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ABSTRACT

WORKSPACE OPTIMIZATION OF A SIX DEGREE OF FREEDOM
PARALLEL MANIPULATOR FOR MICROMACHINING

This work addresses the optimization of the workspaf a six degree of freedom
parallel manipulator. In this study, topology o&tmanipulator is composed of three xy-
tables, symmetrically positioned on a circle onaaebplane, connected by three legs to a
moving platform. Kinematic composition of the maulgttor is introduced and kinematic
diagram is illustrated. Orientation workspace is/estigated using three different
orientation representations. XYZ fixed angles repreation is selected upon the benefits
of its visualization are considered. By using ti@presentation, the orientation workspace
is modeled and kinematic circuits of the manipulatee explored. First, optimization is
performed without slider limitations. A result tebls obtained based on the user defined
parameters. Secondly, optimization is performedeurslider limitations. The maximal
orientation capability is optimized using numeriealalysis. The optimized configuration
of the manipulator indicates that a 330% increasarientation capability, compared to the

old configuration.



OZET

ALTI SERBESTL iK DERECEL I MiKRO ISLEME iCiN URETILEN
PARALEL B iR ROBOTUN CALI SMA UZAYI OPT iIMiZASYONU

Bu calsmada, alti serbestlik derecesine sahip paralelrdiotun, caima uzayi
optimizasyonu yapilmgtir. Bu ¢algmada kullanilan robotun yapisi, taban dizlemi ieeri
simetrik olarak yerlgirilen U¢ xy kiz&mnin, U¢ 6zdg bacakla hareketli bir platforma
baglanmasi seklinde tanimlanabilir. Robotun kinematik kompozsy tanitilmg ve
kinematik diyagrami g0sterilgtir. Oryantasyon c¢ajma uzayl u¢ farkh metotla
incelenmgtir. XYZ Euler acilar, cabma uzayinin goruntilenmesgaamasinda sdadig
avantajlarla, bu metotlar arasinda en uygunu oléelklenmitir. Bu metot kullanilarak
oryantasyon ¢caima uzayl modellenmive robotun kinematik cevrimleri kiedilmistir. ilk
kullanici tanimli bir sonug tablosu elde editini ikinci optimizasyonda ise kizak limitleri
islemlere katilmg ve maksimum oryantasyon yetgmen en iyi deseri, sayisal analiz

kullanilarak hesaplanstir. Eski konfigiirasyona gore 330%’ lUK bir arsgslanmistir.
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1. INTRODUCTION

As demands for micro parts are on the increaseuahn sndustries as aerospace,
biomedical, electronics, environment, informati@ctinology, and displays, the need for
manufacturing such parts is also increasing. Wwidely accepted that the development of
precision manufacturing has greatly changed ouesliin terms of increased living
standards. High precision manufacturing offers itpand reliability for conventional
products, but also makes possible entirely new ymtsj especially where mechatronics,
miniaturization, and high performance are importdnpressive examples are digital
cameras, mobile phones, minimal invasive medicalpnent, as well as biotechnological
or chemical processing equipment. The high functiensity and reduced size and weight
will make the miniature and micro products more petitive. As a result, the markets for

miniature and micro components hold a high poténfigrowth.

Recently new demands in the fabrication of mintmicroproducts have appeared
such as manufacturing of microstructures and compisnwith 3D complex shapes or
free-form surfaces. Some of these microstructuee® lsome special functions including
light guiding, anti-reflecting and self-cleaningdaso on. The microstructures will further
improve the performance of miniature and micro paig. Furthermore, fabrication of real
3D miniaturized structures and free-form surfaces aso driven by the integration of

multiple functions in one product.

V22 micro drilling

1229 holes x 100um diameter
6061 Al - 0.50mm thick

Figure 1.1. An example of micro drilled componetit [



Currently MEMS is one of the major driving forcem imaking micro-components.
Silicon is a classic material for MEMS or microysis, but many other materials have
appeared for the increasing number of applicatwnigh are becoming relevant for micro
products. For example, the life sciences, as dpiuredoapplication areas of MEMS require
glass, ceramics, metal and plastics rather thag siicon as raw materials of micro

components.

Major methods of manufacturing micro parts are dasenon-traditional machining,
such as lithography, etching, lasers, ultrasonan-beam and electrical discharge.
However, the material removal rate of these methsd®latively slow, and workpiece
materials and applicable shapes are limited. Thezeimechanical machining is required
for the manufacturing of micro parts with compldyapes. The end milling process can be
applied to the manufacturing of a variety of shafpes macro to micro scale levels. This
process can cost-effectively produce micro partsabse equipment costs are relatively

low compared with other processes.

Although traditional mechanical ultraprecision miaging has been used as a major
means to fabricate miniature and micro componahntstill remains a big issue in the
predictability, producibility and productivity ofbrication of microproducts, especially for
those miniature and micro components with complesfase forms. The ultraprecision
machine tools design and machining technology halle to be changed so as to achieve a
rapid and economic fabrication of those componemts products in a variety of
engineering materials and ensure that the machimeé$echnology are easily accessible to

the wider audience of precision engineering.

Parallel manipulators are widely accepted as ideahdidates for use in
manufacturing industries for their superior progsrtcompared to serial manipulators,
such as low inertia, high stiffness, and high mmiec. However, relatively small
workspace, complex input-output relationship, atd bf singularities in their workspaces
cancel out the mentioned advantages. Choosing afsgtometric parameters so as to
achieve desired/optimal performance and reducingsehdisadvantages has a vital

significance in robotics research.



Among all kinematic measures, workspace is the mmogortant index in the design
of a parallel manipulator. In regard to workspaegquirements, there are two types of
formulations of the design problem. One is to gateea manipulator whose workspace
contains a prescribed workspace. The other pos&ilbieulation is to find the geometry of
a parallel manipulator that maximizes workspac@afallel manipulator designed only for
maximum workspace may not be a good design in ipectt is possible that the
manipulator with maximum workspace has undesir&biematic characteristics such as

poor orientation capability.

In this manner, a high precision parallel manipadaor micromachining of free
form surfaces has been under development since [Rp@blak and Safak. This project is
in collaboration with Koc University and funded BYBITAK (Project No: 105M213.
1/11/2006 -1/11/2009). This study aims to optimilze workspace of Yeditepe Parallel
Manipulator (YPM), especially the orientation caitih

This dissertation is organized as follows. In ckhaf®, a comprehensive literature
survey is presented. The literature survey is ifladsas the optimization of the parallel
manipulators considering accuracy, stiffness, armatkspace. In this manner various

parallel kinematic structures are introduced anthtpation results are highlighted.

In chapter 3, topology of the YPM is studied. I@r to investigate the topology,
kinematic composition is listed and the mechanamahponents are introduced. Physical

constraints of kinematic structure are explorece Kimematic diagram is illustrated.

In chapter 4, kinematics of the YPM is considerkilerse kinematic solution is

examined and the kinematic structure of the YPMysgstigated.

In chapter 5, definition of the workspace is stat€dncept of translational and
orientation workspace is reviewed. Orientation vepdce is represented with three
different methods and one of them is selected d@ougrto visualization quality. The
orientation workspace is plotted by various repmésgons. In addition to this, the
orientation workspace is discussed in detail amdf#fatures of the orientation workspace

are investigated.



In chapter 6, optimization of the workspace is peried. In the first section, the
optimization is considered with no slider limitat®do Optimum dimensional configurations
are enlightened according to application type. e tsecond part, optimization is
considered with slider limitations. An optimum réds found and it is shown that a 330%

improvement is achieved.



2. LITERATURE SURVEY

In the future, the precision manipulation of snuddjects will become more and more
important for appliances such as (probe-based) deieage, micro-assembly, sample
manipulation in microscopes, cell manipulation, examdenting, manipulation of optical
beam paths by micro-mirrors and manipulation ottt beam paths by phase plates and

especially for micromachining of small objects.

The major potential in precision manipulation canfbund in fabrication of Micro
Mechanical Systems. Most fabrication methods argetbeon the lithography process,
which enables design of 2-dimensional shapes byerlagtching and deposition.
Consequently, components of the micro-mechanismallyshave a planar geometry, and

it is hard to manufacture components that haveftrem surfaces.

While in the macro world the decision which robgpd to use, either serial or
parallel, is based on the specific application,tle micro world there is a clearer
conclusion that parallel manipulator structures eu@e suitable for micro components
fabrication technology [2]. Therefore the desighimjzation of the parallel manipulators

should be studied to manufacture dexterous parabelipulators.

Optimization methodologies have long been applednechanism synthesis [3].
Optimization of robot manipulators is a naturalesdion of this idea to multi-degree-of-
freedom (DOF) mechanisms. Mechanisms have tradifiprbeen single-DOF systems
designed to perform only one specific task, andh&odesign objective was typically a
measure of the mechanism’s ability to follow a sii@trajectory or to generate a specified
force/torque as a function of time. The main iddarabotics is to realize computer
controlled multi-DOF mechanisms which can readéyfprm a wide range of tasks. Thus,
at the design stage, the objective function fornoiging a robotic mechanism must differ
significantly from that of a single-DOF mechanisf.number of different optimization
criteria for robot manipulators may be appropridepending on the resources available
and the general nature of tasks to be performedekample, if computational resources

are limited, then simplicity of the kinematic retatships is important. If robots must



repair themselves in a remote environment (such sgace station), then simplicity and
ease of assembly become important; and if obstawcles be avoided, then redundancy
and elimination of singularities take precedencéeWthe objective criterion is chosen as
the workspace volume by defining a “well-connecteatkspace,” then elbow-type serial
link manipulators are optima\ redundant 7-DOF serial link manipulator was shawie
the best fit to a number of different objectivetenia which included elimination of
singularities, simplicity of analysis, ease of domstion, and workspace shape.[@ther

criteria may include accuracy (static and dynan@gd capacity, speed, and robustness.

The parallel manipulator performances are highiysgre to the kinematic
configuration of the mechanism. However, adjusting the geometry ofpaaallel
manipulator so that it is "optimal” with respecta@iven task is a difficult problem. It can

be considered as three main criteria for optimality

» The first criterion is the accuracy criterion whehe accuracy of the robot plays a
big role.

» The second criterion may be considered for oparatiperformance. In this manner,
stiffness optimization is proposed to resist toaiyit and external forces with small
deflections. For an optimal control, optimality @&xdcan also be considered as the
minimal stiffness of the robot along a given trégeg. In that case a method to
determine an optimal geometry that increases thionoeance of the robot may be
obtained.

» Finally, optimal workspace criterion may be consade The studies in the literature

can be classified according to these three criteria
These are respectively presented in what follows.
2.1. ACCURACY CRITERION
A prescribed degree of freedom parallel robot thas to move within a given

workspace and whose geometry is defined by a gehmaimeters is considered in [5]. The

motions of active joints of the manipulator are mead with sensors with a known



accuracytAp. These errors together with bounded manufactweings on the parameters

describing the geometry of the robot induce a jsitg error of the platform.

platform

Figure 2.1. The geometrical parameters of the rfiijot

The desired vector of maximal positioning errorexpressed by the Jacobian of the
robot andp, in an analytic form using the generalized paransetTherefore using linear
algebra, the Jacobian matrix is represented inria fof maximum position errors and
accuracy constraints. An algorithm that allows tmeletermine geometries of the robot
ensuring that these positioning errors will lie it pre-specified limits is developed.
Another benefit of this algorithm is also the corgtion of the maximal positioning errors

of a given robot up to a predefined accuracy [5].

Ng, Ong and, Nee presented research and developohemtthree—legged micro
parallel kinematic manipulator for positioning inamomachining and assembly operations
under the consideration of accuracy by using a migadeapproach [6]. In that paper, the
structural characteristics associated with differ&mds of parallel manipulators are
evaluated using MATLAB, and, the translational aratational movements of the

manipulators are identified to decide a suitablalfel kinematics model, (Figure 2.2).



(b) (€)

Figure 2.2. (a) six-legged micro Stewart platfo(h),three-legged micro Stewart platform,

(c) PSU micro Stewart platform [6]

Based on these identifications, a hybridURPU (universal jointprismatic joint
universal joint) parallel manipulator is designead afabricated. The principles of the
operation and modeling of this micro PKM are layggimilar to a normal-sized Stewart
platform. The overall size of the platform is can& within a space of 300 mmx300
mmx300 mm. A modular design methodology is intraudor the construction of this
micro PKM. Calibration results in addition to pasit and orientation errors of this hybrid
3-UPU PKM are also discussed.

Another phenomenon in consideration of robot aayura the analysis of condition
number. In fact, the condition number of a matsixused in numerical analysis to estimate
the error generated in the solution of a lineatesyisof equations by the error on the data.
When applied to the Jacobian matrix, the condittarmber gives a measure of the
accuracy of the Cartesian velocity of the end éffieand the static load acting on the end

effector.

An example of this is studied in [7] to optimizestbperation performance of the
manipulators. In this study in addition to the cdieding index, stiffness of the robot is
also considered to select the link lengths of 3-D&phRerical parallel manipulators to

analyze their operational performance.
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Figure 2.3 Stiffness maps of-DOF different spatial parallel manipulat(7]

The Jacobiamnd stiffnessmatrices argepresented in an analytical fc. The atlases of
GCI (global conditioning index) and global stiffisesndex (GSI) are obtained in t
solution space, which are used to optimize the lanigths of -DOF SPMs. The loc:
dexterity and stiffness maps tted in the reachable workspace can be used ty $hex
dexterity and stiffness of theeDOF SPM. The results show that the atlases (or naf;
GCI (or local dexterity) are identical to those@8l (or local stiffnes;, Figure 2.3. The
problem of the computarided kinematic design o-DOF SPMs has been addresse:
this article. It is indicatethat the concepts of dexterity and stiffness atienately related
Then, the tools areprovided for the designer foroptimizing the link lengths c
manipulators and analyzing the dexterity and stggof -DOF SPMs on the reachat
workspace. Examples of optimize-DOF SPMs and dexterity and stiffness maps
given andinterpreted. Since the dexterity and stiffnessiamgortant issues in the conte

of parallel, the method can also be extended tergihrallel manipulatot

The ability of a robot to react to external fordesdefined as compliance. Tt
characteristids very important for a robot intended to perforss@mbly tasks. In th
manner, a new architecture of a parallel robot withdegrees of freedom is presente:
[8], Figure 2.4. Inthat stud, the detailed characteristics and the geometrtckamematic
models of the robot are discus:
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Figure 2.4. Spatial arrangement of the segmen®bgbint parallel robot [8]

The methods are analytically expressed and it agmeld that a direct geometric
model was found in an analytical form by invertithge inverse kinematic solution. The
comparison of computation times for each modelasienand the inverse geometric model
is found as the fastest, see Table 2.1. Accordinpése solutions, a compliance study is
conducted and the relations between the geometthttencompliance of the manipulator

are represented.

Table 2.1. Evaluation of computation times for eauidel [8]

Models Computation Time(ms)
Inverse geometric model 0.347
Direct geometric model 0.548
Inverse kinematic model 0.560

Direct kinematic model 1.420
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After that, workspace of the robot is defined bythboof the geometrical
identifications and numerical inverse kinematic usioh. According to results, the
advantages of the manipulator over an equivalere Stewart platform is reported as:
larger ability to perform linear displacements @dhe three axes for an identical stroke of
actuators, limited ability to perform angular desggments, higher rigidity due to the fact
that the spherical joints are farther from eacheptthan those of an equivalent sized

Stewart platform.

Finally, the hardware and software control systemadso described. It is claimed
that this manipulator is well adapted to performcéofeedback control. This robot has
been designed in order to obtain a symmetric amdpeat structure. Due to the fact that
each actuator keeps a constant orientation wigetgo the static part, they show that the
direct model has a single analytical solution. Ti@sult leads them to characterize the
robot singularities and the reachable workspace.d@monstrate the capability of the
proposed structure, an application of the C5 palratibot acting as a force controlled

active wrist in an assembly task is described.

2.2. STIFFNESS CRITERION

Another approach to get the optimal workspace difthess index according to
given task is using modular parallel robots. Thigges of robots are mechanisms which
can adapt their geometry according to the tasketpdrformed, usually by changing the
location of the attachment points of the legs an lbhse. The main ideas underlying this
concept are that by changing the geometry of thmtr@ne can extend the reachable

workspace.

Merlet presents a study to improve the performanédise robot [9]. In this paper an
algorithm is proposed which first adapts the geoynstd that a set of given trajectories is
included in the workspace of the robot and theninupé an arbitrary performance
consideration with stiffness criterion.
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Figure 2.5. A classical Gough platform with modut@anipulator representation [9]

It is shown that indeed modular parallel robot wlléor drastic increase in the
performance. In that case, a method to determir@ptmal geometry that provides a large

increase in the performance of the robot is preskriigure 2.5.

Kim and Tsai [10] reported a study on design opation of a parallel manipulator
in order to minimize deflection at the joints. Thiaper introduces a 3-DOF translational
parallel manipulator called Cartesian Parallel Npardtor (CPM). The manipulator
consists of a moving platform that is connected fixed base by three limbs. Each limb is
made up of one prismatic and three revolute joamtd all joint axes are parallel to one
another. In this way, each limb provides two rataél constraints to the moving platform
and the combined effects of the three limbs leadrnt@ver-constrained mechanism with
three translational degrees of freedom. The maaipubehaves like a conventional XYZ

Cartesian machine due to the orthogonal arrangeafi¢hé three limbs.
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(a) Linear actuation method (b) Rotary actuation method

Figure 2.6. Linear and rotary actuation method$ [10

Two actuation methods are analyzed, in Figure hé. analyses include the forward
and inverse kinematics, the Jacobian analysissttitec force analysis, and the singularity
analysis. However, the rotary actuation methodissatded because of the existence of
singularities within the workspace. For the linaatuation method, there exists a one-to-
one correspondence between the input and outppkadements of the manipulator. The
effects of misalignment of linear actuators on thetion of the moving platform are
discussed. Each limb structure is exposed to aibgmdoment induced by external forces
exerted on the moving platform. In order to minienthe deflection at the joints caused by
the bending moment, a method to maximize the s#fnis suggested. The stiffness and
workspace optimization of the manipulator is parfed for the linear actuation method.
Finally, a numerical example of the optimal desgpresented and a prototype CPM has

been constructed.

2.3. WORKSPACE OPTIMIZATION

A novel design for a 6-DOF parallel manipulatopissented in [11]. The design is a

modification of the Stewart Platform that placee tlegs of the manipulator on two
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concentric circles both at the base and at theeffedtor. The legs can therefore cross over
one another in space without interference, whidbwal them to move closer to the

horizontal, Figure 2.7.

(@) (b)

Figure 2.7. (a) The Stewart platform (b) the optiead manipulator [11]

This brings the force/torque and velocity capasitia different directions more into
balance. Forward kinematic solution is shown armbli@n matrix is analytically obtained

from the derivative of forward kinematic equations.

Figure 2.8. Geometry of one leg of the MSP manipulf.1]
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The optimization consideration in this study istba basis of the singular values of
Jacobian. The degree of improvement attainableuantified by defining a measure of
dexterity asthe average condition number of the Jacobian makfie condition numbers

of various configurations are compared to find thetoptimal design of the manipulator.

(a) (b)

Figure 2.9. Representative optimized designs enigihgdexterity,
(a) Stewart Platform, (b) MSP [11]

Several designs are analyzed and discussed unelarotisideration of workspace
volume, where the workspace volume is presentedinmensionless form as the ratio
V/AI®, and one of these designs is found to give optisillt. In conclusion, it is shown
that the new design offers significantly improveexetrity (30%) over the traditional

Stewart Platform design.

A new algorithm to optimize the length of the lagfsa spatial parallel manipulator
for the purpose of obtaining a desired dexterouksymace rather than the whole reachable
workspace is introduced in [12]. A Schéenflies-tygeerallel manipulator with a desired
dexterous workspace, Figure 2.10, is studied amgeva methodology to optimize the
lengths of the kinematic chains is reported. With analysis of the degree of freedom of a
manipulator, the method can be used to selecets humber of variables to describe the
kinematic constraints of each leg of a manipulaltorthis way, kinematic analysis of the
manipulator has been done and the desired workspacsed as an objective function to
transform the problem to be an optimization problébhe optimum parameters are
obtained by searching the extreme values of thectbg functions with the given

dexterous workspace. In addition, an example iszeti to demonstrate the significant
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advantages of this method in the dexterous worksgmthesis. In applications, it is
claimed that, this method can be widely used tdah®gize, optimize, and create all kinds

of new spatial parallel manipulators with a desiledterous workspace.

Figure 2.10. The required dexterous workspace lamdnechanism [12]

Observing that regular (e.g., hyper-rectangularykapaces are desirable for most
machines, the concept of effective regular workepawhich reflects simultaneous
requirements on the workspace shape and qualdéyprposed. The effectiveness of such
a workspace is characterized by the dexterity ef tilechanism over every point in the
workspace, [13]. In this research, it is claimeditttihe other performance indices, such as
manipulability and stiffness, provide alternatived dexterity characterization of
workspace effectiveness. An optimal design problemc¢luding constraints on
active/passive joint limits and link interferenée then formulated to find the manipulator
geometry that maximizes the effective regular wpak®. This problem is defined as a
constrained nonlinear optimization problem witheuplicit analytical expression Figure
2.11.

In this study, the controlled random search teamigvhich is reported as robust and
reliable, is used to obtain a numerical solutidnisinoted that the algorithm converges

extremely fast initially. It takes only 253 funatievaluations, which is less than 15% of
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the total effort, to approach the objective of 872, which is about 99.3% of the
optimum. The design procedure is demonstrated tfir@xamples of a Delta robot and a
Gough-Stewart platform. An optimal design of Stewalatform is carried out to find

dimensional parameters and a result is claimedetthb optimum for the objective of a

prescribed workspace.
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Figure 2.11. Counter plots of effective orientatworkspace [13]

In another study, [14], the relationship betweek lengths and workspace shape is
studied. The relationship between the shapes ofkspaces and the dimensions of
manipulators is a good indicator to obtain the @i workspace. The relationship is first
analyzed with classification of 3-DOF planar pahthanipulators. The several shapes of
the workspaces for classified robots are presetiedrelationships between the shapes of
the workspaces and the link lengths of each ottassifications are presented. According
to these analyses, some relations between theldimths and workspace shapes are
observed. The results of this paper are usefulhferdesigners not only to understand the
distribution of characteristics of the workspaces\various link lengths of 3-DOF PPMs,

but also to optimize the manipulators.

Another requirement that represents the qualityhef workspace is increasing the
singularity free zones in the workspace. Arakebaua coworkers studied the increase in
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singularity free zones [15]. In this study, a pueesangle is defined as an indicator of the
quality of motion transmission, and in their opimisuch a kinetostatic approach shows the
nature of the inaccessibility of parallel manipalat singular zones better than the
kinematic approach. The procedure is based onrbek kinematic singularity equations
and the control of the pressure angles in the goaftthe manipulator along the given
trajectory of the platform Figure 2.12. The zonedjich cannot be reached by the
manipulator, were detected. For increase of thehadale workspace of the manipulator a
variable leg structure is proposed. Such a soluéibows obtaining the best structural

architecture of the manipulator for any trajectory.

Input data: the geometrical parameters of the
parallel mechanism, the given ftrajectory and
the limit value of the pressure angle

¥

Estimation of the pressure angles in the joints

This parallel manipulator NO . _ - s
. L _| along the trajectory for all possible structures
cannot carry out the given .o ) E )
i of the parallel mechanism with wvariable
trajectory e
architecture
YES

The possibility of the motion generation by one
structure for which the maximum value of the
pressure angle along the trajectory is always
less than the limit value

YES

'y

Trajectory planning

F

NO

Decomposition of the given trajectory in
several parts and geperation of the motion by
different structures (it would be desirable if the
trajectory can be realized by minimal structural
changes)

Figure 2.12. Procedure for determination of thenoal structure of the parallel

manipulator taking into account the limit pressangle [15]

The design of the optimal structure of the planaraffel manipulator 3-RPR was

illustrated by two numerical simulations. It is iegkd that the suggested method is a
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useful tool for the improvement of the functionarformance of parallel manipulat

with singular zonefigure2.13.

Table 3

Total value of singularity-free volumes for each case of actuation

Type of e =07 (workspace surface: (021 m?) ¢ =45" (warkspace surface: (0.2 m’)

actuation Singularity-free Singularity-free zones relative to the  Singularity-free Singulanty-free zones relative to the
FONES [m:) whole workspace (") FONEs [m:] whole workspace (70)

RER 0137 5] IRIE T4

PPP 0181 86 0152 76

PRR 0152 72 0.158 T

RPR 0152 T2 11548 T

RRP 0152 72 0.158 79

RPP 0155 T4 01635 43

PRP D155 T4 0.165 83

PPR D155 T4 0.163 43

Figure 2.13The result table of different robot structures e¢desng the total :ngularity
free volume of the translational worksp{15]

The optimization of the workspawith anoperation performance of the manipule
is another search aretn another research [16ihe optimum design issue @ 5R
symmetrical parallel manipulator with a surroundestkspace is concern, Figure 2.14.
Generally, such a manipulator has a very large sgake. With different orking modes,
a manipulator will have different internal singiuties and workspaces. In this paper,
singularity and theisable workspacwithout singularities is tried to baetermind for the

manipulator withspecified geometr

Figure2.14. The 5R parallel manipulator [16].
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The usable workspace can be used to define thalgbalmditioning index (GCI). In
order to obtain the optimum design of the manigulaa non-dimensional design space is
also established in this study. Because each ohdmedimensional manipulators in the
established design space can represent the perfoemaf all of its possible similarity
manipulators, the design space is a very useflllftsgguaranteeing a global comparative

result.

Within the design space, the singularity, usablekspace, and control accuracy
(evaluated using the GCI) are studied and the spomreding atlases are constructed. Based
on the atlases, one can synthesize link lengtitheoimanipulator studied with respect to
specified criteria. One is given to show how to theeatlases. In particular, an example is
presented of reaching the optimum dimensional tesith respect to a desired practical
workspace based on the optimum non-dimensionaltremntified from the atlases. For
the reason that using the atlases presented ipdpisr a designer can obtain the optimum
result with respect to any specification, the optimdesign method proposed in this paper

may be accepted by others.

Majid, Huang[17] and Yaostudied on the workspace of a six-degrees-of-freed
parallel manipulator of the general three-PPSR typeipulator. This type actually has the

same topology as the Yeditepe Parallel Manipulator.

Figure 2.15. A 3-PPSR parallel manipulator [17]
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The mechanism of a thirPPSR manipulataand its variations are briefanalyzed
in this study. The workspace then investigatedinder the physical constraints of slis
and spherial joint limitations,and the effects of joint limit and lininterferenc on the
workspace shape and size are numeri studied. The constituent regions of
workspace corresponding different classes of manipulator poses are dissil | is
shownthat the workspace of this parallel manipulat larger than that of a comparal

Stewart platform, especia in the vertical direction, Figure 2.16.

(b)

(c)

Case 3: {8, 8, 6 }= {-20° 0° 0°} Case 4: {6, 6, 8,}={0° 20°.0°)
{e)

Figure 2.16Theoretical workspace boundarof a threePPSR manipulat(17]
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This study proves that there is a big need in thgnozation of the orientation
workspace. Although some researcher has focus¢deomodeling and the analysis of the
orientation workspace, there is almost no studyualiee optimization of the orientation

workspace when a high rotation capability maniparlé& concerned.
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3. TOPOLOGY OF THE YPM MANIPULATOR

The term topology was first introduced into robstio characterize the kinematic
structure of a manipulator without reference to disnensions. In order to address
fundamental issues in kinematic synthesis, ongdasroduce essentials into the concept
of topology through the analysis of representasivehitectures, to propose a topological
representation which provides a better correspareléetween the representation and the

intended manipulators.

To facilitate the kinematic analysis, kinematic tasis, classification, and
comparison studies of manipulators, the terms katentomposition, topology, and their

definitions are proposed as follows [18]:

» the kinematic composition of a manipulator is thesestial information about the
number of its links: which link is connected to whiother links, by what types of
joints, and which joints are actuated,

» the topology of a manipulator is its kinematic casifion plus the essential

constraints.

3.1. PRELIMINARIES

A review of some basic concepts and definitions uabkinematic chains are

necessary as a starting point of discussion orldggand topological representation.

A kinematic chain is a set of rigid bodies, alsdlezhlinks, coupled by kinematic

pairs.

» A kinematic pair is, then, the coupling of two dgbodies so as to constrain their
relative motion. Kinematic pairs are classifiedugper pairs and lower pairs.

* An upper kinematic pair constrains two rigid bodsegh that they keep a line or
point contact.

* A lower kinematic pair constrains two rigid bodissch that a surface contact is

maintained.
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A joint is a particular mechanical implementatidna kinematic pair. As shown
Figure 3.1 there are six types of joints corresponding te kbwer kinematic pai —
spherical (S), cylindrical (C), planar (E), heli¢al), revolute (R), and prmatic (P). Since
all these jointsan be obtained by combining the revolute and @ignones, it is possib
to deal only with revolute al prismatic joints in kinematic modeling.
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Figure3.1. Lower kinematic pairs [18]

Moreover, all these joints can be represented &yehtary geometric elements (i
points and lines To characterize links, the notions of simplélJihinary link, ternary link
guaternary link, and hink were introducedo indicate how many other links is connec
to a link. Similarly, binaryjoint, ternary joint and n-joint indicateow many links ar
connected to a joint. A similar notion is the coctngty of a link or a joint. These bas

concepts constitute a bafor kinematic analysis and kinematic synthesis.
3.2. TOPOLOGICAL REPRESENTATION
The basic notions about link and joint introducedectior3.1. are used to describe

manipulator kinematics. With these notions, the gelngpatial arrangement of links a

joints of a manipulator can be descri with easeOne of the more visual representat
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methods is the kinematic diagram. A kinematic diagris a drawing of a mechanism
showing its essential elements in simplified forithvgraphical symbols shown in Figure
3.2

d /
Revolute ‘%% 3l %

Prismatic "% Jgﬁiﬂ ‘l%g 4ﬁ— g

/
Cylindrical ¢ ’% 2l %E;j = é

Spherical

Figure 3.2. Kinematic joint symbols [18]

3.3. KINEMATIC COMPOSITION OF THE YPM

Yeditepe Parallel Manipulator is composed of thigentical legs, three revolute
joints, six linear actuators, one mobile platforamd one base platform, Figure 3.3. The

simplifications for topological representation anade as follows:

* legs are simplified to links,
 revolute joints are modeled as R joints,
* actuators are simplified to prismatic joints (P),

» platforms are simplified to circles.
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Figure 3.3. A simple illustration of the YPM

A sensitive plane motion is obtained by locating actuator perpendicularly on
another, shown in Figure 3.4. Therefore, three Ablds are created by using six actuators.
These tables are symmetrically mounted on a cingth a120° separation on the base
plane. The radius of the base circle is symbolizéH Rg, as shown in figure Figure 3.5.

In this joint configuration, the prismatic ones aive, where the others are all passive
joints.

Figure 3.4. Assembly of X-Y tables
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Z

Top view

Figure 3.5. Assembly of XY-tables on the base platf

Three legs are connected to the tables using sgih@ints. The upper ends of the legs are
attached to the platform symmetrically with 20° separation, the same on the base circle
by revolute joints, illustrated in Figure 3.6. Hetlee radius of the platform circle is
symbolized withp. In summary, the Yeditepe Manipulator is compaoskthree XY-tables
mounted on the base plane, three spherical joivas donnect the legs to the tables and

three revolute joints that attach the legs to th&qm.
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It is of great importance that high precision matapors are well designed from a
mechanical point of view. A detailed analysis ofamturate manipulator indicates that the
actuator precision plays a big role when positignaccuracy of the manipulator is
concerned. There are only a few options exist énrtfarket for high precision stages. One
of them is Aerotech® ABL1000 air bearing stage Vittowing specifications.

Table 3.1. ABL1000 specification sheet [19]

Resolution 0.5 nm

Maximum Travel Speed 300 mm/s

Maximum Linear Acceleration | 10 m/$

Maximum Load 15.0 kg
Accuracy +0.2pum
Repeatability 50 nm
Flatness +50 nm
Range +50 mm

Aerotech® ABL1000 air bearing stages were deterthiimeuse in this project because of
their excellent accuracy and resolution features.

Figure 3.7. ABL1000 air bearing stages [19]
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3.4. TOPOLOGY OF THE YPM

Figure 3.8. Kinematic diagram of theYPM

The air bearing stages and the spherical jointe fpdnysical limitations such as the
translational and rotational ranges, maximum loapacity, maximum speed, maximum
acceleration, and so on. In this study only thexgtaional limitation of the stages is

considered as the essential constraint.

After the definition of the kinematic compositiomda essential constraints of the
YPM, a simplified kinematic diagram can be estdids as shown in Figure 3.8.

3.5. MOBILITY OF THE YPM
The mobility of a mechanism is its number of degre@¢ freedom. Number of

degrees of freedom of a mechanism can be geneatatizhe following formula, which is
called Gruebler’s Equation:

m = 6(71—1)_5j1_4j2_3j3_2j4_j5 (3.1)

where m is total degrees of freedom in the mechanisis number of linkg, is number

of joints with one DOFj, is number of joints with two DOF, anglrepresents the number
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of joints with three DOF and so dm. this case, n is 8 (2 platforms, 3 legs, 3 XYlah
f1=0, f,=0, f3=3 (3 spherical joints)f,=3 (3 x-y tables) andf;=3 (3 revolute joints).

Therefore, the mobility of YPM is determined as. six
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4. KINEMATICS OF THE YPM

Kinematics is the science of motion that treatsiomowithout regard to the forces
that causes it. Within the science of kinematice @tudies the position, velocity,

acceleration, and all higher order derivativeshef position variables.

Kinematics can be classified in two parts: forwddmhematics and backward
kinematics. In forward kinematics, manipulator'geribed reference point position and
orientation are computed by using the positionatfiators. Inverse kinematics is the way
of the calculation of the actuator positions byngsihe reference point position and
orientation. In this study, inverse kinematics fi®o used to calculate the sliders positions

to check the existence of a solution to platforpgsition and orientation at that instant.

4.1. INVERSE KINEMATICS OF THE YPM

The inverse kinematic analyses are generally sdbyedsing the vectorial loops. In
the Yeditepe Micromachining Manipulator, there &n® coordinate systems: the base
coordinate system (located at the origin of theeb@iscleOz whose axes are symbolized

with capital letters) and the platform coordinagstem (located at the centroid of the

platformOp).
e
N
Y » S
.p_l‘_ " I‘"
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OB _'__df"f . 5
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Figure 4.1. One of the vectorial loops of the YPM
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In the Figure 4.1, the vectorial chain of the mafapor is illustrated. The vectorial
chain is created through the base coordinate sygtiatiorm coordinate system and one of
the legs. The other two chains can also be crdntersing the other two legs. In this figure
P is the vector of the position of the platform atting to the base coordinate systeip,
is the vector betweef), to the leg connection point of the platform, :fqu vector of the

leg connection point of the platform to the XY-talthat lies on the base plaﬁg,defines
the position of the stage relative to the base éamthis scheme, the leg connection point
of the platform is a revolute joint and it is mogkblas a plane vector. An anglecan be
defined to set the rotation of the leg vector, whieris on the xz plane of the platform

frame.

The trick in the solution is to define the vecta!rsﬁlandf1 with respect to the
platform coordinate system, where these vectorsstat@nary on platform frame. Then,

the position of the XY-table can be expressed englatform frame.

Let's say the radius of the platformdsand the length of the leg is L, therefore X-Y

table position relative to platform is;

p sin 6,
[o] +L| 0 ] = Pg, (4.1)
0 —cos 6,

The other two legs are symmetrically connected he platform with120°
separation, as mentioned in Section 3.3. Therothetorial chains can be created by
multiplication of Equation 4.1 with a specific ratan matrix. The rotation matrices
represent the rotation about platform z axis witd totation amount, @r/3 and4r/3

radians, respectively. Therefore the vectorial eba@an be represented as;

0 sin 6;
R <[o] +L| 0 D = PS, (4.2)
0

— cos 0;

wherei=1, 2, 3.
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R; can be expressed as;

[ cos (2?71 (i—1)) -sin (2?7-[ (i-1) o (4.3)

R = sin (Z?T[ (i—1)) cos (2?7-[ i—-1) 0

0 0 1

The next step is to define vectorial chains retatio base coordinate system. The

new relations come up with the rotation matrix tlgscribes the orientation of the

platform relative to base framg, and platform position vectdt. Therefore the vectorial

chains with respect to base coordinate system are

(P
RoR; [O]+L
0

It is known that the XY-tables are on base plargthrir z components are zero.

sin 6;
0
—cos b;

) + B =55 (4.4)

D sin 6; X
RoR; <[O] +L| o0 ) +P= [yi] (4.5)
0 0

— cos b;

wherex; andy; are the position of the x-y tables relative toebasordinate frame. Now

the third row equation is

o o o p + Lsin6;
[ReRiizyy ReRizy ReRigy) 0 +P,=0 (4.6)
—L cos 6;
Therefore,
~ ~ ~ ~ ﬁPﬁi31p+PZ
RpR; (55, coOs 0, — RpR; 5,y sin 0, = — Gy - 4.7)

L

All the variables except are known. Now the unknowh can be solved as;



34

ﬁpﬁi(31)p + PZ

—Asinfsinf; + Acosfcos; = (4.8)

RpR;....p+ P, (4.9)
6; = —f F cos ™ (———=——

It is easily seen from Equation 3®has two solutions. When the other two legs are

considered, the inverse kinematics gigé¥m?er °f ¢ splutions, which is eight.

) Revolute
/ Joint Cjrcle

dlution II  Solution [

Figure 4.2. Multiple solutions of the inverse kireros of the YPM

The fact that a manipulator has multiple solutiomsy cause problems because the
system has to be able to choose one. The critpoa which to base decision vary, but a
very reasonable choice would be the closest solufldverefore in the situation of the
multiple solutions, the inverse kinematic solutgimould choose the closest solution to the
one step back in the time history.

After the solution of the thre® they are put back in to Equation 4.4 and theeslid
positions are calculated relative to the base frahie next step is to transform slider
positions in to the slider frame coordinates. A sktrotation matrices are defined to
describe the slider frames.
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N Top view

Figure 4.3. Slider positions relative to slidemfies
In Figure 4.3R; is radius of the base circl&;; andYs; are slider positions with

respect to the slider coordinate frames. The matatrix that transforms the vectors from

slider frame to base frame is the same as thexmapresented in Equation 4.3.

[cos (2?71 (i—1)) —sin (2?7'[ (i—-1)) 0]

(4.10)
Rg; = 27 2m
S | sin (? (i—1)) cos (? i-1) o
0 0 1
wherei = 1, 2,3 and, transformation equation is;
_[Re+Xs]  [X:
Rsi| Yo Y, (4.12)
0 0

Inverse kinematic solution gives the slider posisioelative to the slider frames if
the position and the orientation of the platforra mnown. For a more specific solution, the
limitations of the sliders can be added to the tsmiuto restrict platform motion. A

MATLAB algorithm is developed to calculate slidergitions and it warns the user if there
are no solutions, or slider limits are exceeded.
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5. WORKSPACE ANALYSIS OF THE YPM

The workspace of a robot is one of its most impurggarameters reflecting its
working capacity. The workspace of the YPM is deéiras the set of all mobile platform
poses (position and orientation) which can be reddsy some choice of slider positions.
As the reachable positions of mobile platform aepehdent on its orientation a complete
representation of the workspace should be embenidads-dimensional space for which
human-understandable representation may exist. r&evwgpes of three-dimensional
representations are investigated. For instancenwhe orientation is fixed, the 6-DOF
workspace reduces to a 3-DOF workspace, usualtyrezf as the “positional workspace”
or the “constant orientation workspace”. Alterivaly, when the position is fixed, the 6-
DOF workspace reduces to a 3-DOF workspace, usuafgrred as the ‘“orientation
workspace”. In this manner, the constant orientativorkspace is the set of locations of
the moving platform that may be reached when tientation is fixed, and the orientation

workspace is the set of all doable orientationsthe position of the position is fixed.

(@) (b)

Figure 5.1. a) Two different positions of the mayplatform with same orientation,

b) Two different orientations of the moving platfowith same position

Among other performance of the parallel manipugtoentioned in Section 2.1, and
Section 2.2. The size and shape of the workspaceane of the major considerations in
the design and analysis of the YPM. When the YPNbissidered as a parallel machining
unit with a fixed spindle, it is essential to armdyits machining workspace and boundary

machining workspace in order to expand its rangeamflications. Additionally, it is
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essential to judge if a workpiece can be cut byMR& Machining Unit according to its

pose (position and orientation).

Figure 5.2. The YPM Machining Unit

The purpose of this study is to present the eféégeometric design on the YPM
workspace and to optimize it. Unlike conventionalling, free form surface milling
requires approaching to the workpiece with variotigntations. It means that rotational

capability of the moving platform plays an impottaole for machining.

Conventional Milling Free Form Surface Milling

Figure 5.3. lllustration of machining types
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Therefore, it is required to get the maximal orgion workspaces for every position
of the platform. In such cases, a new definitioouth be made, named as “theximal
workspace.” The maximal workspace can be defined as theok@bsitions that may be
reached and the maximal orientation workspacefaaet positions. Therefore the entire
orientation space at every reachable position efpllatform needs to be swept to find out

the maximal orientation workspace for that positidithe platform.

Another issue is the representation of workspacke Tepresentation of the
translational (position) workspace is relativelynple and straightforward. However, the

representation of the orientation workspace is eersomplex and challenging task.

The orientation workspace can be defined by nunsepamameterization approaches
such as the Roll-Pitch—-Yaw angles, the directiosire matrix (DCM), Euler axis and
angle (rotation vector), Euler angles, tilt andston angles quaternions, Rodrigues
parameters as well as Cayley—Klein parameters. Ewekuler angles, there are twelve

possible conventions.
5.1. TRANSLATIONAL WORKSPACE REPRESENTATION
The position of the moving platform is defined wél3x1 vector in Cartesian space,

as shown in Section 4.1. Every position vector esponds to a point in the Cartesian

space. The totality of all such points forms a polaud, connected or not.

(a) (b) (c)

Figure 5.4. Demonstration of 2D translational wpeses
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In Figure 5.4, three different translational workeps are demonstrated which are
composed of connected or not connected point cuét{ Figure 5.4 (a), there are three
different regions that are not connected. Actudligse regions represent the different
solution sets of kinematic analysis. The differsoiution sets of a workspace are referred
as kinematic circuits in mechanisms literature. Kmematic circuits can also be defined
as the regions of possible motion sets in a wordesp@he disconnected circuits are not

reachable from one another.

Solution I

Solution 1 l

(A

N\

LA
AN

Figure 5.5. Kinematic circuits of a 4-bar mechanism

A 4-bar mechanism is given as an example to exgdiaénkinematic circuits of
mechanisms, in Figure 5.5. In the example, an ifiettpoint P on the mechanism can
follow two different possible trajectories A and Bhese trajectories are defined as the
kinematic circuits of the mechanism and will be destrated with two different regions in
the translational workspace. Since these two dsadd not intersect (not connected), the
mechanism cannot pass from one trajectory to theroHowever, when the mechanism is
in the first circuit, by physically disconnectinge of the revolute joints, the link can be
rotated and reassembled in to the second circhiésd different assembly configurations
are named as assembly modes of the mechanism.ughhilhe motion of the mechanism
appears to be different, depending on the cirdudperation, the relative motion between
the links does not change. The circuit in which thechanism is assembled must be
determined according to the operation of the meshan Therefore the maximal

workspace in Figure 5.4 (b) is not the totalitytioé regions A and B. Because when the
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circuit A is selected, the circuit B is not applta and vice versa. However in Figure 5.4
(c), the entire region is reachable. It means aliahe points in the region A can be used
for path planning of the mechanism. Therefore akgpace is not the totality of the

regions. It consists of the region at which mecsanis in and the connected regions.

When the translational workspace boundaries of XRM are considered, it is
observed that maximum translations in x and y dimes are not dependent on the
dimensional configuration. This is because theegticcan move freely on xy plane together
as shown in Figure 5.6. Therefore the workspacenigdtion is only considered in the z

direction of the translational workspace.

Ax Ax Ax Ax Ax Ax
— - ———
_ —_—
VA7 77 %V‘*‘w A VA A
Slider Range ‘ ‘ Slider Range o Slider Range ‘ Slider Range
Ax Ax Ax Ax

“~—> —>

i |4z

77 U o o o 22

Slider Range ‘ ‘ Slider Range ‘ Slider Range ‘ ‘ Slider Range

Figure 5.6. lllustration of the effect of the dinséanal configuration on the translational

workspace of the YPM

5.2. ORIENTATION WORKSPACE REPRESENTATION

The most widely-known method to describe the oaBoh of a rigid body is to

attach a frame to it. After defining a referencerdinate system, the orientation of the

rigid body is fully described by the orientationitsf axes, relative to the reference frame.
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X
Ya b

Figure 5.7. The description of the orientation oiggd body by attaching a frame to it

A rotation matrix is often used to describe theatigé orientation of two such
frames. The columns of this 3 x 3 matrix consisthaf unit vectors along the axes of one
frame, relative to the other, reference frame. Thus relative orientation of a framé})
with respect to a reference frama}{is given. Although the rotation matrix has nine
variables, three of them are independent. Theiootahatrices in this study are used to
describe the orientations of the frames locatetherrevolute joints relative to the platform

and the orientation of the platform relative to bHase frame, in Section 4.1.

All of the methods mentioned in Chapter 5, leadh® rotation matrix. They are
applied to parameterize the rotation matrix. I #tudy, the orientations are parameterized

in several methods as follows.

» Equivalent Angle-Axis Representation,
* Rodrigues Parameters,
* XYZ Fixed Angles.

The aim is to find the most eligible visualizatitm describe the YPM orientation

workspace.
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5.2.1. The Equivalent Angle-Axis Representation

In the Equivalent Angle-Axis Representation, adifjody is considered to rotate

about a rotation axis where rotation amount israfiwith the rotation anglée,

Rotation
axis Angle of
7 Rotation z

Figure 5.8. Equivelent Angle-Axis Representation

Therefore the rotation matrix, with a rotation axjsand rotation angle, is derived

as;

U, Uy Vg + Cg UyUyVg — U;Sg  UyxUzVg + UySg
R,(0) = [UxUyVg Tt U;Sg  UyUyVg +Cop U U Vg — UyxSy (5.1)
UxUzVg — UySe  UylU,Vg + UySg U,U,Vg + Cg

wherecg = cos8, sy =sinB, vg=1—cosf, andi=[Ux Uy Uz]T . The sign ofd is

determined by the right-hand rule with the thummpog along the positive senseibf

There is also another way to express EquivalentlédAgis convention which is

called exponential mapping. In this method, thatroh matrix is expressed;as
ﬁu(Q) = gfux (52)

wherex is the product operator.
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In order to sweep the entire orientation workspéuoe,rotation axis and the rotation
angle spaces are swept. The rotation axis is aveator and in order to sweep the unit

vector space a spherical coordinate system casdzk u

Figure 5.9. Spherical coordinate system repregentat a unit vector

The unit vector in the spherical coordinate systendefined by its elevation angl@)(
measured from z axis and the azimuth ang)enteasured from y axis to its orthogonal
projection on x-y plane whefeisO0 to m, a is —m to T and0 is 0 to 2w (magnitude of unit

vectors is equal to 1). Therefore the rotation &xexpressed as;

sin B cosa
u= [Sinﬁsina ] (5.3)

cosp

When the rotation angle range is defined as 2, it is clear that some rotation matrices
are repeated. This situation causes a repetitiosewéral orientations in the orientation
space. In such a case, the represented orientatickspace may not be faithful. Probably
the volume of the orientation workspace gets laggat there is no chance to analyze the
workspace properly. For instance, a rotation axih &2 rotation angle range repeats

itself with the rotation axis in opposite directias shown in Figure 5.10.
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0

Figure 5.10. An example of rotation parameters @gihggs same the same orientation

The simplest example of this case is the rotatiooua z axis and negative z axis. The
rotation about the z axis with/2 rad actually can be achieved with the rotationuabo
negative z axis with-m/2 rad. Therefore the couples of the rotation axesmilshnot be

represented. As a result, only a hemisphete () is to be swept.
5.2.2. Rodrigues Parameters
A result from linear algebra known as Cayley’'s fatenfor orthonormal matrices

states that for any proper orthonormal mafixthere exists a skew-symmetric matfi,

such that,
B=(-35)"Us+5) (5.4)

wherel; is a three by three identity matrix. Consequertlythree dimensional skew-

symmetric matrix is specified by three parametsys,(s;) as;
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0 -5, s
S=1s, 0 —s, (5.5)
=Sy Sy 0

These three parameters are called Rodrigues Pananalso known as Gibbs vector. The
relation between the Rodrigues Parameters and &enivAngle-Axis Representation [20]

is

[S;] = tan(%,) [u;] (5.6)

SZ u’Z
5.2.3. XYZ Fixed Angles

Another method of describing the orientation ofanfe {B} is as follows; Start with
the frame coincident with a known reference framAg. first rotate {B} about X by an

angley, then rotate aboutaYby an anglé, and then rotate aboug by an angle:.

ZB ZB t)
Ye

XB XB

X4 X4 Xe
X4

Figure 5.11. lllustration of the rotations with pest to XYZ Fixed Angles

Each of the three rotations takes place about @&niaxhe fixed reference frame,
{A}. This convention is called as XYZ fixed angleshe word “fixed” refers to the fact
that the rotations are specified about the fixeal,(non-moving) reference frame shown in

Figure 5.11. Sometimes this convention is refetoeak roll, pitch, yaw, angles.
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The derivation of the equivalent matfiRyy (v, 8, @) is straightforward because all

rotations occur about axes of the reference frame;

gﬁxyz(%ﬁ, a) = Ez(a)ﬁy(ﬁ)ﬁx()’) (5.7)

and exponential mapping can be used to calcul&alérivation. Therefore, the derivation

of the rotation matrix is;

ARy (v, B, @) = e¥es% Be2x gverx (5.8)
where
e,=[1 0 o] (5.9)
e;=[0 1 o] (5.10)
es=[0 0 1]" (5.11)

are general unit vectors.

The parameters, B, y are the Euler angles.

5.3. VISUALIZATION OF ORIENTATION THE WORKSPACE

The orientation workspace differs from the translal workspace when
visualization is considered. Although the transiadl workspace is visualized easily in the
Cartesian space, the rotation space is not a sisgdee. Human brain has difficulties
forming a picture of the orientation space. Casaesspace representations of the

orientation space are tough to understand and zmaly

Even if an orientation workspace can be illustratefividually, it is hard to show the
orientation workspaces at different positions thget For every reachable position in the

translational workspace an orientation workspadst&xas mentioned before. In such a
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case, the matter is to show the orientation workspan the translational workspace. The
combination of the both workspaces is a six dimamali space but human mind can only
imagine three dimensional spaces. Therefore thenttion workspaces should be
analyzed at every position. In this manner, the tmegible visualization has to be

investigated to analyze the orientation workspace.

In this study, an algorithm is developed to viszmlihe orientation workspace with
various plot types. For a given position and dinn@me configuration the algorithm scans
the entire orientation space and saves the doaldmtations. The inverse kinematic
solution is used to check whether solution existi@. In order to get a more general
solution, slider limitations are not considered & visualizations. Without any slider
limitations, some features of the orientation wpdee can be easily recognized such as

symmetry, kinematic circuits, and so on.

Rotation Matrix

. Parameters Plot Type
Representations P

Cartesian Space (e, 5. 6)

U — g f
g _|: Sphevical Space (u, 8, 6)

— Egquivalent Angle-
Axis

sl Fiees
R Rodrigues S Sy 5

Cartesian Space (5, 5, &)
.Pf”'ﬂ}”f:"fé’f'.‘l'

XYZ Fixed a fy

—— Carfestan Space {u, f, )
Angles

Figure 5.12. Orientation space visualization diagra

Figure 5.12 demonstrates the visualization prosesse this study. The first
representation of the rotation matrix is Equivalangle-Axis method. In this method, the
rotation matrix parameters are plotted in two ddfe ways. The first one is the general
Cartesian space illustration. In the second plet parameters are defined in spherical
coordinate systenu,  are the azimuth and the elevation angles agaitefased in Figure

5.9, and) is the magnitude of the position vector.
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5.3.1. Visualization of Equivalent Angle-Axis Repesentation

In order to sweep the full orientation space, thtation matrix parameters have to be
swept for each visualization type. In this case fa@ameters ranges are defingd:

is— 7T/Z to 77/2, a is0tomand0 is0 to 2w, to sweep a hemisphere, as shown in Figure

5.10.

theta [degree]
g

alpha [degree] 50

PRRTIL ,.
beta [degree]

, -l -ED

Figure 5.13. Cartesian plot of Equivalent Angle-®\Riepresentation

The algorithm is run for the position of the platfoisP=[0 0 100]T in mm
and the dimensional configuration Bz = 125 mm, p = 50 mm and L = 125 mm. The
result is shown in Figure 5.13. In this search dabientations are represented with blue
dots. It is observed that there is no change albeg. axis. It means that orientation

workspace can be studiedfifd plane, instead of 3D visualization.
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Figure 5.14. 2D plot of Equivalent Angle-Axis Repeatation ¢=0, plane)

It is obvious that, the plane view of the Figuré®has two kinematic circuits, A and
B. It means that the YPM has two different circuésd two assembly modes. The first and
last columns in Figure 5.15 represent the rotasibout x axis wher@ is equal tar/2,

—1/2 anda isTt/2, shown in Figure 5.15.
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Figure 5.15. A detailed view of Equivalent AngleisoRepresentatior€90, plane)



50

Let’s start withp equal to 90 degree aficequal to O case. Becausés O, there is no
rotation and this orientation represents the defaigntation of the platform. Whehis 35
degree at that column, the platform reaches itsmax rotation about x axis. Similar o
is zero case whet is 360 degree the platform is in the default dagan (no rotation).
Therefore, it is expected that platform can rotd%e degree about x axis in opposite
direction. This case can also be seen at the ttpapfcolumn &, b in Figure 5.15). These

examples agree with the first circuit which is A.

Figure 5.16. Rotations about x axis and in oppasitection

When 6 is 180 degree, the orientation exactly represemnés flipped platform
orientation where inverse kinematic solution isgdole, shown in Figure 5.17. However it
is impossible to do this orientation because thgimal rotation about x axis is 35 degree.
If the manipulator is disassembled, and reassemhitida flipped platform, this solution
becomes possible. This exactly represents the &bgenodes of the YPM. According to
this, if the YPM is started with second assemblydmahe maximum rotation about x is
also expected as 35 degree. This situation caméereed when the maximum rotations of

circuit B is searched(in Figure 5.15).

Figure 5.17. The flipped platform case
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The first column is actually same as the last coluWivhenf is -90 degrees where
is zero, the platform rotates about the negatieiz. The 35 degree rotation about x axis
and -35 degrees about negative x axis will givesdume orientation. Thereforg Bnd B

are connected in rotation space and they compéete ether which give region B.

According to this result, in order to get a prop&ualization, Figure 5.14 has to
bend about axis | to connect line 1 and line 2wsho Figure 5.18. On the other hand it
has to also bend about axis Il to connect line @ lame 4. This creates a complicated

surface that it is difficult to understand.

S ——

300 | A
250 F
7 |B B
o 200} axis 1
S 1 - HhD
£ 10}
=

)

40 20 i 20 40 B0 80
beta [degree]
|

line 4 | line 3

h;ﬁgn;gﬂté%mi (i ine 1

Figure 5.18. Description of complicated surfac&igure 5.14

The geometrical features ofiBind B are close but different. It indicates that the
orientation workspace along theaxis is not same. Therefore, study of the oriéomat
workspace by slicing the 3D plot is impractical.didler to see the effect of theseverab

planes has to be studied together.
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Figure 5.19. lllustration of the severaplanes

Another dimensional configuration is set with tlz@ng position of the last example.
It is observed that the unreachable regions namdigure 5.19. Their geometric features
also seem to be changed. They look like beans Asw changes, the bean gaps spins
along theo axis and transforms to another shape The gap wineese is only seen at first

plane becomes an entire body and gets lost aftérila.

o =0 to 180 degree

Figure 5.20. Another demonstration of EquivalengksrAxis representation
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A new illustration is performed as shown in Fig&€0. In Figure 5.20, all planes
are added to the back of the each other and areimsagyeated from the front view. It is an
excellent representation of the complexity of th@emation workspace in Equivalent
Angle-Axis representation. While the gaps are spigpnthe plane views bend. Therefore it
is impossible to determine the kinematic circuitseve they are nested. In such a case it is
unfeasible to predict the size of the workspaceesithe circuits cannot be recognized.
Another visualization technique has to be develdpstdad of working with this unfaithful

visualization.

A second method is to plot the orientation workgpat a spherical coordinate
system. In this mannes,andp are the azimuth and the elevation angles agailefased in

Figure 5.21 (a) and is the magnitude of the position vector.
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Figure 5.21. (a) lllustration of definition, (b) 3pherical coordinate system plot of

Equivalent Angle-Axis Representation

By definition, o andp set the direction of the rotation vector ahdets the magnitude of
the vector, wher® actually represents the rotation amount. In Figu? (b) a detailed
view of the Figure 5.21 (b) is shown. In this figua slice of the orientation workspace is
illustrated to analyze the circuits. There is arbretia and a ring in the figure, which are

not connected.



54

@ umbrella

Figure 5.22. (a) X-Z view of the Figure 5.21 (k) ¢ = O slice

These two objects represent the circuits of theksmace. Similar to Equivalent
Angle-Axis method, the circuits are complex andsithard to say which circuit the
manipulator is in. In this condition a proper séaomn the orientation workspace size is
unfeasible. It is an undesirable situation to aralfthe shape of the workspace. Therefore,
this visualization is stated as another unfaitrdpproach to calculate the orientation

workspace size.

5.3.2. Visualization of Rodrigues Parameters

The orientation workspace is plotted in Cartesjaace using Rodrigues Parameters,
as shown in Figure 5.23. When the definition of Ryues Parameters is considered, the
axes in Cartesian plot cannot be named. In equéati®rthe parameters are related with the
rotation axis and the rotation amount. Actuallysitoo complicated to make sense of the
visualization of these parameters. In addition,Kimematic circuits cannot be recognized.
In this manner Rodrigues Parameters Representetioot a suitable method when the

evaluation of workspace size is considered. Theegfus representation is eliminated.
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(b)

Figure 5.23. Cartesian plot of Rodrigues Parameters

5.3.3. XYZ Fixed Angles Representation

In this representation the parameters are defisggia—n to m,  is— m to m, anda

is —m to ™ where these angles represent the rotations abuhdlgrame x axis, y axis and

Z axis respectively. The result is plotted in tre@t€sian space, as shown in Figure 5.24.
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Figure 5.24. XYZ Fixed Angles visualization
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There are nine objects in the solution which are emtire, four half and, four quarter
bars. The sizes and geometric features of the $#m to be similar. Therefore these
solution sets could be the circuits of the manifmulaThere is no doubt the middle bar
represents the default orientation of the platfolihtan be easily understood that when
there is no rotation (all angles are zero), thef@lm is in the default orientation. This
orientation is named as identity orientation asctitcuit is named as identity circuit. That
is because when the platform is in its defaultrdggon its rotation matrix is an identity
matrix. It is obvious that there is no change altfgz axis. In this manner, the orientation

workspace can be studied in xy plane, as illudratd-igure 5.25.
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Figure 5.25. X-Y view of Figure 5.24

It is obvious that rotation about an axis withand -« radian gives the same
orientation as shown in Figure 5.26. According hes trotation about y axis withr—s
equal to rotation about y witla radian. Similar to this, rotation about x axis it andz
radian are equivalent also. Region r&presents the rotation about x axis wittand then
about y withz radian. A represents the rotation about x axiand then rotation about y
axis withz radian. Therefore Aand A are the same orientations. In this manngaAd

A, are also same and furthermore they also give dneesorientation with Aand A
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group. It indicates that the;AA,, A; and A are connected in rotation space and totality of
them seems to represent a kinematic circuit. Howthie orientation can be reached from

the identity circuit by rotation about z axis asy®d in Figure 5.27.

Figure 5.26. Rotation about x axisand -« radian

(@

e .
] -

Figure 5.27. (a) Rotation about x and y axes witadian. (b) Rotation about

z axis withz radian

It shows that circuit A is included by identity cuit. In order to get a faithful orientation
workspace size calculation, any orientation showitito be represented more than once. It

means that the rotation space where circuit Ackiohed can be cancelled.

Similar to A and A regions, the regions of;@nd G are connected and represent
another circuit. However the orientations in citcGi are not included by the identity
circuit. Figure 5.28 shows that the circuit C ekaotpresents the flipped platform case.
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Figure 5.28. The circuit C represents the flippktfprm case

In addition to that circuit B orientations can beached by circuit C using the
rotations about z axis as shown in Figure 5.29.
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Figure 5.29. (a) Circuit C. (b) Circuit B. (c) Cuic C to circuit B with ar rotation about z
axis. (d) Visualization of (c) in Figure 5.24

Therefore circuits B and C represent the same itirdn orientation workspace including
the identity circuit and circuit C (or B) is degiréo represent the entire orientation space.

In this manner the ranges of the rotation anglesilshbe considered again.

It is obvious that the orientations are more corhensible in Equivalent Angle Axis
Representation and there is no repetition in thientation space. An approach is
developed to verify the results above. In this apph rotation matrices are created in
Equivalent Angle-Axis representation and the oaéoh workspace is plotted in XYZ

Fixed Angles. Therefore the question is the ingediton of the matrix parameters for a
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given rotation matrix. The inverse problem was gddy Craig [21]. The total rotation

matrix can be obtained by the multiplication ofleagis rotations in a given order.

Ryyz(v, B, @) = Rz(@)Ry(B)Rx () (5.12)
cacfi casfsy —sacy casfcy + sasy
Ryyz(v, B, @) = [sacﬁ sasfsy + cacy sasfcy — casy] (5.13)
—sp cBsy cBey
whereca = c0S «, sa = sin a, etc
_ 11 Tz Ti3
Ryyz =|"21 T2z T23 (5.14)
31 T32 T33

From Equation 5.14, we see that, by taking the equ@ot sum of the squares ef r
and g, we can computeosf3. Then, we can solve f@r with the arc tangent of sirover
the computed cosine. Then, as longfas: 0, we can solve foa by taking the arc tangent
of r,;/cpB overr;;/cBf and we can solve foy by taking the arc tangent of,/cf

overrss/cp.

In summary,

B = atan2(—r31,/1112 + 1212%) (5.15)
a = atan2(ry1/cB,r11/¢ch) (5.16)
y = atan2(rs,/cB,133/cB) (5.17)

whereatan2(y, x) is a two-argument arctangent function.

Although a second solution exists, by using thetpessquare root in the formula
for B, we can always compute the single solution forcwhki90.0° < 8 < 90.0°. This is

usually a good practice, because it can then deimeeto-one mapping functions between
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various representations of orientation. Howeveisame cases, calculating all solutions is
important. Iff = +90.0° (so thatcosp = 0), the solution of (4.18) degenerates. In these
cases, only the sum or the differencer@ndy can be computed. One possible convention

is to choosex = 0.0° in these cases, which has results given next.

If, B = 90.0° then a solution can be calculated to be

B =90.0°
(5.18)
a=0.0°
y = atan2(ry,, ;7).
If, B = —90.0°, then a solution can be calculated to be
B = —90.0°
(5.19)
a =0.0°
Y = —atan2(ryz, 12,).

It has been proven before the rotation axis andpfsosite direction vector creates
the same orientation in Section 5.2.1. . In thrasges, it is also observed that the rotation
vectors on xy plane have couples, shown in FiguB®.59n order to avoid repetition of
some orientations, the half of the x-y plane cistieuld be swept.

Figure 5.30. X-Y plane vectors have their couples¢ plane in opposite direction
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Figure 5.31. Orientation workspace in XYZ Fixed Aeg)

With this new range the result is shown in Figurdl5 The result is as expected
before. There are two cylindrical bars which areniity circuit and flipped platform
circuit. The flipped platform circuit points seem lbe sparse. Another result with higher

resolution explains this, shown in Figure 5.32.

Figure 5.32. Orientation workspace in XYZ Fixed Aagywith a higher resolution

The distance between solutions is getting sepakatéleé moving away from the origin. It
means that the stepsize is changing through thedawies where it is actually constant in

Equivalent Angle-Axis Representation. That is beeathe rotation matrices are generated
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in Equivalent Angle-Axis Representation but plottedXYZ Fixed Angle. In other words,
the orientations are generated in spherical coatdigspace and transformed to Cartesian
space for visualization and this transformation sesu varying stepsize according to

position of the solution.

The feature of XYZ Fixed Angles representation ek trends of the solution
along the z axis. Remember that the rotationsssweith x axis and continues with y axis.
After these rotations are done platform can raahieut z axis freely. The boundaries of the
solutions are determined by the rotation aboutdyalaxes. This is caused by the state of
no slider range limitation. After the platform réas an orientation, sliders can draw
circles on the base plane and each slider chatgg®sition with the other one while

position of the platform remains constant, as destrated in Figure 5.33.

Figure 5.33. Z rotations with constant x-y orieimatof the manipulator

After z is eliminated, the orientation workspace lh@come a plane problem which
is more efficient for the calculations and makes #fgorithm shorter. It is observed that
the plane shapes of the bars do not remain circlalaansforms to another shape and, the
circuits are connected when dimensional configarais changed, as illustrated in Figure
5.34.



63

Figure 5.34. Orientation workspace of a differemrfiguration

As a summary, XYZ Fixed Angle Representation isnfibias the most suitable
visualization to implement the orientation workspaBy the help of Equivalent Angle-
Axis convention it is realized that the rotatiorgknranges arerto = for the x axis and

_“/2 to T[/2 for the y axis where the rotations about the z axe ignored. After that, the

rotation matrices can be created with XYZ Fixed kengepresentation. It is observed that
the whole orientation space is scanned while tkatiom angles are swept in those ranges.
In addition, it is found that the orientation spaa® be represented in two dimensional
Cartesian space and the orientation capability hef different configurations can be

evaluated by the area of this two dimensional wuaks.
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6. OPTIMIZATION OF THE WORKSPACE

The workspace of the manipulator is the combinatdnboth translational and
orientation workspaces as mentioned before. Thestgueis what makes a workspace
optimum or how a workspace is made optimal. By tedinition of the maximal
workspace, maximal orientation workspaces are elédior every point of translational
workspace. But remember that micromachining maatpultasks in translation are in
micron level and also it is realized that it isumdly one dimensional, as mentioned at
Section 5.1. . Therefore the orientation capabdit the platform in this miniature range
becomes more important. The capability of orieotatior a specified platform position
can be measured with the area of the orientatiorkspace in XYZ Fixed Angles
visualization, as mentioned before. Therefore then ©of those areas in a specified

translational range would indicate the total oréion capability.

Let's say micromachining process requires 10 mmstedional range in z axis.
Therefore the maximal orientation workspaces aegcbed in a range of 10 mm height.
However the location of this range in the tranelz workspace z direction is not known.
An example is illustrated in Figure 6.1, the maxin@ientation capability of a

configuration is atZ and the other is at.z

A Immm

LALL LS LA LSS AL SIS LTSS A ’/////x’///////x’/////// LSS,

Figure 6.1. Location of maximal orientation workses at different configurations

A new variable “operating height” is defined andn®plized with z. The kinematic

solution is parameterized again with the new védgiaBy this definition the platform

position vector is reduced Bo= [0 0 z].
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6.1. OPTIMIZATION WITHOUT SLIDER CONSTRAINTS

It is clear that without any slider range probléhg question is not the dimensions, it
is the dimensional ratios. For example, if a satinfensions are doubled, the characteristic
of the manipulator remains the same. If there araesratios that make the workspace

optimum, then it can be used in the optimizatiothwilider limitations.

Without slider limitations, B has no importance. The sliders can move any pasiti
on base plane. Thereforeg Rs evaluated according to given z value for theeise

kinematic solution.

RB ‘ RB'P

»
»

Yz

Figure 6.2. Calculation ofdgraccording to given z

z
_ -12
0 = cos I 6.1)

Rp =p+Lsinb

A minor search is conducted for a specified z wilious configurations, shown in
Figure 6.3. In this search the parameters are el¢fisz = 100 mm andp = 50 mm with

various L values.
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L =150 mm

‘L=12‘5mm ‘

1 =160 mm ‘ L=300mm

Figure 6.3. Orientation workspaces for differemfagurations

The region where there is no solution shrinks aretome internal gaps
(singularities) whileL is been increasing. The singularities in the fguwccur at the
rotations about x #2, n/2 radian, and rotation about yt/3, n/3 radian. Because of the
kinematic characteristic of the manipulator, thestations are impossible. An example of
this rotation set is demonstrated in Figure 6.4eWthe platform rotates about x axisy
radian, the revolute joint circle becomes paraitethe base plane. In this situation the

connection of the leg and the base plane is imblassi
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Figure 6.4. Impossible orientations of the manifrla

The circuits get connected whers 150 mm in Figure 6.3. It is clear that thera s
critical leg length value where circuits get corteelc This critical value is termed B§itica
from this moment. In these instants, two circuiés gonnected and the workspace size gets
doubled. Therefore, it is important to recognizeica values for different configurations.

In this manner, an image processing algorithm igeldped to identify the connection

instants.

5000 I S
4500

4000 -

—<—rho = 50
| | —H&B— rho =200
| | —7— rho = 350

Area (Number of the solution points)
N
a
o
o

2000 | | ]
n J
1500 / R
/ /
1000 pa i
500 i
0 o S== ] | | | | | | |
0 ~ 100 200 300 400 500 600 700 800 900 1000

L [mm]

Figure 6.5Lqiiica Search for different configurations
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In this algorithm the 2D Cartesian space resules teansformed to an image, and the
algorithm tracks the boundaries of the objectshim image. After the recognition of the
objects, the algorithm decides the number of theatd The number of pixels in the
boundary of an object can be assumed as the ard® albject. Thus, several tests are
conducted to investigate the effect of the configion on the_isica. IN these tests z is set

to 50mm and the numbers of the pixel values arepubed whileL, p values are
increasing. The result is shown in Figure 6.5. dhientation workspace of the manipulator
increases while L is increasinggilica Values can be observed where the data lines are
vertical. When the radius of the platform increasks critical length values increases. The

relationship betweebgiiica, p, and z is observed as;

Leritican =P + 2 (6.2)

As a summary, the mechanism can pass one circtitet@ther one whebgitica IS
exceeded. Actually YPM does not need this abiliBecause the flipped platform
orientation means that the workpiece would stayeurde platform during the machining

process.

Spindle

P ——

Workpie

Figure 6.6. Flipped platform machining case
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Therefore it is important to find the maximal idéntircuit area. It is obvious that
the largest boundary of the identity circuit is @bv&d when the two circuits get connected.
At this moment, another observation is the geomdégatures of the objects. WheRitica
values are achieved, it is seen that the featurébeoobjects are absolutely unique for
different configurations. The new question is tmeperties of the different features. The

importance of the features has to be determineahhiearea of them seem to be equal.

P

Figure 6.7. lllustration of object features forfdient configurations

The shortest paths from one side to other or tdpttom pass through the middle of
the image. It means that the middle of the imaghasmost widely-used region. Therefore
the middle of the figure is the most important cegi(default orientation) and the
importance of the points decrease while the digtasmacreasing.

Figure 6.8. The shortest paths passing througmttidle of the image
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Y [radian]

X [radian]

Figure 6.9. Circle fit method demonstration

Solution is to fit a circle to the middle of theydire where the circle intersects the
boundary of the middle object. The rotations aboahd y axes have the same importance
because the rotations are directionless. A newrigthgo is developed to find the radius of

the circle. The algorithm increases the radius haf tircle until it reaches the object

boundary.

200

180+

160

140+

120+

100+

Rho [mm]

801

60

a0}

201

I ]
400 450

Lcritical [mm]

Figure 6.10. Investigation @fyiica for variousp and z
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A search is done that represents the evaluatiaimek i With various z ang
values. It is obvious that there are two regionghin figure, which are upper and lower.
These two regions are separated with a specifec dimwn in the Figure 6.11. Let's say
user wants to work in a rangezf 0 to 200 mm. When solution ais choserp is 105
mm and Lyiicar IS 305mm. For z is 100 mm ampdis 105 mm,Lgitca IS @about 200 mm
which is smaller than the chosen L value 305 mnerdtore it is realized that the chosen

configuration (@) satisfies the allLgiica conditions in the range af— 0 to 200 mm.

A/~

I I I
150 200 250 300 350 400 450
Lcritical [mm]

Figure 6.11. Detailed view of Figure 6.10

Another question is the eligibility of the configtions (g &, &) onz = 200mm
line. Therefore circle fit method can be appliedfiiwd out which one provides the
maximum radius. It is seen that the maximum raditishe circle is observed at the
configurationp = 10 mm, L. = 409.2306 mm, where the radius of the circle is R=1.0472

radian.

6.2. OPTIMIZATION WITH SLIDER CONSTRAINTS

The physical constraints complicate the derivatibroptimality function including

all variables. The existence of sharp starts ands erorrupts the continuity of the
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optimality function. Without slider constraints, aptimal surface can be formed where the

surface equation is expressed in Equation 5.2.

Two new parameters are added to search variableh\ahe R, and s, slider range.
With five variables it is difficult to visualize éhcharacter of the optimum solutions and to
model it. A numerical search method can also bdiegpp find the optimum results again.
Instead of the no slider constraint case, the sev&mematic solution has slider constraints

this time.

The orientation workspace with slider constraintsaaspecified position for a

configuration is shown in Figure 6.12.

Y [rad]

Figure 6.12. Visualization of the orientation wgokse with slider constraints

It is observed that the boundary of the orientatiamtkspace is smaller, as expected. The
feature of the object is an excellent sphere witred wings, which represents the
symmetry of2/3m. It means that the z component of the orientatiorkspace has to be

considered this time. Therefore a spherical fithmdtshould be applied instead of circle

fit.

A numerical search is performed to analyze thenaglity of the dimensions with
various combinations of the parametets.versus the radius of the sphere is implemented
in Figure 6.13,Figure 6.14 and Figure 6.15, withoas L, p, and R values.
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Figure 6.13. Investigation of the orientation wqrse,p=10 mm, R=100 mm
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Figure 6.14. Investigation of the orientation wqr&se,p=50 mm, R=100 mm
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Rho = 80mm & Rb=100mm

L= 10mm
0.9- L= 60mm
L = 110mm

0.8+

0.7+

0.6+

0.5+

Radius of Sphere[rad]

0.2+

0.1+

0 L L L L L L L L L I
50 100 150 200 250 300 350 400 450 500
z[mm]

Figure 6.15. Investigation of the orientation wqr&se,p=80 mm, R=100 mm

In Figure 6.13, when L increases R atwl decreases. Selection of the minimum L
gives the maximum R. In Figure 6.14 and Figure 6itliS observed that whegnincreases
the range of L changes, due to kinematic solutiistence. Furthermore, any L value in

these sets cannot achieve the R that is achieveéigime 6.13 with L=100 mm.

Rho = 10mm & Rb =200mm

l .
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0.9 L = 200mm
L = 250mm
08f L = 300mm
07l L = 350mm
5 L = 400mm
S osl L = 450mm
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& 05}
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3 04f
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o]
@
0 Al | { I | I I I
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Figure 6.16. Investigation of the orientation wqr&se,p=10 mm, R=200 mm
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Rho = 90mm & Rb=200mm
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Figure 6.17. Investigation of the orientation wqr&se,p=90 mm, R=200 mm

In Figure 6.16 and Figure 6.17, the effect of thaRstudied. Similar to the group of
Figure 6.13, Figure 6.14 and Figure 6.15, it iseobsd that wherp increases, the
achievable R decreases. Whep R increased the achievabd increases however R
decreases. In micromachining process, the traasktirange of the z was determined as
10 mm. This specification is satisfied wheg iR 100mm. Therefore, fzhas to be selected
as small as possible, in order to increase R aisdciear that smallgs values give better

results.

The minimum values for those parameters actualbpedd on manufacturability. The
smallest value fop is assumed to be 50 mm when the connections ofutvjoints are
considered. The smallest value for L is assumdaetd00 mm. The smallest value fog R
can be decided by the slider dimensions. The seiaiteglius where any slider would not
collide to each other is computed as 237.5 mm, shawigure 6.18.
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Figure 6.18. Calculation of the smallest R

Another search with a constang Bndp starting from 50 mm, is conducted with a

smaller stepsizes of variables, illustrated in FegbL19.

Rho =70mm & Rb=237.5mm Rho = 80mm & Rb = 237.5mm
1r 1r
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Figure 6.19. Investigation of optimum values fag thinimum
Rs (@) p=70 mm (b)p=80 mm
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According to the results the optimal values arentbas; L is 130 mnp is 80 mm, within
a range ol mm < z < 50 mm where R is equal to 0.2443 rad.

Before this study, the dimensions of the manipulatere chosen: L as 500 mmas
400 mm, and R as 600 mm. According to these values, R is fousd.@6 radian at

maximum where\z satisfies the micromachining requirements, shimwfigure 6.20.
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Figure 6.20. Evolution of theYPM

In conclusion, the orientation capability of the mpalator is increased to 0.2443
rad, with a 330% rise.
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7. CONCLUSION

In this study, kinematic composition of the YPMdiefined and the components are
studied extensively. The kinematic components mtr@duced and their specifications are
mentioned. After the definition of the physical stmints, the topology of the YPM is
investigated, and the kinematic diagram is illuswia Mobility of the YPM is evaluated as

six, using Gruebler's Equation.

The kinematic relations of the YPM are defined #mlinverse kinematic solution is
explored. At this moment, multiple solutions of YP&e investigated and analyzed. A
MATLAB algorithm is developed to solve the slidergitions for a given platform position

and orientation.

Definition of the workspace is stated and the optimworkspace of YPM is defined
the as maximal workspace. The maximal workspaces aihe largest translational
workspace with maximal orientations. According be tconcept of maximal workspace,
representations of translation and orientation wpakes are studied. Dimensional
configurations only affect the z direction of thartslational workspace. It is stated that the
optimization of the translational workspace is m@hi to one dimensional problem. In
order to get a proper calculation of the orientatimrkspace size, three representations of
a rotation matrix are considered. After the deioms of these representations,
visualization of them is discussed to determinebibst. XYZ Fixed Angles is concluded to
be the best representation. The feature of thiseseptation is reasonable and the
kinematic circuits in this representation are d&finHowever some orientations repeat
themselves while the full range of representatiarameters are swept. In order to avoid
the repetition of the orientations, Equivalent Andlxis Representation can be used to
form the rotation matrices. The ranges of rotatimatrix parameters in XYZ Fixed Angles
are explored by the help of Equivalent Angle-AxiepResentation. The orientation
workspace is reduced to two dimensional problem revhe direction has no effect.

Therefore three dimensional size calculation igified to area calculation.
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When the orientation workspaces of different camfagions at a constant position
are considered, it is observed that the kinematauits get connected for specific ratios.
Furthermore, the appearances of the kinematic itsr@i those instants are absolutely
unique. The critical leg length concept is defirmadl the critical lengths are investigated

for various configurations. The relationship of #earch parameters are found as

Leriticat =P+ 2 (6-1)

The default orientation and its neighbors form thest important region in the
orientation workspace. A circle fitting method isvéloped to compare the sizes of the

circuits.

First optimization is performed without slider li@iions. The optimum
configuration table is obtained for a givAm. By using circle fitting method, the optimum

configuration forAz=200 mm is determined as= 10 mm, L = 409.2306 mm.

In the second optimization, slider limitations aomsidered. Therefore, the feature of
the orientation workspace is found as a sphere thitee symmetric wings. Instead of
circle fitting method, a sphere fitting method ipphed to measure the orientation
capability. In this case the orientation workspasea three dimensional volume and
maximal sphere radius indicates the maximal ortertaworkspace. Another numerical
optimization is performed with various configuraso In this optimization, there are two
more variables which aregRand s, compared to no slider limitation case. Adicg to
results, it is observed that the minimurg Bhd smallerp are required to optimize the
workspace. Therefore, the manufacturability of ttwanponents is considered and the
optimum result with YPM sliders is found as; L i80lmm,p is 80 mm and Ris 237.5

mm. This configuration gives 0.2443 rad rotatiobeuwt all the three axes.

Before this study, the dimensions of the manipulatere taken as; L is 500 mmjs
400 mm, and Ris 600 mm. When this configuration is comparechvwiite optimized one,

a 330% increase in orientation capability is achiev
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