicular to each other. It is clear that the angle i is expressed in terms of Sin
[vi] and Cos[y;], which are then replaced by the variable s using the Weierstrass

substitution.
Parameter G,

(el cos[aP] — e? cos[aP] — e cos[aP] + e2cos[aP] — 2(eye; +

e,e3) cos[ni] cos[6i] sin[aP] — 2(—eye, + ee3) cos[6i] +

2epe, sin[aP] sin[nj] — 2(—egpe; + e,e3) cos[ni] sin[aP] sin[6;] +

2eye, sin[aP] sin[n;] sin[6i] + 2e;e; sin[aP] sin[n;] sin[6;]) (41)

Parameter H,
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—4(eye, — eye3) cos[nj] cos[Oi] cos[pi] — 4(eqe; +

e,e3) cos[ni] cos[Oi] sin[6i] + 4eye; cos[i] sin[ni] sin[6;] —

4e,e; cos[gi] sin[n;] sin[8;] — 2eZ sin[aP] sin[¢;] + 2e? sin[aP] sin[¢;] +

2e2 sin[aP] sin[¢j] + 2e2 sin[aP] sin[¢;] + 4(eqe; —

e,e3) cos[aP] cos[6] sin[n;] sin[e;] + 4eye, cos[aP] sin[n;] sin[6;] sin[¢;] +
4e, e cos[aP] sin[n;] sin[60;] sin[¢;] — 4 cos[aP] cos[n;] ((eoe; + eze3) cos[6;] +
(—epe; + eze3) sin[gj]) (42)

Parameter I,

—e? cos[aP] + e? cos[aP] + e2 cos[aP] — eZcos[aP] — 2(—ege; —

e,e3) cos[nj] cos[6i] sin[aP] — 2(eye; — e,e3) cos[nj] sin[aP] sin[0;] —

2ege, sin[aP] sin[n;] sin[0j] — 2e; e5 sin[aP] sin[n;] sin[6] (43)
—Hji ,sz—él-GjIj
iz =T a6 (44)

Both answers to P, can be computed using the expression (44).

—c.:. 2 .
¥, = Atan2 (i 2%a ) (45)

1+S]"12, 1+Sj112

_c..2 )
ll)j'z — Atan2 (1 Sj2°  2Sj2 ) (46)

1+S]"22, 1+Sj'22

According to [28] Weierstrass method was used to solve the angles. You can see the

solutions below.

To determine 6;;
0; = Atan2(cos6;, sinb;) (47)

Has two options according to

“wii? 2w
0; 1 = Atan2 (—1 L 2 ) (48)

] 1+uj112, 1+u]'_12
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6.

1-u;,? 2u;
;2 = Atan2 (—" —2 )

1+uj‘22' 1+uj_22
To determine ¢;;
@; = Atan2(cosj, sing;)

Has two options according to

1-ti 2 2t;
<p]1—Atan2< /4 —’1>

2
1+tj1% 1+4tj,°

®j. = Atan2 (1 tz” 2t—”>

1+t 1+4¢),2
To determine 1/)1.;
Y; = Atan2(cosyj, siny;)

Has two options according to

.2 .
¥, = Atan2 (—S” 2ia )

1+$]1 1+S]"12

l/J] = Atan2 <L22 25_12)

1+sj2% 145 ,2

45

(49)

(50)

(51)

(52)

(53)

(54)
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CHAPTER 5

CONTROL

MATLAB/Simscape serves as modeling software for mechanical systems and offers
a unified simulation environment for creating both mechanical and controller
models. SimScape also provides exporting a computer-aided design (CAD) to
MATLAB, simplifying the automatic generation of SimScape models from
SolidWorks or CAD assemblies. It allows the development of physical component
models based on physical connections. SimScape greatly assists in the development

of control systems.

In the thesis on the spherical parallel manipulator, attention is given to the simulation
and modeling of the manipulator. In this thesis, SolidWorks, Catia v5, SimScape,
Simulink, and MATLAB were utilized for the design and analysis of the spherical
parallel manipulator. SimScape facilitated the rapid creation of physical system
models within the MATLAB environment. Consequently, the choice to use this
software is driven by the aim of achieving a one-to-one correspondence between the
manipulator's simulation and real-life performance. Moreover, its compatibility with
SolidWorks, a solid modeling program, streamlines the data transfer process.
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Figure 5. 1: SPM simulation

To simulate a spherical parallel manipulator in MATLAB [31] shown in Figure 5.1,

following steps need to be proceeded:

1.

Creating a mathematical representation of the manipulator, which involves
using equations, such as the forward and inverse kinematics equations, to
specify the kinematics of the manipulator.

The Simulink toolbox, which enables to build models of systems and processes
using blocks and diagrams, would be used to construct a simulation environment
in MATLAB.

The simulation environment should be used to implement the mathematical
model. In order to do this, the simulation environment made in Step 2 would
need to include the equations and algorithms generated in Step 1.

The manipulator is simulated in Simulink and the data received as a result of the

simulation can be examined.
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5. Visualize and evaluate the results: MATLAB's visualization and analysis
capabilities can be used to evaluate the simulations' outcomes. These options

include graph plotting, statistical analysis, and animation creation.

5.1 Spherical Parallel Manipulator SimScape Model

_—
— ———————— 06818 06759 0.1807] 0.2046]
a—"
Pl  ——
‘\,_ | 08430 ~0.02117] -0.5360]
% 05367 0.002456] 0.8437]
E
5 -0.01652 0,999 0.01347]
L
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8" 7\ F F2
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Figure 5. 2: SPM simulation blocks

The Spherical parallel manipulator model exported from Solidworks to Simscape. A
detailed explanation of how to export the CAD model from Solidworks to SimScape

is stated in appendix F. Simscape blocks shown in Figure 5.2.

-

Revolute5

F1]
F
x3_1 RIGID ust

Figure 5. 3: Revolute joint
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« I Revolute Primitive (Rz)

 State Taegety

B Soeciy Posion Taget
Frionit

A 3

Figure 5. 4: Revolute joint settings

To set motion limits to restrict the range of motion, the Torque needs to be
automatically computed and the motion section needs to be provided by input. This

can be useful for modeling realistic mechanical systems with physical constraints.

When the CAD file was exported from SolidWorks to MATLAB, the damping
coefficient was entered as 0.1 to prevent the simulation movement rotating

differently from the desired rotation.

Equilibrium position refers to the position in a system that is in equilibrium or at rest.
In this state, all forces and moments should be zero, so equilibrium position 0 is
entered in the simulation. Since there is no spring stiffness value in the system, 0 is

entered.

5.2 Reference Frames

In Simscape, the orientation and location of various components inside a physical
model are specified using a reference frame, often known as a local reference frame

or a local coordinate system. Reference frames are necessary to comprehend the
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connections and motions between different parts of a mechanical or multi-domain

system.

Bodies, joints, and sensors of every Simscape model have their own special
local coordinate system or reference frame. When creating this local
coordinate system, the component's shape and orientation were taken into
consideration.

Simscape models usually have a global coordinate system that serves as a
point of reference for all the model's components. Model components may
be positioned and orientated consistently with the assistance of this global
coordinate system.

Joint Motion: It was discussed how the motion of a joint, such as a revolute
joint or a prismatic joint, affects the relative transformation between
connected components. Joint motion is important for accurate observation of

the mechanical behavior of the system.

}
5
]

Transform? ORTA_DISLI_1_RIGID

i
N

Transforme UST_DISLI_1_RIGID

)

§

1
D

uf
( ) Transforms ALT_DISLI_1_RIGID

F3
15 " F |
k R Transformé TOP_1_RIGID
ReferenceFrame D
F
5
od F1
<N Fz
Transform3 BASE_SOLID_1_RIGID
Fz

F1

Figure 5. 5: Subsystem of middle body part and base
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The subsystem of where the middle body part and the base are assembled is shown

in Figure 5.5.

Supported arm

gear reference
frames Fll Fz, F3

Fixed reference

Fy

Figure 5. 6: References shown on simulation

Four reference frames are defined in the subsystem. The first one is the reference
frame given F, to fix it the base on the ground. The other three F,,F,, F; are

supported arm gear reference frames.

.

F1

- o

F

ReferenceFrame

Figure 5. 7: Subsystem of supported arm gear

The subsystem of the supported arm gear part is shown in Figure 5.7.
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Connection
between three arms
to each other

Connection of
the middle

body part

Figure 5. 8: Reference frame connections of supported arm gear

Each supported arm gear F; is connected to the reference frames in the base. Also,

in supported arm gear F, connected on the arms.

L

F1

K- @

F

ReferenceFrame

Figure 5. 9: Subsystem of the arm

The subsystem of the arm part is shown in Figure 5.9.
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F, reference of
the arm

F, reference of
the arm

Figure 5. 10: Reference frames of arm

The reference of the supported arm gear F; and the reference of the arm F, are

connected.

Fx

F?@ F1

Figure 5. 11: Subsystem of top plate

The subsystem of the top plate part is shown in Figure 5.11.
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F,F,F;
references of

the top plate

Figure 5. 12: Reference frames of top plate

The references of each arm F, and the references of the top plate F,, F,, F; are
connected to each other.

5.3 Transform Sensor

The Transform sensor was connected between the F and B ports. It shows the
calculation results of time-varying values, such as quaternion matrix, position and

homogeneous matrix.
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Figure 5. 13: Transform sensor outputs

In the thesis, MATLAB was used to implement the mathematical formulas for the
forward and inverse kinematics computations. MATLAB and Simulink were chosen
for this project because they are easy to use, can solve complex equations easily, and
have high simulation capacity.

The written code was compared and tested via Simulink. According to the
calculations, the 3 input values given and the simulation gives the exact same values
as the output. Therefore, the forward and inverse kinematics calculations included in
MATLAB functions are entirely accurate. The calculations of the motor input angle,
as observed in the output values, also verify their correctness when examining the

general equations as shown in Figure 5.14.
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Figure 5. 14: SPM-Simulation blocks
Quaternion calculations [28] of alpha beta and gamma written in the MATLAB
function are shown in Figure 5.15. The kinematic calculations were examined in
detail, and some parameters were changed (link length, etc.) for the optimized
prototype SPM and were adapted for the prototype SPM. Detailed codes can be
found in appendix H.
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function q = TBzyx2q( alpha, beta, gamma )
Fmmmm e BEGIN CODE --==========-~
alpha = alpha*{pi/180);

beta = beta*(pi/180@);

gamma = gamma*(pi/180);

e@ = cos(alpha/2)*cos(beta/2)*cos(gamma/2) - sin(alpha/2)*sin(beta/2)*sin(gamma/2);
el = cos(alpha/2)*cos(beta/2)*sin(gamma/2) + cos(gamma/2)*sin(alpha/2)*sin(beta/2);
e2 = cos(alpha/2)*cos(gamma/2)*sin(beta/2) - cos(beta/2)*sin(alpha/2)*sin(gamma/2);
e3 = cos(beta/2)*cos(gamma/2)*sin(alpha/2) + cos(alpha/2)*sin(beta/2)*sin(gamma/2);

701 = [cos(Alpha) sin(Alpha) @ @ ; -sin(Alpha) cos(Alpha) 2@ ; 20 1@ ; @22 0 1];
T12 = [cos(Beta) @ -sin(Beta) @ ; 2 1 @ @ ; sin(Beta) © cos(Beta) @ ; @ @ © 1];

T23 = [cos(Gamma) sin(Gamma) © @ ; -sin(Gamma) cos(Gamma) 2 @ ; 22 10 ; 9 @ @ 1];
T03 = TO1*T12*723;

Ce1=[cos(Alpha) sin(Alpha) @;-sin(Alpha) cos(Alpha) ©;0 @ 1];
Cl2=[cos(Beta) @ -sin(Beta);® 1 0;sin(Beta) @ cos(Beta)];
C23=[cos(Gamma) sin(Gamma) @;-sin(Gamma) cos(Gamma) €;0 @ 1];
C@3=C01*C12*C23;

a% 3% 3% 30 3% % 3% B R

q = [e@,el,e2,e3];

Figure 5. 15: Quaternion calculations in MATLAB

Inverse kinematic calculations [28] were made with quaternion inputs, the MATLAB
function shown in Figure 5.15. For detailed information see appendix H.

function u = SPM_invKin_pos(q)

%% Mechanical constants
alphaB = -pi/2;

alphaP = 65%pi/180@;

alphaD = -pi/2;

eta = [@ , 2*pi/3 , -2%*pi/3];
epsMax = 67*pi/180;

€0 = q(1);
el = q(2);
e2 = q(3);
e3 = q(4);

M=zeros(3);

N=zeros(3);

P=zeros(3);

c=zeros(3);

s=zeros(3);

%% Loop for the three kinematic chains

for i = 1:3
%% Calculate Constant parameters
M(i)=sin(alphaP)*(2*e0*e3-2%el1*e2*cos(2%eta(i))+(e1"2-e242)*sin(2*eta(i)));
N(i)=sin(alphaP)*(-e0"2+e342+(el”2-e2”2)*cos(2*eta(i))+2%el*e2*sin(2%eta(i)));
P(i)=2%cos({alphaP)*((e@*el+e2*e3)*cos(eta(i))+(e@*e2-e1%e3)*sin(eta(i)));

%% Solve quadratic equation (Roots positive is the correct answer)
s(i)=(#sqrt(M(i)~2+N(i)*2-P(i)*2)*M(1)-P(i)*N(1i))/(M(i)"2+N(i)*2);
c(i)=(-sqre(M(i)~24N(i)*2-P(i)~2)*N(i)-P(i)*M(i))/(M(i)*24+N(i)*2);

end

%% Affect output

u = [e(1),s(1),¢c(2),5(2),¢(3),5(3)];

Figure 5. 16: Forward kinematics calculations MATLAB code
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A small part of forward kinematic calculations is shown in Figure 5.16. For detailed

information see appendix H.

function q = SPM_dirKin_pos(u)
coder.extrinsic('quatexp')

%% Load Constants

iMax = 10;

ikMax = 4;
kini = 1;
eps = 5.9921e-06;
dk = 6.5;

%% Create Vectors

k = kini;

1503

ik = ©;

ue = u;

ud = zeros(1,6);
du = zeros(1,6);
qipl = zeros(1,4);

%% Create Initial Conditions

% Calculate mean angle off actuators

cmean = (u(l)+u(3)+u(5));
smean = (u(2)+u(4)+u(6));

divnorm = 1/sgrt(smean®2+cmean”2);

smean*divnorm;

smean
cmean = cmean®*divnorm;

Figure 5. 17: Quatexp MATLAB function

The "quatexp” function or block is not a built-in feature or block in Simulink by
default. If quaternion exponentiation is calculated in Simulink, a designed custom
block or MATLAB Function blocks need to be used.

Quaternion exponentiation is the mathematical action of increasing a quaternion to
a power, which may be performed in Simulink by building a custom MATLAB

function. An example shown in Figure 5.18.
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matlab

% Define a quaternion

q = quaternion(1l, 2, 3, 4); % Example quaternion

% Exponentiate the quaternion

q_exp = exp(q);

Figure 5. 18: Defining quaternion function

The final MATLAB function resulting from the kinematic calculations is shown in
Figure 5.19.

function [ alpha, beta, gamma ] = q2TBzyx(q)

ed = q(1);

el = q(2);

2 = q(3);

e3 = q(4);

alpha = atan2(2*(e@*e3-el*e2),1-2%(e2”2+e372));
beta = asin(2*(ed*e2+el®e3));

gamma = atan2(2*(e@*el-e2%e3),1-2%(el”2+e272));

alpha = alpha®(180/pi);
beta = beta*(180@/pi);
gamma = gamma*(180/pi);
end

Figure 5. 19: Resulting function

5.4 Electrical Diagram of the Spherical Parallel Manipulator

The spherical parallel manipulator (SPM) electrical diagram shows the electrical
connections and components used to enable the movement of the SPM. The
components used in the prototype may vary in the future works. The power supply,
control circuit and step motors required to move the joints can be seen in the diagram

in Figure 5.20.
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Max 12V 1t
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Figure 5. 20: Electric Diagram of SPM

Table 5.1: Components

60

Stepper Motor Nema 17
A4988 Stepper Motor Drivers
Power Supply

RepRap Ramps 1.4

LCD Screen

Arduino Mega

Marlin Software



5.5 Modified Sections of Marlin Software for Spherical Parallel Manipulator

The motor drivers used have been selected in the Configuration.h [33] files, shown

in Figure 5.21 and detailed code explained in appendix I.1.

¢ Arduino Mega or Mega2... ~

Configuration.h || Configuration_advh Version.h

#define X_DRIVER_TYPE
#define Y_DRIVER_TYPE
#define Z_DRIVER_TYPE

Figure 5. 21: Stepper code insertion on Marlin software

Since the temperature sensor was not used, it was written as 0 in the Configuration.h

files, shown in Figure 5.22 and detailed code explained in appendix 1.2.

#define TEMP_SENSOR ©
#detine TEMP SENSOR
#define TEMP_SENSOR_
#define TEMP_SENSOR_
#define TEMP_SENSOR
#define TEMP_SENSOR
#define TEMP_SENSOR_
#define TEMP_SENSOR_ 7 @

#define TEMP_SENSOR_BED ©
#define TEMP_SENSOR_PROBE @
#define TEMP_SENSOR_CHAMBER @
#define TEMP_SENSOR_COOLER @
#define TEMP_SENSOR_BOARD ©
#define TEMP_SENSOR_REDUNDANT ©

e
(%]
e
e
e
e
e

OVt B WN =

J

Figure 5. 22: Defining temperature sensor on Marlin software
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"ENSTOPPULLDOWNS" is turned on as protection software on 3D printers. It
prevents the motor from going in the negative direction. This command has been
closed in Configuration.h files, shown in Figure 5.23 and detailed code explained in

appendix 1.3.

Figure 5. 23: Function that enables negative direction

Speed, acceleration, and step settings of the stepper motor were made in the
Configuration.h files, shown in Figure 5.24 and Figure 5.25, detailed code

explained in appendix 1.4, appendix 1.5 and appendix 1.6.
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#define DEFAULT_AXIS_STEPS PER_UNIT I{ 30, 3@, 30, 20 }I

[ 200, 300, 300, 300 3]

I{ 600, 609, 688, 6OPB I

#define DEFAULT_MAX_ACCELERATION I{ 3068, 3000, 3008, 3080 }I

#if ENABLED(LIMITED_MAX_A
#define MAX_ACCEL_EDIT_VALUES |{ 6000, 6080, 688, 5088 }l

3000
3000
3000

_vaLues [ 20, 20, 20, 10 }

Figure 5. 25: Stepper motor settings 2 on Marlin software

In 3D printers, the Z axis works slower than the X and Y axis. To fix that problem,

some parts were changed in the Marlin software, and it was made in the
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Configuration.h and Configuration_adv.h files. Z PROBE_FEEDRATE_SLOW
command in Configuration_adv.h [33] is the reason that the manipulator’s rotation
is slow, this issue solved with the Z PROBE_FEEDRATE_FAST command written
in Configuration.h. the manipulator's rotation shown in Figure 5.26 and detailed

code explained in appendix 1.6 and appendix 1.7.

Configuration.h [ Configuration_adv.h JVersion h
if ENABLED(MEASURE_BACKLASH N_PROBING)

.5
TION ©.885
JZ_PROBE_FEEDRATE_SLOW]

l Configuration.h l;Z-:»wiir.:vanorde?}v h
#define PROBING MARGIN

PROBE_FEEDRATE_SLOW (Z_PROBE_FEEDRATE_FAST / 2

Figure 5. 26: Speed settings on Z-axis
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CHAPTER 6

RESULTS

6.1 IMU Results

IMU results include data from sensors such as accelerometers and gyroscopes. This
data is processed to determine the position, velocity, and orientation of the device.
Accurate and reliable IMU results are a fundamental requirement for many
technological applications. The IMU shown in Figure 6.1 and Figure 6.2 was used

to track the position and motion of a spherical manipulator.

For graphs in the results, the angles given to the motors are not set at the same time,
so the values in the graph remain constant for a certain period. The most important
part here is that the results must give the desired value, and there may be %15 minor
error consideringly the work plate working angle (max 30°), the max error will be
+4.5° due to the prototype SPM was produced with 3D printer, PLA.

Figure 6. 1: SPM with IMU
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The BWT901CL [32] is a multi-sensor device that can measure angle, angular
velocity, acceleration, and magnetic field. AHRS IMU sensor is the scientific name
for the BWT901CL. A sensor records acceleration, magnetic field, angular velocity,
and 3-axis angle. It is utilized when the highest level of measurement precision is

necessary.

Figure 6. 3: BWT901CL IMU app
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6.1.1 0° 0° 0° Position

To read the angles more accurately, an IMU was placed on the top table of the
prototype manipulator and the values read from the IMU in the initial position are

shown in Figure 6.4 and Figure 6.5.

X : =-0.04 ¥ : =0.03 2 : 0,02

X : =0.03 Y : =0.03 Z : 0.02

X : =-0.01 Y : -0.03 2z 0.02

X : =-0.01 ¥ -0.02 2 : 0.02

X : —-0.02 Y : -0.01 2 D.02

X : =-0.02 Y : =-0.01 2 : 0.02

X : =0.01 Y : =0.01 Z : 0.02

X : 0.00 Y : =-0.01 2 : 0,02

X : =-0.00 Y : =-0.01 Z : 0.02

X : =0.00 Y : =0.01 2 : 0.02

X : -0.00 Y : 0.00 Z = 0.02

X : =0.00 ¥ : 0.00 Z : 0.02

X : =0.00 Y : 0.00 Z @ 0.02

X : =0.01 ¥ : =0.01 Z : 0D.02

X : =0.02 Y : =0.02 2 @ 0.02

X : -0.02 Y : =0.01 2 0.02

X : =0.00 Y : =0.00 2 : 0.02

X : 0.00 Y : 0.01 Z2 : 0.02

X : =-0.00 Y : -0.00 2 : 0.02

X : =-0.01 Y : 0.01 Z: 0.02 Desired
X : =0.01 ¥ o 0.01 2 0.02

X : 0.00 Y : =0.00 Z: 0.02 Angles
X : 0.01 ¥ : =0.00 Z z 0.02
e -0 00 ¥ - 0 00 z - o0 ]

Figure 6. 4: 0° 0° 0° Position IMU values of SPM
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0 0 0 Position
0,5
0,4
0,3
0,2

0,1

-0,1
-0,2
-0,3

Yaw Pitch Roll

Figure 6. 5: 0° 0° 0° Position IMU graph

6.1.2 Yaw Angle

To read the angles more accurately, an IMU was placed on the top table of the
prototype manipulator and the values read from the IMU in the Yaw angle are shown

in Figure 6.6 and Figure 6.7, and graph shown in Figure 6.8.

68



X:-20,78 Y:6.08  7:0.81
X:-20,79 Y:5.41  Z:1.07
X:-20,8 Y:463 7:1.06
X:-20,81 Y:3.44  7:1.22
X:-20,82 Y:2.93  Z7:1.24
X:-20,83 Y:1.99  7:1.52
X:-20,84 Y:1.37  7:1.78
X:-20,85 Y:0.19  7:1.71
X:-20.86 Y:0.04  7:1.52
X:-20.87 Y:0.67  7:1.37
X:-20.88 Y:-0.14 7:1.48
X:-20.89 Y:0.09  7:1.51
X:-20.9  Y:-0.03 Z:1.69
X:-20.91 Y:054  7:1.21
X:-20.92 Y:0.41  Z:1.31
X:-20.93 Y:0.38  Z:1.06
X:-20.94 Y:0.42  7:1.36
X:-20.95 Y:0.48  Z:1.25
X:-20.96 Y:0.62 7:1.16
X:-20.97 Y:0.46  Z:1.11
X:-20.98 Y:0.66  Z:1.03 Desired
X: -21 Y:0.66  7:1.19
X:-21.01 Y:0.66 7:1.11 Angles
[ X =21i07 Y.059 7 105

Figure 6. 6: Yaw Angle IMU values of SPM

\ETT

AngleY

AngleZ

Figure 6. 7: BWT901CL IMU Yaw Angle
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80,00

60,00

40,00

20,00

=
=]
=

-20,00

-40,00

Yaw Pitch Roll

Figure 6. 8: Yaw Angle IMU graph

6.1.3 Pitch Angle

To read the angles more accurately, an IMU was placed on the top table of the
prototype manipulator and the values read from the IMU in the Pitch angle are shown

in Figure 6.9, Figure 6.10, and graph is shown in Figure 6.11.
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x® S.44 ¥ 20.78 z —3.15
x o.44 ¥ 20.78 z —3.14
x® S.44 ¥ 20.78 Z —-3.14
x S.43 ¥ 20.79 z —3.14
x® S.44 ¥ 20.80 2 —-3.14
x S.43 ¥ 20.80 z —3.14
b’ 9.43 ¥ 20.81 z —-3.14
x S.43 ¥ 20.80 z -3.14
x 9.43 ¥ 20.77 z -3.14
x S.46 ¥ 20.78 r-] -3.14
x 9.47 ¥ 20.79 z -3.13
.o S.47 b 20.81 Z —-3.13
= 9.45 b's 20.80 z -3.13
x S.44 W 20.80 z —3.13
x S.43 b 20.80 z —3.13
x S.43 W 20.80 z -3.13
x S.43 ¥ 20.79 z —3.13
x S.44 v 20.78 z -3.13
x o.44 ¥ 20.77 z —3.13
x S.44 v 20.78 z —-3.13
b4 S.44 ¥ 20.79 z —3.12
= S.43 b's 20.79 z —-3.12
x o.4az2 ¥ 20.79 2 —3.12
x® S.42 ¥ 20.80 2 —-3.12
x S.43 ¥ 20.81 z -3.12
x® S.44 ¥ 20.81 2 -3.12
x S.46 ¥ 20.79 z -3.12
x® 9.45 ¥ 20.78 2 -3.12
x S.44 W 20.79 z -3.12 1
= 9.43 ¥ 20.79 z -3.12 [)eSIrEd
x S.44 ¥ 20.80 z —3.11
X : 5.44 ¥ 1 20081 z : Saoa Angles
o o e e
LE S .44 ¥ 20.82 z —3.11 |

Figure 6. 9: Pitch Angle IMU values of SPM

Main Acc Gyro MagField

Figure 6. 10: BWT901CL IMU Pitch Angle
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45,00
35,00
25,00

15,00

-5,00
-15,00
-25,00

-35,00

Yaw Pitch Roll

Figure 6. 11: Pitch Angle IMU graph

6.1.4 Roll Angle

To read the angles more accurately, an IMU was placed on the top table of the
prototype manipulator and the values read from the IMU in the Roll angle are shown
in Figure 6.12, Figure 6.13, and graph is shown in Figure 6.14.
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bt -0.46 ¥ 7.84 z : —-28.49
x 1 -0.4¢ ¥ : 7.82 zZ : -28.48
X -0.45 ¥ 7.80 Z : -28.48
X =0.45 ¥ 7.80 2 : =28.50
X =0.45 Y : 7.82 Z -28.50
X =-0.45 ¥ : T.83 Z -28.50
X -0.44 Y : 7.82 z -28.49
X 0.44 Y : 7.82 Z -28.49
X -0.44 Y : 7.81 Z -28.49
X -0.44 Y : 7.8 Z -28.49
X -0.44 ¥ : 7.78 z -28.50
X -0.44 ¥ : 7.78 z -28.49
X : -0.44 Y : 7.80 z : -28.49
X -0.44 Y : 7.83 1 -28.48
X -0.44 ¥ : 7.82 Z -28.49
® -0.44 ¥ 7.81 4 =28.48
% -0.43 ¥ 7.80 Z -28.48
x 0.43 ¥ 7.80 Z =28.49
® -0.43 ¥ 7.81 Z -28.51
X -0.43 ¥ : 7.80 z -28.53 ’
X : -0.43 Y : 7.80 2 : -28.52 Desired
-0.43 ¥ : 7.80 z .51
i -0.42 j’ H “‘f::l Z .50 Angles
¥ o Z .

Ba

—
=
]
)
&
X

Main Acc Gyro

101BKC

AngleX

AngleY

AngleZ

Figure 6. 13: BWT901CL IMU Roll Angle
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40,00
30,00
20,00
10,00

0,00

-10,00

-20,00

-30,00

-40,00

Yaw Pitch Roll

Figure 6. 14: Roll Angle IMU graph

6.1.5 For Three Angle

To read the angles more accurately, an IMU was placed on the top table of the
prototype manipulator and the values read from the IMU in the multiple angles are

shown in Figure 6.15, Figure 6.16, and graph is shown in Figure 6.17.
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b3 4.80 ¥ i8.29 = —-10.05
'3 4.79 ¥ i8.29 = —10.05
® 4.79 ¥ ig.28 z ~10.05
x 4.79 ¥ ig.28 z —10.04
'3 4.79 ¥ i8.28 = —10.04
® 4.79 ¥ ig.28 = —10.04
® 4.78 ¥ i1g.28 z ~10.04
b3 4.78 ¥ i8.29 = —10.04
'3 4.78 ¥ i8.29 = —10.04
® 4.78 ¥ i8.29 z ~10.04
'3 4.78 ¥ i8.30 z —10.04
'3 4.79 ¥ 18.31 = —10.04
® 4.78 ¥ 18.31 = —10.04
® 4.78 ¥ i8.30 z ~10.03
x 4.77 ¥ i8.30 z —-10.03
'3 4.78 ¥ i8.30 = —10.03
® 4.78 ¥ 18.31 z ~10.03
'3 4.77 ¥ i8.31 z ~10.03
b3 4.77 ¥ i8.31 = -10.03
® 4.78 ¥ i8.30 = —10.02
® 4.79 ¥ i8.30 z —10.02
x 4.79 ¥ i8.29 z —10.02
'3 a.78 ¥ i8.28 = —1i0.02
® 4.76 ¥ ig.28 z ~10.02
'3 4.75 ¥ i8.30 z —10.02
b3 4.78 ¥ i8.30 = —10.02
'3 4.75 ¥ 18.31 = —10.02
® 4.75 ¥ 18.31 z —10.02
x 4.74 ¥ i8.31 z —10.01
'3 4.75 ¥ 18.31 = —10.01
® 4.75 ¥ 18.31 = —10.01
'3 4.76 ¥ i8.31 z —10.01
b3 4.77 ¥ i8.31 = —10.01
x 4.77 ¥ 18.31 z —10.01 d
® 4.78 ¥ 18.31 z : —10.01 EJESIre
x 4.78 ¥ i8.31 z : —10.01
: R e Angles

Ix 4.76 ¥ 18.32 z : —10.00

Main Acc Gyro

Figure 6. 16: BWT901CL IMU Three Angle
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40,00
30,00
20,00
10,00
0,00 =

-10,00 \

-20,00

Yaw Pitch Roll

Figure 6. 17: Three Angle IMU graph

6.2 Experiments on Prototype Spherical Parallel Manipulator

6.2.1 0° 0° 0° Position Example

When all angles are given 0°, the output angles of the kinematic calculation are also

0° as shown in Figure 6.18 and Figure 6.19.

Figure 6. 18: 0° 0° 0° Position Example
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The angles provided as input are entered into the kinematic analysis blocks, resulting
in the generation of three output angles. These outputs represent the stepper motor
data utilized in the prototype of the spherical parallel manipulator. When the stepper
motor angles were given for the case, the output on the manipulator became also.

- —
v [V : ¥ a]ﬂ
= 3 —

Figure 6. 19: Motor angles for 0° 0° 0° position example

Subsequently, upon entering the angles 0° 0° 0°, the top plate of the manipulator
is measured using a protractor, and the angle on the protractor aligns with the input
angles 0° 0° 0° used in the simulation shown in the Figure 6.20.

Figure 6. 20: Kinematic verification for 0° 0° 0° position example
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6.2.2 Yaw Angle Example

When yaw angle is given 20° and the others given 0° the output all motor angles
will be 20° 20° 20° as shown in Figure 6.21.

CAMTERRSOM EDUATIOH

. 4 .
THuA S FORMAT IO A TR

TRANESORMATION MATRIX

Figure 6. 21: Yaw Angle Example

The angles provided as input are entered into the kinematic analysis blocks, resulting
in the generation of three output angles. These outputs represent the stepper motor
data utilized in the prototype of the spherical parallel manipulator. Subsequently,
upon entering the angles, the top plate of the manipulator is measured using a
protractor, and the angle on the protractor aligns with the input angles used in the
simulation. When the motor input was 20° 20° 20° for the case, the output on the

protractor angles 0° became also, shown in Figure 6.22.
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0.9397|
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0.9397]
0.342|

F

slpha

ie

Figure 6. 22: Motor angles for Yaw Angle Example and kinematic verification

6.2.3 Pitch Angle Example

When the pitch angle is given 0° 22° 0° then the stepper motor angles will be
0° 11° —11° as shown in Figure 6.23.

Figure 6. 23: Pitch Angle Example

79



The input angles are passed through the kinematic analysis blocks, the result will be
three output angles. These outputs show the stepper motor data used in the spherical

parallel manipulator prototype.

Following that, the top plate of the manipulator is measured using a protractor, and
the angle on the protractor aligns with the input angles utilized in the simulation.
When the motor angles were set to 0° 11° —11° for the case, the output on the

protractor was likewise set to 22°, as shown in Figure 6.24.

0.8812]
=t 0.1927]

5 0.1927]

u Py 1.1
fon

-11.11

Figure 6. 24: Motor angles for Pitch Angle Example and kinematic verification
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6.2.4 Roll Angle Example

When roll angle is given 0° 0° 30° then the stepper motor angles 15°—10° —3°.
The input angles are transmitted through the kinematic analysis blocks, resulting in
the derivation of three output angles. These output values represent the stepper motor
data applied in the prototype of the spherical parallel manipulator, as shown in
Figure 6.25.

Inverse Kisematics Furmans Sremans

£
-
—"%M
0 DEOT

Figure 6. 25: Roll Angle Example

The top plate of the manipulator is measured using a protractor, and the protractor
reading corresponds to the motor angles shown in the simulation shown in Figure
6.26.
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0.9631
0.26524
0.6837]
0.1797]
0.9982
0.0607]

15.62

u v -10.35)
o 3.48]

alpha

:

beta

30

gamma

Figure 6. 26: Motor angles for Roll Angle Example and kinematic verification

In a specific scenario where the stepper motor angles were configured as

15°—10° —3°, the value was also read from protractor 30°.
6.2.5 Giving Values for Three Angle Example

When yaw and pitch angle are given as 10° 20° 0° then the stepper motor angles
will be 11° 19° 0° as shown in Figure 6.27.
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Figure 6. 27: Three Angle Example

The outputs represent the stepper motor data utilized in the prototype of the spherical
parallel manipulator. Subsequently, upon entering the angles, the top plate of the
manipulator is measured using a protractor, and the angle on the protractor aligns
with the input angles used in the simulation. When the motor angles were given
11°19° 0° for the case, the output on the protractor angles became 11° 19° 0°,
shown in Figure 6.28.

[ 0.9816
0.1008
0.9453) "

‘ 1l 0.3262 M. H > 19.04
fen

-0.279|

-0.00487

20

bela

F

gamma

Figure 6. 28: Motor angles for Three Angle Example and kinematic verification
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CHAPTER 7

CONCLUSION

In conclusion, this study addressed the design, manufacturing, and control processes
of a 3-DOF spherical parallel manipulator. As a fundamental component of
optimization, a comprehensive analysis was performed on various design parameters
to enhance the manipulator's performance and efficiency. The design of a spherical
parallel Manipulator was changed, designed in SolidWorks and Catia V5, and
transferred to MATLAB/Simscape, and simulation was made in SimScape. During
the design process, several considerations were considered, including Geometric
Tolerance, Enhancement, Material Selection, Optimization of Range of Motion,
Link Sizing, Load Distribution, and Balancing. To address these considerations, a
large bearing was designed to facilitate smooth rotation. Furthermore, the
arrangement of the middle body was adjusted to accommodate stepper motors, and
couplings were integrated onto the motor shafts to enable their connection to the
arms. Careful adjustments of relevant parameters enhanced the manipulator's ability
to perform rapid and precise movements. This expands its range of applications in
industrial and robotic systems. Additionally, a protective box was designed to house
and safeguard the electrical components of the manipulator. This enclosure includes
the control card, cables, and power supply. rigorous quality control during the
manufacturing phase and appropriate material selection increased the durability and
reliability of the manipulator. The designed manipulator was produced on a 3D
printer as a prototype and PLA was chosen as the material. It is planned to be

produced as metal in future work.

Establishing the validity of a kinematically verified spherical manipulator in real-

world applications represents a critical phase in evaluating the usability and

effectiveness of this robotic system. This work validated the accuracy of the

manipulator's kinematics through physical experiments and verification. The main
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purpose of this thesis is to confirm that the outputs of the prototype manipulator,
generated through computer-based kinematic analysis, match one another. This
study provides valuable insights to researchers, engineers, and industry professionals
interested in the design, manufacturing, and control of 3-DOF spherical parallel
manipulators. The results obtained can guide the design and optimization processes

of similar manipulators and serve as a foundation for future research.
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APPENDICES

A. Bearing 624zz and 625zz

Specific ball bearing types are referred to as "Bearing 624zz" and "625zz". In the

bearing industry, these names are frequently used to describe the size and properties
of the bearings.

Part Number: 62422

i fior illustration only)

+
r Y—— 0.2mm (min. =
g amm imin) Material SAES2100
m (rings & balls) chrome steel
Material {cage) pressed steel
Closures Metal shields
13 Load rating (stat) 49 Kgf
mm
Load rating (dyn) 130 Kgf
Speed Limie * 42,000 rpm
4mm Standard Kyodo Yushi
1 Lubrication ** Mulicmp SRL grease
- * with adequate lubrication
** Ay VALY
These bearings comply with EU ROHS
and REACH regulations.

RADIAL PLAY MC1 M2 MC3 MC4 MCS MC6
{micronsh 0-3 i-§ 5-10 §-13 13-20 | 20-38
TOLERANCE Fid Fé PS5
Bore Deviation 0/ -0.008mm | 0/ -0.007Tmm | +0/-0.005mm
0D Deviation I/ -0.008mm | 07 -0.007mm |+ -0.005mm
‘Width Deviation +0/ 0.1 20mm + /A0 1 20mem | 07 -0.040mm
Single Bore Variation i 5 4
Single OD Variation 10 9 4
Inner Width Variation 15 15 5
Duiter Width Variation 15 15 5
Inner Radial Runout 10 [ 4
Outer Radial Runout 15 8 5

Figure A: 624zz Bearing
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PRODUCT DEFINITION

Brand SNR

d - Internal diameter 5mm

D - External diameter 16 mm s

B - Bearing/Inner ring width 5mm

d1 - External diameter inner ring 7.7 mm ol I e I |
D1 - Inner diameter outer ring 13,8 mm

rs - Min fillet radius 0,3 mm

Radial clearance class CN 4 P

Mass 0,005 kg - 8 -‘

Figure B: 625zz Bearing
B. PLA-Filament

PLA filament (Polylactic Acid) is a popular 3D printing material because of its

simplicity of use, biodegradability, and adaptability.

C. Supplies

In many mechanical and construction applications, washers, nuts, and bolts serve as

vital elements. They occur in numerous varieties, each created for certain uses.

L

Machine Screws Thread Cutting standand hew ot Prrvent backing oft Al Neight
TCrews wih 3 YOOt shank Sorrw W veads for ute Machine Screws referred 19 35 3 Nybock.

27 Tagered pant for use in W\ 2 Nt ¢ Tagped hove. . premrozoay
— - Curming (e tapgang! poine Q
Wing Cap Acorn
At Wit gy for hard A nut with 2 Somed t0p over Acom ruts are 3 Ngh cown
e en3 of the tasener type of Cap mat uned for
10cerance

Ephening,
Self Drilling SMS Hex Bolts Carriage Bolts = —
A Shoet matal screw with 4 568 Bolts with 2 hexagonal head B0t with 2 smooth sended - @)
O S powt W eeads Kr use with & et Aeaed that s & sl scuire ‘¥ 7 (S =
o tagoed hole Aborevianed T UnGerearn l_ﬁ’ Q
S o BT ~
Tee Square Prevalling Torque Lock
At dengred 1a be drven Afour vdted et A ron srversiie lack mut used
o= i) Lo~ ot s

o

ke
O=__JK e Ty

{{

Coupling Slotted

SOCAEL SCTWL B0 KON M Machine scvews with noheed A DOt with & cioular fing on

Alen Head e fastesed wh 3 for srewing ol the way im0 the head ond Lsed for
hen Alen wrench. threaded holes TG 3 rope o Chan
Conplng num are '0ng ruty Yomed s st w3eC N Carte nuts arw vaed
wied 19 conmect peces of CONUTCHON Wit 3 COUET N CONINCTION Wt 3 Cocmer
Dreaded 108 0 other male  ondriled shank stererisa 00 dled ank tasteners 10
aserery Pt ooseng. Prevent kosening

Figure C: Washers, nuts, and bolts
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D. Electrical Cables and Jumpers

Electrical cables are an essential element of electrical and electronic systems, giving
devices, parts, and structures a way to carry electrical power and communications.
To suit requirements in diverse applications, they are available in a variety of kinds

and combinations.
E. Spiral Cable Tray and Clips

An industrial and commercial environment can use a spiral cable tray, often referred
to as a spiral wireway or spiral cable organizer, to arrange and support electrical
cables, wires, and conduits. It is intended to give safety and flexibility while also

giving wires an organized route.

F. Conversion from Solidworks to MATLAB

Solidworks and MATLAB have communication between them. Thus, using this
feature it is easy to transfer a CAD assembly to MATLAB/Simulink. This feature
provides the primary interface for exporting CAD assemblies into Simscape

Multibody software.

First, open the assembly and click on the export box from the SimScape multibody
link section in the tools table. A desired blank file is selected, and the tracks are

exported as a step file shown in Figure D.

Insert | Toold Window Help A ﬂ D x [‘_‘? = a = E =~ H' a EE &} - R ;I,' earch

-
8 Lﬁ [E] u&-«‘-?
SOUDWORKS Applications v hent Show Hidden | Assemb... Referenc.. |\ W, o
¥press Products ’ Componenis _ _ Study
Simscape Multibody Link L Xport I
SOLID e foody Expo
Toolbox v Settings..

= Help
¥ Asset Publisher...

Magnetic Mate ON/OFF

%o Defeature..
D Export To AEC... Customize Menu

m Select

& Maanified Selection

Demaos

About Simscape Multibody Limk._.

Figure D: Export Solidworks to MATLAB
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Among the saved step files is an .sIx file. To run this file in MATLAB, go to the
command section in MATLAB and write the command smimport (‘file name'’) as

shown in Figure E. When the opened diagram is run, the system will appear.

>> smimport ('ROBOT ASSEM')

Figure E: Smimport command

G. Simscape Settings of the Manipulator

To adjust the angle in the joint, slider gain must be added. Then, Step signal added.
Added degree to radian block to convert data from slider gain to radians. A simulink

to physical converter block must be used to add the edited blocks to the joint block
as shown in Figure F.

Block Parameters: Slider Gain'l >
Slider Gain (mask) (link)
Move the slider to modify the scalar gain.

Parameters
-180.0 180.0
8 [
Low High
-180 | 180 |

Cancel Help Apply

Figure F: Slider gain
To convert the value from gain to acceleration, adjustments must be made in the
simulink to physical converter block. In the input handling tab, the filtering and
derivatives option should be changed to filter input derivatives calculated. The input

filtering order option must be set to second order filtering as shown in Figure G.
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Block Parameters: Simulink-PS Converter' X
Simulink-PS Converter
Converts the Simulink input signal to a Physical Signal.

The unit expression in "Input signal unit' parameter is associated with
the Simulink input signal and determines the unit assigned to the
Physical Signal.

'Apply affine conversion' check box is only relevant for units with offset
(such as temperature units).

If the selected solver requires input derivatives, you can either provide
them explicitly through additional signal ports, or turn on input filtering
to calculate time derivatives. The first-order filter provides one
derivative, while the second-order filter provides the first and second
derivatives. For piecewise-constant signals, you can also explicitly set
the input derivatives to zero.

Parameters

Units  Input Handling

E"t?”ng an.d Filter input, derivatives calculated <
erivatives:

Input filtering order: | Second-order filtering <
Input filtering time |0 001 ‘

constant (in seconds):

Cancel Help Apply

Figure G: Simulink to Ps converter

To be able to angle the joints, the revolute joint settings must be entered, and changes
must be made for the actuation tab in these settings. In the Actuation tab,
automatically computed should be selected in the torque section and provided by
input should be selected in the motion section. To read the changing angle in the

slider gain graphically from the scope, the position box must be checked in the
sensing section of the joint as shown in Figure H.

96



Property Inspector x
[al

Revolute Joint: Revolute2 Auto Apply @

Settings Description

Limits

v Actuation

Torque Automatically Computed hd

Motion Provided by Input -
Vv Sensing

Position

D Velocity

|:| Acceleration

[] Actuator Torque

D Lower-Limit Torgue

O] Upper-Limit Torque

Mode Configuration A

Figure H: Revolute joint

In addition to these, some adjustments were made in the configuration setting

section. The solver part has been replaced with ode45 option as shown in Figure 1.

&8 Configuration Parameters: ROBOT_KDOL_MONTAConliguration (Actie)

- o ®
Sitvar Simulatian time
Data Import'Export
T Starl time: |0.0 Stop tima:  inf
Math and Data Types
| * [magnoshcs
Soler salaction
Hardware Implementation
Model Relerencing Type: Variable-siep » | Sphgr | 0045 [Domand-Prince) -
Simulation Tanget
¥ Code Ganeration ¥ Solver details
* Coverage
¢ HOL Code Generation Max step size Al Relative iolerance 16-3
SIMSCape Min siep size aulo

Absolule tolerance aulo
* Simscape Mulbbody

nitial slep size auto Auto scale absolite tolerance

Figure I: Solver configuration

H. Forward and Inverse Codes in Simulink

e Inverse Kinematics Block
alpha = alpha*(pi/180);
beta = beta*(pi/180);
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gamma = gamma*(pi/180);

e0 = cos(alpha/2)*cos(beta/2)*cos(gamma/2) -
sin(alpha/2)*sin(beta/2)*sin(gamma/2);

el = cos(alpha/2)*cos(beta/2)*sin(gamma/2) +
cos(gamma/2)*sin(alpha/2)*sin(beta/2);

e2 = cos(alpha/2)*cos(gamma/2)*sin(beta/2) -
cos(beta/2)*sin(alpha/2)*sin(gamma/2);

e3 = cos(beta/2)*cos(gamma/2)*sin(alpha/2) +
cos(alpha/2)*sin(beta/2)*sin(gamma/2);

% TO1 = [cos(Alpha) sin(Alpha) 0 0 ; -sin(Alpha) cos(Alpha) 00;0010;00
01];

% T12 =[cos(Beta) 0 -sin(Beta) 0; 0 1 0 0 ; sin(Beta) 0 cos(Beta) 0; 000 1];

% T23 = [cos(Gamma) sin(Gamma) 0 0 ; -sin(Gamma) cos(Gamma) 00 ;001
0;0001];

% T03 = TO1*T12*T23;

% CO01=[cos(Alpha) sin(Alpha) 0;-sin(Alpha) cos(Alpha) 0;0 0 1];

% C12=[cos(Beta) 0 -sin(Beta);0 1 0;sin(Beta) 0 cos(Beta)];

% C23=[cos(Gamma) sin(Gamma) 0;-sin(Gamma) cos(Gamma) 0;0 0 1];
% C03=C01*C12*C23;

g =[e0,el,e2,e3];

end

e U_Diagram Block

function u = SPM_invKin_pos(q)
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%% Mechanical constants
alphaB = -pi/2;

alphaP = 65*pi/180;
alphaD = -pi/2;

eta=[0, 2*pi/3, -2*pi/3];
%% Load Quaternion

e0 =q(1);

el =q(2);

e2=q(3);

e3=q(4);

%% Create Vectors
M=zeros(3);

N=zeros(3);

P=zeros(3);

c=zeros(3);

s=zeros(3);

epsMax = 51*pi/180;

%% Loop for the three kinematic chains

fori=1:3

%% Calculate Constant parameters

M(i)=sin(alphaP)*(2*e0*e3-2*el*e2*cos(2*eta(i))+(el1"2-

e2°2)*sin(2*eta(i)));
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N(i)=sin(alphaP)*(-e0"2+e3"2+(e1"2-
e2"\2)*cos(2*eta(i))+2*el*e2*sin(2*eta(i)));

P(i)=2*cos(alphaP)*((e0*eL+e2*e3)*cos(eta(i))+(e0*e2-e1*e3)*sin(eta(i)));
%% Solve quadratic equation (Roots positive is the correct answer)
s(i)=(+sqrt(M(i)*2+N(i)*2-P(i)*2)*M(i)-P(i)*N(i))/ (M (i)"2+N(i)"2);
c()=(-sqrt(M(i)"2+N(i)"2-P(i)"2)*N(i)-P(1))*M(i))/ (M (i)"2+N(i)"2);

end

u =[c(1),5(1),6(2),5(2).c(3).5(3)];

e Forward Kinematics Block

function q = SPM_dirKin_pos(u)

coder.extrinsic('quatexp’)

%% Load Constants

iMax = 10; %Maximum lterations
ikMax = 4; %Maximum Step decrease Iterations
Kini = 1, %lnitial Stepsize

eps =5.9921e-06;  %Precision for end condition
dk =0.5; %Step Change

%% Create Vectors

k = Kini; % Step Size
i1=0; % Iterations
ik =0; % Step decrease Iterations
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ue = u; % End Actuator angles

ud = zeros(1,6); % Delta Actuator phasors
du = zeros(1,6); % Acutator step

qipl = zeros(1,4); % New orientation

%% Create Initial Conditions

% Calculate mean angle off actuators

cmean = (u(1)+u(3)+u(b));

smean = (u(2)+u(4)+u(6));

divnorm = 1/sgrt(smean”2+cmean”*2);

smean = smean*divnorm;

cmean = cmean*divnorm;

thetamean = atan2(smean,cmean);

% Set initial conditions with mean angle

ui = [cmean,smean,cmean,smean,cmean,smean];
qgi = [cos(thetamean*0.5) 0 0 sin(thetamean*0.5)];
%% Start iterativ loop

while(1)

% Calculate phasor difference

for j=1:3
Is = 2%j;
ic =is-1;
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% Calculate phasor difference
% cd = ce*ci+se*si
% sd = se*ci-ce*si
ud(ic) = ue(ic)*ui(ic)+ue(is)*ui(is);
ud(is) = ue(is)*ui(ic)-ue(ic)*ui(is);
end
% Calculate delta Angle
dtheta = u2theta(ud);
% Check if orientation meets requirements
if(abs(dtheta(1))<eps && abs(dtheta(2))<eps && abs(dtheta(3))<eps)
break;
else
for j=1:3
% Calculate Step phasor;
is = 2%j;
ic =is-1;
du(ic)=-ui(is)*dtheta(j);
du(is)=ui(ic)*dtheta(j);
end
%% Calculate Step Quaternion with the direct Jacobian
dq = SPM_dirKin_spd(qi, ui, du);
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%% Loop for calculating new Position in Workspace

while(1)
%% Calculate new Position
gipl=quatmultiply(quatexp(quatmultiply(dg*k,quatinv(qi))),qi);
% Check if new position is in Workspace
iIf(SPM_qginWrkSpace(qipl))

% Reset Step size and counter

k = Kini;
break;
else
ik = ik+1;
if(ik >=ikMax)
error('Maximum Step Decrease lterations reached’);
else
% Decrease Step Size
k=k*dk;
end
end
end
% Affect new position
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qi=qipl;
% Calculate New phasor angles with inverse Kinematics
ui = SPM_invKin_pos(qi);
% Increase Iteration Counter
i =i+1;
%% Check for maximum iterations
if(i >= iMax)
error('Maximum lIterations reached’);
end
end
end
q=ai;
e Result_Equation Block
function [ alpha, beta, gamma ] = q2TBzyx(q)
e0 =q(1);
el=q(2);
e2=q(3);
e3=0q(4);
alpha = atan2(2*(e0*e3-el1*e2),1-2*(e2"2+e3"2));
beta = asin(2*(e0*e2+el*e3));
gamma = atan2(2*(e0*el-e2*e3),1-2*(e1"2+e2"2));
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alpha = alpha*(180/pi);
beta = beta*(180/pi);
gamma = gamma*(180/pi);
end

|. Software

1.1 Marlin Configuration 1

* Stepper Drivers

* These settings allow Marlin to tune stepper driver timing and enable advanced

options for

* stepper drivers that support them. You may also override timing options in

Configuration_adv.h.

* Use TMC2208/TMC2208 STANDALONE for TMC2225 drivers and
TMC2209/TMC2209_STANDALONE for TMC2226 drivers.

* Options: A4988, A5984, DRV8825, LV8729, L6470, L6474, POWERSTEPO1,
* TB6560, TB6600, TMC2100,

* TMC2130, TMC2130_STANDALONE, TMC2160,
TMC2160_STANDALONE,

* TMC2208, TMC2208_STANDALONE, TMC2209,
TMC2209_STANDALONE,

* TMC26X, TMC26X_STANDALONE, TMC2660,
TMC2660_STANDALONE,

* TMC5130, TMC5130_STANDALONE, TMC5160,
TMC5160_STANDALONE
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*:['/A4988', 'A5984', 'DRV8825', 'LV8729', 'L6470', 'L6474", 'POWERSTEPO1',
‘TB6560', "TB6600', "'TMC2100', " TMC2130', TMC2130_STANDALONE',
‘TMC2160', 'TMC2160_STANDALONE', 'TMC2208',
‘TMC2208_STANDALONE', TMC2209', ' TMC2209_STANDALONE',
TMC26X", TMC26X_STANDALONE', "TMC2660',
‘TMC2660_STANDALONE', TMC5130', " TMC5130_STANDALONE/,
‘TMC5160', 'TMC5160_STANDALONE']

#define X_DRIVER_TYPE A4988
#define Y_DRIVER_TYPE A4988

#define Z_DRIVER_TYPE A4988

1.2 Marlin Configuration 2

*

Custom/Dummy/Other Thermal Sensors

*

0 : not used
* 1000 : Custom - Specify parameters in Configuration_adv.h

* 111 Use these for Testing or Development purposes. NEVER for production

machine. !!!

* 998 : Dummy Table that ALWAYS reads 25°C or the temperature defined

below.

* 999 : Dummy Table that ALWAYS reads 100°C or the temperature defined

below

#define TEMP_SENSOR 00
#define TEMP_SENSOR_10
#define TEMP_SENSOR_2 0

#define TEMP_SENSOR_3 0
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#define TEMP_SENSOR_4 0

#define TEMP_SENSOR_5 0

#define TEMP_SENSOR 60

#define TEMP_SENSOR_70

#define TEMP_SENSOR_BED 0
#define TEMP_SENSOR_PROBE 0
#define TEMP_SENSOR_CHAMBER 0
#define TEMP_SENSOR_COOLER 0
#define TEMP_SENSOR_BOARD 0

#define TEMP_SENSOR_REDUNDANT 0

1.3 Marlin Configuration 3

/1#define ENDSTOPPULLDOWNS

#if DISABLED(ENDSTOPPULLDOWNS)

// Disable ENDSTOPPULLDOWNS to set pulldowns individually
/[#define ENDSTOPPULLDOWN_XMIN

/[#define ENDSTOPPULLDOWN_YMIN

/[#define ENDSTOPPULLDOWN_ZMIN

/[#define ENDSTOPPULLDOWN_IMIN

//#define ENDSTOPPULLDOWN_JMIN

/[#define ENDSTOPPULLDOWN_KMIN

/#define ENDSTOPPULLDOWN_XMAX
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/1#define ENDSTOPPULLDOWN_YMAX
/1#define ENDSTOPPULLDOWN_ZMAX
/1#define ENDSTOPPULLDOWN_IMAX
/#define ENDSTOPPULLDOWN_JMAX
/1#define ENDSTOPPULLDOWN_KMAX
/1#define ENDSTOPPULLDOWN_ZMIN_PROBE

#endif

1.4 Marlin Configuration 4

* Default Axis Steps Per Unit (steps/mm)

* Override with M92

XY, Z[ VLI KL EO L ELLL E2...]]

#define DEFAULT _AXIS_STEPS_PER_UNIT {30, 30, 30,20 }
* Default Max Feed Rate (mm/s)

* Override with M203

X, Y, Z[ LI KL EO [, ELL, E2..]]

#define DEFAULT_MAX_FEEDRATE { 300, 300, 300, 300 }

/#define LIMITED_MAX_FR_EDITING // Limit edit via M203 or LCD to
DEFAULT_MAX_FEEDRATE * 2

#if ENABLED(LIMITED_MAX_FR_EDITING)

#define MAX_FEEDRATE_EDIT_VALUES {600, 600, 600, 6000 } // ...or, set

your own edit limits

#endif
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* Default Max Acceleration (change/s) change = mm/s

* (Maximum start speed for accelerated moves)

* Override with M201

X, Y, Z[,1[,J[, K] EO [, E1[, E2...]]

#define DEFAULT_MAX_ACCELERATION {3000, 3000, 3000, 3000 }

/#define LIMITED_MAX_ACCEL_EDITING // Limit edit via M201 or LCD
to DEFAULT_MAX_ACCELERATION * 2

#if ENABLED(LIMITED_MAX_ACCEL_EDITING)

#define MAX_ACCEL_EDIT_VALUES {6000, 6000, 6000, 6000 } // ...or, set

your own edit limits

#endif

* Default Acceleration (change/s) change = mm/s

* Override with M204* M204 P Acceleration

* M204 R Retract Acceleration / M204 T  Travel Acceleration

#define DEFAULT_ACCELERATION 3000 //X,Y,Z..andE

acceleration for printing moves

#define DEFAULT_RETRACT_ACCELERATION 3000 /I E acceleration for

retracts

#define DEFAULT_TRAVEL_ACCELERATION 3000 //X,Y,Z..

acceleration for travel (non printing) moves

1.5 Marlin Configuration 5

* Default Acceleration (change/s) change = mm/s

* Override with M204
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* M204 P Acceleration
* M204 R Retract Acceleration
* M204 T Travel Acceleration

#define DEFAULT_ACCELERATION 3000 //X,Y,Z..andE

acceleration for printing moves

#define DEFAULT_RETRACT_ACCELERATION 3000 /I E acceleration for

retracts

#define DEFAULT_TRAVEL_ACCELERATION 3000 //X,Y,Z...

acceleration for travel (non printing) moves

* Default Jerk limits (mm/s)

* Override with M205 X Y Z E

* "Jerk" specifies the minimum speed change that requires acceleration.
* When changing speed and direction, if the difference is less than the
* value set here, it may happen instantaneously.

/1#define CLASSIC_JERK

#if ENABLED(CLASSIC_JERK)

#define DEFAULT_XJERK 10.0

#define DEFAULT_YJERK 10.0

#define DEFAULT_ZJERK 10.0

/l#define DEFAULT_IJERK 0.3

/l#define DEFAULT_JJERK 0.3

/l#define DEFAULT_KJERK 0.3
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/l#define TRAVEL_EXTRA_XYJERK 0.0 // Additional jerk allowance for all

travel moves

I1#define LIMITED_JERK_EDITING /I Limit edit via M205 or LCD to
DEFAULT_aJERK * 2

#if ENABLED(LIMITED_JERK_EDITING)

#define MAX_JERK_EDIT_VALUES { 20, 20, 20, 10 } // ...or, set your own edit

limits
#endif

#endif

1.6 Marlin Configuration 6

#if ENABLED(BACKLASH_GCODE)

I/l Measure the Z backlash when probing (G29) and set with "M425 Z"
#define MEASURE_BACKLASH_WHEN_PROBING

#if ENABLED(MEASURE_BACKLASH_WHEN_PROBING)

/' When measuring, the probe will move up to
BACKLASH_MEASUREMENT_LIMIT

/[ mm away from point of contact in
BACKLASH_MEASUREMENT_RESOLUTION

/I increments while checking for the contact to be broken.
#define BACKLASH_MEASUREMENT_LIMIT 0.5 // (mm)
#define BACKLASH_MEASUREMENT_RESOLUTION 0.005 // (mm)

#define BACKLASH_MEASUREMENT _FEEDRATE
Z PROBE_FEEDRATE_SLOW // (mm/min)
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#endif

#endif

1.7 Marlin Configuration 7

/I Most probes should stay away from the edges of the bed, but

/Il with NOZZLE_AS_PROBE this can be negative for a wider probing area.
#define PROBING_MARGIN 10

// X and Y axis travel speed (mm/min) between probes

#define XY_PROBE_FEEDRATE (133*60)

Il Feedrate (mm/min) for the first approach when double-probing
(MULTIPLE_PROBING == 2)

#define Z PROBE_FEEDRATE_FAST (133*60)
I/ Feedrate (mm/min) for the "accurate™ probe of each point

#define Z PROBE_FEEDRATE_SLOW (Z_PROBE_FEEDRATE_FAST / 2)

J. Weierstrass Method

To solve nonlinear equations. The Weierstrass method is used, which is a numerical
technique. This technique is used to transform rational trigonometric function
expressions into algebraic rational functions, which may make integration easier.
The process begins with an initial guess, linearizes the equations around that point,
solves the linearized equations to obtain a correction term, and then revises the initial

guess to account for the updated correction.

This process is performed repeatedly until the result converges within a suitable
tolerance, or a preset stopping threshold is met. However, depending on factors like

the initial assumption made and the behavior of the equations close to the solution,
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it can need adjustments or alternative techniques for some tough situations. Due to

the inclusion of the half-angle approach in the Weierstrass method, this integration

is also known as tangential half angle substitution, Figure J.

X 25
2tan I—tan” 2
sinx = 2 2 COSX = 2 1=
l+tan:£ L+ l+t£mzi 1+
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7 t 21—t
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Figure J: Weierstrass Method
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