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ABSTRACT 

This thesis centred on designing a three degree-of-freedom (3-DOF) 
spherical wrist subassembly. This wrist subassembly was integrated with 
a concurrent 3-DOF arm subassembly project to form a complete arc 
welding robot assembly capable of handling 6 kilogram payload called 
Robotums RA-01 in the Universiti Malaysia Sabah (UMS). This was done 
by first determining the design goal via a design framework that had been 
laid out to allow design independency in which all required information for 
design is shared for easing the concurrent works and promoting the reuse 
of design with different configurations in the future. The functional 
kinematic structure for the Robotums RA-01 , which has the similar robot 
configuration to other typical arc welding robots, and the mechanism in 
the wrist subassembly were formed and analysed. The torch tip position 
and orientation was mapped from and to the corresponding robot joint 
angles via the forward and inverse kinematic respectively with the aid of 
4x4 transformation matrix. The kinematics model was implemented and 
verified by a double number precision program with the negligible 
computational error of less than 5.0 x 10-13 degree for the joint-to
Cartesian-to-joint space transformations using joint angles input in degree 
unit. The wrist orientation error increases when joint angle 6 was 
approaching zero from absolute one degree, but still acceptable for arc 
welding application. Besides, the wrist singularity occurred due to the 
joint angle 6 was investigated computationally. Meanwhile, the wrist 
kinematics analysis was performed by using the fundamental circuit and 
coaxiality condition to reveal the relationship between the actuator and 
joint space parameters. The concept of fundamental circuit was extended 
to cater for ready-made drive reduction unit by introduction of the' 
equivalent fundamental circuit. Besides, the static analysis for the wrist 
mechanism was performed using virtual work method to determine the 
torque relationship between the joints and the actuators, Then, iterative 
selection of transmission drive ratio for harmonic drives, timing belts and 
miter gears as well as actuators was exercised to meet the torque and 
speed requirement before the functional kinematic structure of the wrist 
subassembly can be transformed into a virtual CAD solid model using 
SolidWorks 2005 that details the transmission elements with all the 
necessary bearings, seals and mountings and includes a standard 
mechanical plate interface, wire feeder mounting points and cable 
bending space in between the upper arm links. Several critical parts in 
the wrist subassembly were ensured not to be failed under normal 
loadings using CosmosWorks 2005 and by manual calculations. With the 
weight and moment of inertia of the transmission elements being 
computed by the CAD program, the selection of actuators was validated 
at the end of the wrist subassembly design process. Finally, this thesis 
proposed an arc welding trajectory planning algorithm for stationed typical 
6-DOF industrial robot configuration that capable to generate the torch 
frame automatically for a specified straight trajectory and extendable for 
arc or circular trajectory with correlation to the torch speed, height and 
angles without collision. These torch frames were interpolated along the 
Cartesian path and the robot joints trajectory were planned using cubic 
polynomial interpolation scheme. 
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ABSTRAK 

DESIGN OF SPHERICAL WRIST AND TRAJECTORY SOLUTION 
FOR ARC WELDING APPLICA TION 

Tesis ini tertumpu kepada reka bentuk suatu perge/angan yang 
mempunyai tiga darjah kebebasan (3-DOF) da/am bentuk sfera untuk 
melengkapi robot kimpa/an arka Robotums RA-01 di Universiti Malaysia 
Sabah yang berkemampuan mengendalikan beban seberat enam 
kilogram. Sebagai permulaan, satu rangka rekaan dibentuk bagi 
menetapkan matlamat reka bentuk untuk memudahkan kerja serentak 
dan integrasi semu/a rekaan ini dengan konfigurasi /engan yang berbeza 
di masa depan. Struktur kinematik berfungsi bagi Robotums RA-01 yang 
mempunyai tatarajah setara dengan robot kimpalan arka yang lain, serta 
mekanisma dalam pergelangan dibentuk dan dianalisis. Hubungan di 
antara posisi dan haluan mata alat pengimbal dengan sudut sambungan 
robot diperolehi mela/ui analisis kinematik ke-depan dan ke-belakang 
dengan bantuan matriks transformasi 4x4 di mana ia telah digunakan 
dalam program berkejituan nombor "double" dan menghasilkan ralat 
pengiraan komputer tidak melebihi 5.0 x 10-13 darjah da/am pengubahan 
dari sudut sambungan robot ke satah Cartesian dan kemba/i ke sudut 
sambungan robot. Ralat ha/uan pergelangan meningkat apabila sudut 
sambungan robot keenam menghampiri sifar dari nitai mutlak satu darjah, 
tetapi masih boleh diterima untuk aplikasi kimpalan arka robotik. Melalui 
pengiraan komputer, singulariti pergelangan yang berlaku disebabkan 
o/eh sudut sambungan robot keenam turut dikaji. Analisis kinematik 
pergelangan turut dija/ankan untuk mengenalpasti hubungan di antara 
satah pemacu dan sambungan robot dengan menggunakan /itar asas 
dan keadaan sepaksi. Konsep !itar asas dikembangkan kepada !itar asas 
setara untuk menghubungkaitkan hubungan input-output bagi sistem gear 
siap sedia. Selain itu, analisis statik bagi mekanisma pergelangan turut 
dijalankan melalui konsep kerja maya untuk mengetahui hubungan tork di 
antara pemacu dan sambungan robot. Kemudian, nisbah sistem gear 
untuk "harmonic drive", tali sawat bergigi dan gear serong dipilih secara 
lela ran bagi memenuhi keperluan tork dan kelajuan sebelum struktur 
kinematik berfungsi tersebut dikembangkan dalam bentuk model maya 
berjasad padu menggunakan SolidWorks 2005 di mana perincian dibuat 
ke atas komponen sistem gear berserla semua galas unsur guling, 
pengedap minyak dan tapak sambungan, serta kelengkapan plat 
sambungan alat, lokasi sokongan mesin penyuap wayar dan struktur 
lengan atas berkembar. Beberapa komponen kritikal di bawah beban 
normal dianalisis menggunakan Cosmos Works 2005 dan pengiraan 
manual. Berasaskan jisim dan jisim momen inersia yang dikira oleh 
program CAD, pemacu yang dipilih disahkan mampu berfungsi pada 
akhir proses rekaan. Akhimya, tesis ini mengetengahkan susunatur bagi 
perancang trajektori kimpalan arka untuk 6-DOF robot industri berstesen 
tetap yang boleh menjana paksi alat pengimbal secara automatik dengan 
mengambilkira kelajuan, tinggi dan sudut alat pengimbal tanpa 
perlanggaran. Paksi alat pengimbal diinterpolasikan mengikut lokus 
kimpalan dan seterusnya, sudut sambungan robot dirancang 
menggunakan polinomial darjah ketiga. 
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N Gear ratio 

n Number of teeth ; or Number of joint 

ne Number of cap screw 

0 , Origin of coordinate system at joint i 

p Positional vector 

P Power 

p Pitch 

PE Potential energy 

q, Joint variable of joint i 

R Notation for revolute joint 

R Harmonic drive rated reduction ratio 

r Radius; or Stress ratio 

r ent Critical stress ratio 

R iJ Rotation matrix for} angle about i axis 

s Length of the welding joint 

s Length of welding joint 

Sc Endurance limit of a location of a machine part 

Se' Rotary beam endurance limit 

s, Short-hand notation for Sine 8, 

Sp Proof strength 

Sill Ultimate strength 

Sy Yield strength 

T,J Basic transformation matrix for rotational transformation about axis i at } 
angle or translational transformation along axis i at} distance 

V Shear reaction 

V or v Linear velocity vector; or Torch speed 

W Work done 
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X, x-axis of coordinate system at joint i, or x-coordinate of point P, 

y, y-axis of coordinate system at joint i, or y-coordinate of point P, 

z, z-axis of coordinate system at joint i, or z-coordinate of point P, 

Z, Unit vector along the axis of joint i 

a Angular acceleration , or Metal transfer efficiency 

a, Twist angle of joint i 

/3 Torch bend angle 

'7 Efficiency 

9j Joint angle of joint i 

~ Actuator input torques 

a Stress 

a ' Von Mises stress 

't Torque 

'ts Shear strength 

X Angle between the bisection plane on two adjacent surfaces 

(Note that vectors are represented in lowercase bold letters and matrices are in 
uppercase italic letter) 
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GLOSSARY 

Extracted from American Welding Society's publication ANSIIAWS A3.0-9X, 
Standard Welding Terms and Definitions, Draft 4, dated November 1993. 

Term Definition 
Adaptive control Welding with a process control system that automatically 
welding determines changes in welding conditions and directs the 

equipment to take appropriate action. 
Arc length The distance from the tip of the welding electrode to the 

adjacent surface of the weld pool. 
Arc spot weld A spot weld made by an arc welding process. 
Arc time The time during which an arc is maintained in making an arc 

weld . 
Arc voltage The voltage across the weld ing arc. 
Arc welding The ratio of the weight of filler metal deposited in the weld metal 
deposition to the weight of filler metal melted, expressed in percent. 
efficiency 
Arc welding gun A device used to transfer current to a continuously fed 

consumable electrode, guide the electrode, and direct the 
shielding gas. 

Arc welding torch A device used to transfer current to a fixed welding electrode, 
position the electrode, and direct the flow of shielding gas. 

Base metal The metal or alloy that is welded, brazed, soldered, or cut. 
Consumable An electrode that provides filler metal. 
electrode 
Depth of fusion The distance that fusion extends into the base metal or previous 

bead from the surface melted during welding . 
Duty cycle The percentage of time during an arbitrary test period that a 

power source or its accessories can be operated at rated output 
without overheating. 

Electrode In flux-cored arc welding, electrogas welding , gas metal arc 
extension welding, and submerged arc welding, the length of electrode 

extending beyond the end of the contact tube; in gas tungsten 
arc welding and plasma arc welding, the length of tungsten 
electrode extending beyond the end of the collet. 

Filler metal The metal or alloy to be added in making a welded , brazed, or 
soldered joint. 

Globular transfer In arc welding , the transfer of molten metal in large drops from a 
consumable electrode across the arc. 

MIG welding A non-standard term for gas metal arc welding and flux-cored 
arc welding . 

Seam weld A continuous weld made between or upon overlapping 
members, in which coalescence may start and occur on the 
faying surfaces or may proceed from the outer surface of one 
member. The continuous weld may consist of a single weld bead 
or a series of overlapping spot welds. 

Shielding gas Protective gas used to prevent or reduce atmospheric 
contamination. 

Spatter The metal particles expelled during fusion welding that do not 
form a part of the weld. 
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