Ecole Centrale de Nantes University of Genova

MASTER ERASMUS MUNDUS

EMARO “EUROPEAN MASTER ON ADVANCED ROBOTICS”

2011/2012
Thesis Report
Presented by

Yingcong DENG
on July 16, 2012

KINEMATIC SENSITIVITY ANALYSIS OF TWO DEGREES OF FREEDOM
TRANSLATIONAL PARALLEL MANIPULATORS

JURY

President: Wisama KHALIL Professor, Ecole Centrale Nantes, IRCCyN, FRANCE

Evaluators:  Christine CHEVALLEREAU  CNRS Research Director, IRCCyN, Nantes

Philippe WENGER CNRS Research Director, IRCCyN, Nantes

Alexandr KLIMCHIK Postdoctoral fellow, Ecole des Mines de Nantes, IRCCyN, FRANCE
Supervisors:  Stéphane CARO CNRS Researcher, IRCCyN, Nantes

Sébastien BRIOT CNRS Researcher, IRCCyN, Nantes

Laboratory: Institut de Recherche en Communications et Cybernétique de Nantes






CContents

Abstract

| Introduction

I.] Pick_cnd_plcce Robo-l- ........................
[.1.1 Four-DOF Pick-and-place Robot - - - - - - -« -« o o oo oo
[.1.2 Three-DOF Pick-and-place Robot- - - - . . . . . . . . . . . . . ..
[.1.3 Two-DOF Pick-and-place Robot - -+ -« =« o o v oo oo

1.2 Sensitivity Analysis Methodology = =+ = = s s o s e e oo oo e oe

1.2.1 Sensitivity Analysis Due to Variations in Geometric Parameters

1.2.2 Sensitivity Analysis Due to Joint Clearances - - - - - -« -« . . . . .
[.3 Thesis Constributions and Outling =« « = = 0 v e e e e e e e e e e

Il Modelling of the IRSBot-2 Robot

1.1 Architecture of the IRSBot-2 Robot « + + = = ¢ ¢ e v v e 00 0 v vt

1.2 Iverse Geometric Model of the IRSBot-2 Robot « « « « ¢ ¢ e 0 v -
I.2.7 Inverse Geometry of the Equivalent Plannar Architecture - - - . . . .
I1.2.2 Inverse Geometry of the Spatial Distal Module - - - - -+ - - . . . .

II.3 Denavit-Hartenberg Parameters of the IRSBot-2 Robot

”.4 Singulcr”-y Anolysis ..........................

Il Modeling of the Sensitivity Analysis for Robots

II.T Sensitivity Analysis Due to Joint Clearances « « =+« ¢ ¢« « ¢ = ¢
1.1 Modeling the Clearances in an Axisymmmetrical Joint- - - -« . . . . .
l.1.2 Error Mapped to End-effectorPose - - - - - - - . . . . oo
l.1.3 Maximum Pose Error for the Moving-Platform - - - - - . . . . . . . .
lI.1.4 Computing Maximum Pose Errors with Inequality Constraints - - - - . -



.2 Sensitivity Analysis Due to Variations in Geometric Parameters « « « « =« - 35

IV Sensitivity Analysis of the 5-bar Linkage 37
|V'| |nverse GeomeTriC MOdel ............................ 37
V.2 D-H Parameters of the 5-bar Linkage=® « =« = = = o v o v e oo e oo oo e e 40
V.3 Sensitivity Analysis Due to Joint Clearances « « « « =+ s 0 e o v oo e e e e 41
V.4 Comparison Between Closed-loop and the Open-loop Mechanisms - - 45
V.5 Sensitivity Analysis Due to Variations in Geometric Parameters =« + « « - - 49

V Sensitivity Analysis Due to Joint Clearances for Robots with Hybrid

Legs 53

V.1 Model of Error ESHMOHoN® « = + =+ =« ¢ ¢ ¢ o e o v v v v o v v v vt v v v v 53

V.2 Optimization-based Maximum Pose Error « =+« ¢« e e oo e oo e e oo vt 57

V.3 Maximum Pose Error with Only Inequality Constraintss « < ¢ ¢« ¢« o0 e e e 60

V.3.1 QR Factorization for Sub-legs Connected to the Moving-Platform- - - - - - - - . . 60

V.3.2 QR Factorization for Legs in Sub-robots - - -~~~ . .o 62

V.3.3 Optimization Problem with Only Inequality Constraints - - - - - -« . . . . . . . . 63

VI Sensitivity Analysis of the IRSBot-2 Due to Joint Clearances 65
VI.1 Sensitivity Analysis Due to Joint Clearances in Distal Module = =+ =+« - ¢ 65
VI.2 Sensitivity Analysis of the IRSBot-2 Robot to Joint Clearances in Distal Module
Ond POrOIIeIOgrOmS oooooooooooooooooooooooooooooooo 70

VI.2.1 Pose Error Estimation of the Eblows - - - - - - . . . . . . . . oo 70

VI.2.2 Moximum Pose Error of the End-effector- - - - - - - - -« . . . . .o 72

VI.3 Comparison of the sensitivity analysis due to Joint Clearances + « = =« + - 75

VIl Tolerance Synthesis and Dimension Synthesis 79
V”.] Toleronce SynThesiS ................................ 79
VII.1.1 Tolerance Synthesis Method - - -+« - . . . . . o o oo o s 79

VII.1.2 Tolerance Synthesis of the 5-bar linkage- - -+ - - -« « o o v o0 80

V”2 Dlmen8|on SynTheSlS ............................... 83
VIl.2.1 Dimension Synthesis Method - - - - - - -« -« o oo oo 83

VII.2.2 Dimension Synthesis of the IRSBot-2 Robot- -+« - -« . o v o v v v 86

VIl Conclusions and Future Work 93
VIILT CONCIUSIONS * = * = = = * & = ¢ o ¢ o o o o o o oo o ot vt v o a o oo oo oo 93
V”I.2 Fu-l-ure Work .................................... 94
Bibliography 95

Acknowledgement 99



CList of Figures

.1  Mechanism for Tracking with 3 Translation and 1 Rotation . . . . . . . ... .. 3
.2 SCARA Robot for food packing . . . . . . . .. ... ... 4
.3 The McGill Schonflies-Motion Generator . . . . . . . .. .. ... ... ..... 5
.4  CAD Model of the Parallel Manipulator . . . . . ... ... ... .. ...... 5
.5 Tracking with Translational Motions . . . . . .. .. .. ... ... .. .... 6
.6 2T1R Type Mechanism for Intermittent Line . . . . . . . . .. .. ... ... .. 6
.7 ABB Delta Robot . . . . . . . . . . . 7
[.8  Architecture of the Orthoglide . . . . . . . ... ... ... ... ... ..... 7
1.9 CAD View of the Prototype of Pantopteron . . . . . ... ... ... .. .... 7
[.L10 Manipulation in 2-DOF Translations . . . . . .. .. ... .. ... ... .... 8
[.11 Sketch of the 2D Version Delta Robot . . . . . . . .. ... ... ... ... ... 8
[.12 Prototype of the Par 2 Robot . . . . . . . . .. ... ... .. ... ..., . 9
[.13 Unconstrained End Effector Motion . . . . . . .. ... ... ... ... ... .. 12
II.1 CAD Model of the IRSBot-2 Robot . . . . . . . .. . ... ... ... ...... 16
I1.2 Kinematic Model of the IRSBot-2 Robot . . . . . . . .. ... ... .. ..... 16
I1.3 Equivalent Planar Mechanism for IRSBot-2. . . . . . . ... ... .. ... ... 17
I1.4 Parameterization of the IRSBot-2 robot . . . . . . . . ... ... ... .. .... 18
I1.5 Distal Module of Leg 2 . . . . . . . . . .. . 20
I1.6 Distal Module of Leg 1 . . . . . . . . . . . 20
I1.7 D-H Frames of the IRSBot-2 Robot . . . . . . .. ... ... ... .. ...... 24
I1.8 Type 1 Singularity of the IRSBot-2 Robot . . . . . . ... ... ... .. .... 26
I1.9 Type 2 Singularity of the IRSBot-2 Robot . . . . . . ... ... ... ... ... 26
II1.1 Model of the Joint Clearance . . . . . . . . . . .. ... ... ... .. ..... 28

II1.2 Model of the Robot with Joint Clearances . . . . . . . . . . . . . . . ... ... 30



II1.3 Variation in A; — B; Chain . . . . . . . . . . . . . . . . .. 36
IV.1 Scheme of 5-bar Linkage for the Inverse Geometry . . . . . ... .. ... ... 38
IV.2 Configurations of the Four Working Modes . . . . . . . ... ... ... ..... 40
IV.3 Frames Attached to the 5-bar Linkage . . . . . ... ... ... ... .. .... 41
IV.4 Case Study for a Symmetric 5-bar Linkage . . . . . . . ... ... .. ... ... 43

IV.5 Maximum Positional Error of the 5-bar Linkage Throughout A Cartesian Space 44
IV.6 Maximum Rotational Error of the 5-bar Linkage Throughout A Cartesian Space 44

IV.7 Serial Kinematic Chain Leg 1 . . . . . . . . . . ... ... ... ... ... . 45
IV.8 Serial Kinematic Chain Leg 2 . . . . . . . . . . ... ... . ... ... ... . 45
IV.9 Positional Error of Leg 1 . . . . . . . . . . . . . 46
IV.10Rotational Error of Leg 1 . . . . . . . . . .. ... 46
IV.11Positional Error of Leg 2 . . . . . . . . . . .. . 47
IV.12Rotational Error of Leg 2 . . . . . . . . . . . . 47
IV.13Positional Error with Passive Joints Actuated . . . . . . .. ... ... ... .. 48
IV.14Rotational Error with Passive Joints Actuated . . . . . . . . .. ... ... ... 48
V.1 Hybrid Legs in Robots . . . . . . . . .. ... 54
V.2 Sensitivity Analysis Due to Joint Clearances for Robots with Hybrid Legs . . . . 55
VI.1 Maximum Positional Error of the IRSBot-2 Robot Throughout A Cartesian Space69
V1.2 Parallel Singularity Configuration of the IRSBot-2 Robot . . . . . . . .. .. .. 69
VI.3 Maximum Rotational Error of the IRSBot-2 Robot Throughout A Cartesian

SPACE .+ o o o 70
V1.4 Pose Error of the Largest Cuboid-shaped Sub-workspace for IRSBot-2 Robot

with Considering Joint Clearances in the Distal Module . . . . . . .. .. .. .. 7

V1.5 Pose Error of the Largest Cuboid-shaped Sub-workspace for IRSBot-2 Robot
with Considering Joint Clearances in the Parallelogram and the Distal Module . 77

VII.1Tolerance Synthesis Model . . . . . . . . . . .. ... ... .. ... ...... 80
VII.2Tolerance Synthesis of the 5-bar Linkage . . . . . . . .. ... ... ... .... 81
VIIL.3Filtered Entries with Maximum Positional Errors Larger Than 1 mm . . . . . . 82
VII.4Filtered Entries with Maximum Positional Errors Less Than 0.05 mm . . . . . . 82
VIL5Filtered Entries with Maximum Positional Error Less Than 0.01 mm . . . . . . 83
VIIL.6Filtered Entries with Maximum Rotational Errors Larger Than 1 Degree . . . . 84
VIIL.7Filtered Entries with Maximum Rotational Errors Less Than 0.05 Degree . . . . 84
VIIL.8Filtered Entries with Maximum Rotational Errors Less Than 0.01 Degree . . . . 85
VIL.9Dimension Synthesis Model . . . . . . . .. ... ..o 85
VII.10 Points Considered in the Largest Cuboid-shaped Sub-workspace . . . .. . .. 87
VII.11 Entries for Dimension Synthesis of the IRSBot-2 Robot . . . . . . .. ... .. 87

VIL.12Filtered Entries with Cucoid-shaped Sub-workspace Area Lager Than 4 x 10*mm?88
VIIL.13Filtered Entries with Cuboid-shaped Sub-workspace Area Less Than 3 x 103mm?289
VII.14 Filtered Entries with Maximum Positional Error Less Than 10mm . . . . . . . 89
VII.15 Filtered Entries with Maximum Rotational Less Than 8° . . . . . . .. .. .. 90
VII.16 Entries with Large Workspace, Small Positional Errors and Rotational Errors . 90



CList of Tables

I1.1 Modified D-H Parameters for the IRSBot-2 Robot Leg 1 . . . . . . . . ... .. 24
I1.2 Modified D-H Parameters for the IRSBot-2 Robot Leg2 . . . . . . ... .. .. 25
IV.1 Modified D-H Parameters for the 5-bar Linkage Mechanism . . . . . . . ... .. 41
IV.2 Parameterization of the 5-bar Linkage . . . . . . ... ... ... ... ..... 43
VI.1 Parameterization of the IRSBot-2 Robot: Table 1 . . . . . . ... ... .. ... 68
V1.2 Parameterization of the IRSBot-2 Robot: Table 2 . . . . . . ... .. ... ... 68
V1.3 Tolearance of the Distal Module . . . . . . . . ... ... ... ... ... .... 68
V1.4 Parameterization of the IRSBot-2 Robot for Comparison: Table 1 . . . . . . .. 75
V1.5 Parameterization of the IRSBot-2 Robot for Comparison: Table 2 . . . . . . .. 75
VI.6 Tolearance of the Distal Module . . . . . . .. ... ... .. ... ... ..... 76
VL7 Tolearance of the Actuated Joint in Leg 1 . . . . . .. ... ... ... ..... 76
VIL.8 Tolearance of the Passive Joint in Parallelograms . . . . . ... ... ... ... 76
V1.9 Tolearance of the Actuated Joint in Leg 2 . . . . . ... ... ... ... .... 7
VII.1Three Levels of Parameters of the IRSBot-2 Robot . . . . . . . ... ... ... 86

VII.2Two Sets of Good Design Parameters of the IRSBot-2 Robot . . . . . . . . . .. 91






Absiract

This master thesis deals with the sensitivity analysis of two degrees of freedom translational
parallel manipulators due to joint clearances and variations in geometric parameters. This
aims to find out how the joint clearances and the variations in geometric parameters affect
the pose errors of the robots, and then propose some strategies for designing robots.

The IRSBot-2 robot is a novel 2-DOF translational spatial robot, which can perform 2-
DOF pick-and-place operations. Its architecture is introduced, the inverse geometry is mod-
elled. Due to its complicated hybrid architecture of the legs, modified Denavit-Hartenberg
parameters are used to parameterize this robot. Its singularities are also analyzed.

Local motions due to joint clearances are modelled as error screws in joints. Error screws
are mapped to the pose errors by error mapping matrix. An optimization-based method is
adopted and improved here to find the maximum positional error and the maximum rota-
tional error due to joint clearances. Sensitivity analysis due to joint clearances for the 5-bar
linkage is carried out. Sensitivities to joint clearances for closed-loop and open-loop robots
are compared. An actuation redundancy method is proposed to improve the accuracy of the
closed-loop/parallel robots. A vector differentiation method for doing sensitivity analysis
due to variations in geometric parameters is presented, and is applied for the analysis of the
5-bar linkage.

A new method for doing sensitivity analysis due to joint clearances for robots with hy-
brid legs is developed here. This method can be applied to robots with hybrid legs and also
for robots with simple serial legs. The sensitivity analysis of IRSBot-2 robot is carried out
based on this method. Moreover, results of sensitivity analysis by taking into consideraton
of the joint clearances in the parallelogram joints are compared with the results obtained
without considering the clearances in the parallelogram joints. A tolerance synthesis method
is proposed, and is carried out on the 5-bar linkage. A dimension synthesis method is intro-
duced, and is carried out on the IRSBot-2 robot.

Keywords: sensitivity analysis, joint clearance, geometric parameter, 5-bar linkage, IRSBot-

2 robot, tolerance synthesis, dimension synthesis.
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I.1 Pick-and-place Robot

I.1.1 Four-DOF Pick-and-place Robot
4-Dof Pick and Place operation is normally of 3-Dof translation and 1-Dof rotation (3T1R),

which requires the manipulator to translate independently in the directions of @, y and z,
and rotate around z-axis. Usually the manipulator can be assisted with a vision system
which provides the position and orientation of the object. So with these sensor data the
manipulator will be capable to carry out pick-and-place operations for the desired poses.
In food industry, this pick and place operation is quite frequently used, such as Fig. 1.1,
the manipulator is tracking the food on the conveyor, picking it up and placing it on other

Conveyor.

Figure I.1 — Mechanism for Tracking with 3 Translation and 1 Rotation

The Pick and Place robot with four degrees of freedom normally can generate 3-DOF
independent translational motion and 1-DOF rotational motion (3T1R), namely Schonflies
Motion. SCARA robot with 3 revolute joints and 1 prismatic joint organized in a serial way
which has been commercialized and widely used in industry is a typical Schonflies Motion
Generator. This mechanism is generally employed in various operations like part assembly,
conveying systems, food production,e.t.c. Fig. 1.2 shows SCARA robot used in food packing,
where it is employed to pick up the food in the conveyor and then transmit it to a packing
box.

As is stated by many researchers, the serial robots are low in dynamic, stiffness and

accuracy. This made the researchers think of designing parallel schonflies-motion generator.
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Figure 1.2 — SCARA Robot for food packing

Angeles et al.[ACKMO06] designed a novel parallel robot that is regarded as McGill Schonflies
Motion Generator (SMG), which is shown in Fig. I.3. The McGill SMG is composed of two
identical four-degree-of-freedom serial chains in a parallel array, sharing one common base
and one common moving platform. The proximal module of each chain is active and has
two controlled axes, the motors being installed on the fixed base. The links can thus be
made light, thereby allowing for higher operational speeds. The distal module, in turn, is
passive and follows the motions of its active counterparts. Therefore the whole mechanism
performs four-DOF motion at its moving-platform.

Later, Salgado et al.[SAPHO8] presented a new topology of four degrees-of-freedom 3T1R
fully-parallel manipulator, which is defined only using lower kinematic pairs, as is shown in
Fig. 1.4.

It must be added that this topology provides the manipulator some remarkable capa-
bilities. Such as, a high velocity transmission ratio in the inner zones of its workspace and
a high stiffness in outer ones. These above mentioned capabilities make the manipulator

suitable to perform pick-and-place operations.

Three-DOF Pick-and-place Robot

The pick-and-place operation with 3 DOF can be of two configuration types: 2 DOF of
translation and 1 DOF of rotation (2T1R), 3 DOFs of translation (3T). For the 2T1R
operation, the manipulator will be able to handle the object to translate along x and z
directions. And rotate around z-axis. While for the 3T operation, the manipulator will be
able to handle the object independently along z,y and z direction without rotation.
Usually for rapid tracking, it is necessary to have 3 DOF of translations. So that, the
robot will be able to handle the object to any position in space within its workspace. Fig. 1.5
shows the pick-and-place operation of an object from one conveyor to another. For the 2T1R
operation, the robot can handle object in plane composed by & and z axis, and change its

orientation around z axis, such as Fig. I.6. Here the center of object and the box are in the
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Proximal Modules
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Figure 1.3 — The McGill Schénflies-Motion Generator

Figure 1.4 — CAD Model of the Parallel Manipulator
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same plane, and to place the object into the box. The object should be rotated about 90

degrees so as to fit the box.

Figure 1.6 — 2T1R Type Mechanism for Intermittent Line

The typical robot that can generate 3 independent translations (movement in x, y and
z direction) is the Delta robot, which consists of three arms connected to universal joints at
the base. The key design feature is the use of parallelograms in the arms, which can maintain
the orientation of the end effector. This Fig. 1.7 illustrates the Delta robot commercialized
by ABB Company. But for the ABB Delta robot, an extra leg is added to make the motion
platform rotate around a vertical axis, so as to perform flexible pick-and-place operations.

After the invention of the Delta robot, lots of works have been devoted to the 3-DOF
parallel robots. Chablat and Wenger developed a 3-DOF parallel robot (The Orthoglide,
Fig. 1.8), which can be employed to the 3-DOF translational pick-and-place operations.
The input is made of three actuated orthogonal prismatic joints and the output body is
connected to prismatic joints through a set of three kinematic chains. Inside each chain, a

parallelogram is used so as to restrict the output body to translational motion.

1.1.3 Two-DOF Pick-and-place Robot

Not all the tasks require 3-DOF translational motions, where as some simple tasks use
only 2-DOF translation. In very simple production line, 2-DOF operations are sufficient to

complete the task. Generally, for the task of 2-DOF pick-and-place operation, the robot
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Figure 1.7 — ABB Delta Robot

Figure 1.9 — CAD View of the Prototype of Pantopteron
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handles the object in the plane composed by x and z axis, maintaining the orientation of
the object. The object is transformed in one plane. Fig. 1.10 shows the manipulation in 2

translational degrees of freedom.

Figure 1.10 — Manipulation in 2-DOF Translations

Based on the Delta robot design, a 2D version of the Delta robot was designed by Huang
et al. [HLL"04], which is shown in Fig. I.11. The designer used revolute joints, which makes
the mechanism cheaper than linear drives. In addition, the actuators can be mounted on
the base and the low-mass links can be used, which allows the motion platform to achieve

a very high acceleration

Passive proximal link

Movable platform End-effector

Figure I.11 — Sketch of the 2D Version Delta Robot

But such structure is planar; the stiffness in the direction that is normal to the plane
is quite low. In order to overcome this problem, a new Delta-robot like robot named Par2
has been designed, which has been studied in [GBGCI11]. As shown in Fig. 1.12, in this
kind of structure all the elements of the distal parts of the legs are only subject to trac-
tion/compression effects, which leads to a lighter structure with better acceleration capaci-
ties. The author successfully built a prototype that can reach 53g in acceleration. However,
such a complex architecture composed by four identical legs among which two of them are

linked by a rigid belt in order to constrain the motion of the moving platform, and in-turn
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affects its accuracy. Moreover, the workspace is rather small with four legs.

Figure 1.12 — Prototype of the Par 2 Robot

Recently, Germain et al.[GBGC11], proposed a novel 2-DOF translational spatial parallel
robot, named IRSBot-2 !. As shown in Fig. IL.1, it has following characteristics:

1. Like the Par2, it has a spatial architecture in which the distal parts of the legs are
subject to traction/compression/torsion. As a result, its stiffness is increased and its

total mass can be reduced.

2. It is composed of only two legs in order to reduce the mechanism complexity and to

increase the size of its Cartesian workspace.

1.2 Sensitivity Analysis Methodology

Sensitivity analysis (SA) is the study of how the uncertainty in the output of a model
(numerical or otherwise) can be apportioned to different sources of uncertainty in the model
input. IRCCyN ? wants to develop a 2-DOF translational robot with high accuracy and
high acceleration. The objective of the absolute accuracy is about 20um, and the absolute
acceleration is about 20g. For this, the IRSBot-2 robot has been developed by IRCCyN.
Sensitivity analysis should be carried out on IRSBot-2 to reach such a high accuracy of
20pum. Regarding to the error sources that might affect the positional and orientational
accuracy, the joint clearances and the variations in geometric parameters are taken into
account. Thus, the inputs will be the variations in geometric parameters and joint clearances,
and the output will be the positional and orientational errors.

Manufacturing tolerances, installation errors and link offsets cause deviations with re-
spect to the nominal kinematic parameters of the platform. As a result, if the nominal
values of these parameters are used within the platform control software, the resulting pose
of the platform will be inaccurate [WGO01]. Sensitivity analysis has to be carried out before
manufacturing the robot, and a tolerance synthesis method should be carried out on the

robot, to define the tolerances in joints. This helps the robot to reach required accuracy.

LIRCCyN Spatial Robot with 2 DOF
2Institut de Recherche en Communications et Cybernétique de Nantes
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Parallel Kinematic Manipulators are normally known for high stiffness and high accuracy
comparing to their serial counterparts. In fact, PKMs are not necessarily more accurate than
their serial counterparts. Even if the dimensional variations can be compensated with PKM,

but they can also be amplified contrary to their serial counterparts [WG01] and [WM93].

Sensitivity Analysis Due to Variations in Geometric Parameters
Wang and Masory [WM93] seem to be the first to evaluate the accuracy of Stewart parallel

robot. They develop a kinematic model which will accommodate the errors of manufacturing
tolerances and installation errors, and present algorithms for forward and inverse kinematics
of the platform, and the pose error due to the effects of tolerances is computed with the

following algorithm:

1. A random error vector within the specified range was added to the nominal parameters

vector.
2. A set of desired end-effector trajectories, ", within the workspace were specified.

3. The six joint lengths variables were computed by the nominal inverse kinematic solu-

tion.

4. The actual end-effector trajectory, %, was obtained by the general forward kinematic

using the parameters of step 1.

5. The pose errors were computed from x” and x*.

This algorithm is quite simple and easy to implement. But it requires the forward kine-
matic model. For a parallel robot normally there is no analytic model for doing the forward
kinematic model. A numerical method should be used, and it will lead to some numeri-
cal errors that might be comparable with the tolerance, which might make the estimated
pose errors not so accurate. But if we want to reduce the numerical error for the forward
kinematic model, more iteration will be required for doing the computation, which is time
consuming. Moreover, this method can not specify the range of the pose error.

Kim and Choi [KC00] presented the development of methods of the forward and inverse
error bound analyses of the Stewart platform. The forward error bound analysis is used to
find the error bound of the end-effector when the error bounds of the joints are given, while
the inverse error bound analysis is used to determine those of the joints for the given error
bound of the end-effector. The inverse error bound analysis is important since it provides
a designer with a way to determine the tolerance limits of the joints. The forward error
is computed with the inverse of the manipulator Jacobian matrix. For this method, the
manipulator Jacobian sometimes may not be square matrix or might be singular, so the
inverse operation can not be implemented.

Besides, Kim and Tsai [KT03] studied the effect of misalignment of linear actuators of a
3-DOF translational parallel manipulator on the motion of its moving platform. Han et al.
[HKKPO02] analyze the kinematic sensitivity of the three degree-of-freedom 3-UPU parallel

mechanism, and show that the 3-UPU is highly sensitive to certain minute clearances in the
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universal joint, and that a careful kinematic sensitivity analysis of the 3-UPU augmented
with virtual joints satisfactorily explains the gross motions, which is confirmed by a hardware
experimental prototype. Fan et al. [FWZCO03] propose and analyze a sensitivity model of
the spindle platform subject to the structure parameters by partial differentiation of the
structural parameters.

Since 2005, Caro et al. have shown great interests in this field. In 2005, Caro et al.[CBW05]
developed a tolerance synthesis method for mechanisms based on a robust design approach,
and the general issue is to find a robust mechanism for a given task, and to compute its
optimal dimensional tolerances. Later, Caro et al. [CWBCO06] introduce two complementary
methods: linkage kinematic analysis and differential vector methods, to analyze the sensitiv-
ity of a three-degree-of-freedom (3-DOF) translational parallel kinematic machine (PKM)
with orthogonal linear joints. Caro et al.[CBWO09] also deals with the sensitivity analysis
of 3-RPR planar parallel manipulators (PPMs), and the sensitivity coefficients of the pose
of the manipulator moving platform to variations in the geometric parameters and in the
actuated variables are expressed algebraically. Moreover, 2 aggregate sensitivity indices are
determined, one related to the orientation of the manipulator moving platform and another
one related to its position. Afterwards, Binaud and Caro [BCW09] analyze the sensitivity
of degenerate and non-degenerate planar parallel manipulators, the sensitivity of the pose

of their moving platform to variations in the geometric parameters is analyzed.

Sensitivity Analysis Due to Joint Clearances

Joint clearances [BCC10], exhibit low repeatability, generally make their compensation diffi-
cult. For this reason, the impact of joint clearances on the pose errors of serial and parallel-
mechanism moving platforms should be studied.

Wang and Roth [WR89] essentially proposed a model for clearances in revolute joints
embodied as journal bearings. Voglewede and Uphoff [VEU04] shows precisely how much
unconstrained end effector motion exists at the end effector for a large class of parallel
manipulators, namely those with passive revolute and/or spherical joints, if all the joint
clearances are known. Fig. 1.13 [VEU04] shows the unconstrained end-effector motions to
joint clearances when the actuated joints are locked. Venanzi and Parenti-Castelli [VPC05]
develop a technique for assessing the influence of the clearance in the kinematic pairs of a
mechanism, and the technique works for both planar and spatial, open-chain and closed-
chain mechanisms, but not for over constrained mechanisms.

Recently, Meng et al.[MZL09] modified the formulation proposed in [VPCO05], the error
prediction model is applicable to planar or spatial parallel manipulators that are either
over constrained or non over constrained. By formulating the problem as a standard convex
optimization problem, the maximal pose error in a prescribed workspace can be efficiently
computed, but in this paper, the author find the maximum error along each direction. ac-
tually the total maximum error of the end-effector can be over estimated. Later, Binaud et
al. [BCC10] present a method for analyzing the sensitivity for both serial and parallel robot
caused by joint clearances, and defined two indices: one for reference-point displacements of

the moving platform and another for its rotations. They first presented the error estimation
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Figure 1.13 — Unconstrained End Effector Motion

model, and model the local motion termed by the joint clearance as an error screw, which
is constrained by the tolerance in the joint. And then an optimization based method was
proposed to find the maximum positional and rotational error of the end-effector. Since
the optimization problems included not just inequality constraints, but also equality con-
straints, they integrated the equality constraints into the inequality constraints based on
a QR factorization method for the error mapping matrix of the kinematic chains. Finally,
optimization problems with only inequality constraints for finding maximum positional and
rotational errors were developped. The overal idea for doing sensitivity analysis due to joint
clearances in this paper [BCC10] is nice. And it will be adopted here for doing sensitivity

analysis due to joint clearances.

However, in paper [BCC10], there are some errors, wrong comments and drawbacks.
The author presented that the translational parts of the error screw in joints did not affect
the rotational error of the end-effector. But actually, this is just true for serial robots, for
parallel robots, the rotational error will be affected by both of the translational parts and the
rotational parts of the error screw. In addition, the author did not consider the idle motions
termed by joint clearances for passive joints in parallel robots. When doing the analysis
for the closed-loop robot, like for the 5-bar linkage illustrated in the paper, the author just
assigned a small values for the rotational motion of the passive joints. But actually, due to
the joint clearances, the rotational motions about the joint axis of the passive joints will
be larger than the rotational motion abouth the axis in the sectional plane of the joint,
larger range of the rotational motion about the joint axis should be assigned. In addition,
the method presented in paper [BCC10] can only be used to do the sensitivity analysis due

to joint clearances of robots with simple serial kinematic chains in legs, for a more general
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robot, that might contain complicated hybrid legs, this method is not sufficient. Therefore,
the method needs to be adapted and improved.

Thesis Constributions and Outline

In this thesis, models of the kinematic sensitivity analysis due to joint clearances and varia-
tions in geometric parameters are developed. The method for doing sensitivity analysis due
to joint clearances presented in paper [VPCO05] is adopted and improved. And the vector
differential method presented in paper [CWBCO06] is recalled and adopted here.

The sensitivity for the 5-bar linkage due to the joint clearances and variations in geo-
metric parameters are studied. Based on the improved method for sensitivity analysis due
to joint clearances, the sensitivity if performed to the two open-loop serial kinematic chains
decomposed from the 5-bar linkage separately as well, and the results are compared with
the closed-loop 5-bar mechanism. And finally, an actuation redundancy method, which is
to actuate the passive joints in the closed-loop/parallel robots, to improve the accuracy of
the robot is proposed.

Since the IRSBot-2 robot is a very complicated spatial robot, with hybrid kinematic
chains in legs, for doing sensitivity analysis due to joint clearances, the method based on
paper [BCC10] is not sufficient. Thus, a more general sensitivity analysis method to joint
clearances, which can be used for doing the sensitivity analysis for robots with complicated
hybrid legs. Based on the newly developped, the sensitivity analysis due to joint clearances
for the IRSBot-2 robot is done.

In addition, a tolerance synthesis method is proposed and applied for the 5-bar linkage
based on the sensitivity analysis method to joint clearances, so as to know that to design
a robot with a certain accuracy, which level of tolerances in the joint should be assigned.
And the dimension synthesis is done for the IRSBot-2 robot, so as to know that to study
how the dimension affect the accuracy of the IRSBot-2 robot, with knowing the clearances
in joints.

The thesis is organized in this way, Chapter II studies the inverse geometric model and
direct geometric model, as well as its singularities, such as Type 1 singularity, Type 2 singu-
larity and the constraint singularity. Chapter III presents the sensitivity analysis methods
to joint clearances and variations in geometric parameters for robots. Chapter IV studies
the sensitivity analysis due to joint clearances and variations in geometric parameters of the
5-bar linkage, the sensitivities for the closed-loop and open-loop mechanisms are compared,
and an actuation redundancy method is proposed. Chapter V develops the sensitivity anal-
ysis method to joint clearances for robots with complicated hybrid legs. Chapter VI studies
the sensitivity analysis due to joint clearances for the IRSBot-2 robot, the sensitivity anal-
ysis due to joint clearances in the distal module and to both the joint clearances in the
distal module and the parallelograms are studied and compared. Chapter VII develops the
tolerance synthesis method and the dimension synthesis method. The tolerance synthesis
method is applied to the 5-bar linkage, and the dimension synthesis method is applied to
the TRSBot-2 robot.
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Modelling of the IRSBot-2 Robot

IRSBot-2 robot is a novel 2-DOF translational spatial robot. It can be used in perform-
ing 2-DOF translational pick-and-place operations. Structurally, it is composed with two
symmetric legs, each of which contains the proximal module and the distal module. The
proximal module is a parallelogram, which is able to maintain the orientation of the end-
effector. The distal module is of a spatial structure, and can be regarded as one virtual
link.

This chapter is based on the work in the thesis [Ger10] and paper [GBGC11],[GBC12] of
Germain. Section II.1 presents the architecture and the parameterization of the IRSBot-2
robot. Section II.2 studies the inverse geometric model of the IRSBot-2 robot, with inverse
geometric model for the equivalent planar mechanism and inverse geometric model for the
spatial mechanism presented. Section I1.3 studies the kinematic notations for the closed-loop
and tree structures of the IRSBot-2 robot, and presents the modified Denavit-Hartenberg
parameters. Section I1.4 studies the singularities of the IRSBot-2 robot, the parallel singu-

larity, serial singularity and the constraint singularity are analyzed.

Architecture of the IRSBot-2 Robot

IRSBot-2 robot is a novel 2-DOF translational spatial robot. As shown in Fig. II.1, it can
translate in the plane constructed by the g axis and zg axis with 2 degrees of freedom.
The robot has two legs, each of which contains a proximal module and a distal module.
The proximal module is constructed by a parallelogram, the so called II joint. The distal
module is constructed by 2 links with equal length connected to the moving-platform and
the elbow by universal joints. The parallelogram can maintain the orientation of the elbow
plane. Together with constraints of the distal module, the orientation of the moving platform
will be constantly parallel to the base. But it should be noted that the 2 links in the distal
module can not be parallel with each other, otherwise it will become a spatial parallelogram,
thus the robot will be in singularity.

The scheme of the IRSBot-2 robot is drawn in Fig. I1.2. The leg of the robot is a hybrid
leg, with two close loop, parallelogram A; B;C;D; and distal module E;; F;1 Es Fyo connected
in a serial way. The elbow plane g;; is attached to the end of the parallelogram. Thanks
to the parallelogram, the orientation of the elbow plane will keep constantly parallel to the
plane g attached to the base. Distal module is equivalent as a virtual link Hy; Hp;. Thus,

the IRSBot-2 robot is equivalent as a plannar robot, as Fig. 11.3.
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Moving — Plat form

Figure I1.1 — CAD Model of the IRSBot-2 Robot

Figure II.2 — Kinematic Model of the IRSBot-2 Robot
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Figure I1.3 — Equivalent Planar Mechanism for IRSBot-2

IRSBot-2 robot can be parameterized as is shown in Fig. I1.4. Let ¢; be the actuated
joint coordinate of the i—th leg (i = 1,2), b = OA; the radius of the base, l1 = A;B;
the length of the proximal legs, Iy = F;;F}; the length of the spatial distal legs, a1 and as
denote the lengths of E;F;i respectively. One can notice that the angle between F;Ej; is
constant and is equal to 3;;. Points Hy; and Hj,; are defined as the midpoints of Ey; Ey; and
Fy; Fy; respectively. By construction, Hy; lies in plane p; and Hp; in plane @s. 9; is the angle
between axis xg and the line defined by Hp; Hp;. From the Pythagorean theorem, the length

between points Hy; and Hp; is constant and equal to

loeq = \/lg — (a1 — ag)?cos (IL.1)

1.2 Iverse Geomelric Model of the IRSBot-2 Robot

1.2.1 Inverse Geomeiry of the Equivalent Plannar Architecture

As shown in Fig. I1.3, the closed-loop equation of the equivalent planar mechanism is

OP = OA; + AiB; + BiE; + E;Hy; + Hyi Hy: + Hy P (11.2)

And based on Eq. (I1.2), the closed-loop equation for Leg 1 can be derived

(- ) (2 )
z 0 —ly sinqq —e 0 —leq sin Py 0

(11.3)
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Figure 11.4 — Parameterization of the IRSBot-2 robot

In the same way, the closed-loop equation for Leg 2 can be derived

() () Czm ) () () e o)
z 0 —l1sinqo —e 0 —loeq Sin 1o 0
(I1.4)

Germain analyzed inverse geometric model of the IRSBot-2 in her thesis [Gerl0]. But
just the inverse geometric models for the joint variables of the actuated joints were given. In
this section, the inverse geometric models for actuated joints are recalled, and the models

for the passive joints will be derived.

I (—Bliw/B%—A%—C%)
1:

I1.5
A (IL5)
with,
Ay = 2li(z+b—p—arsinp)
Bi = 2l(z+e)
Ci = (z+b—p—arsinf)’ +(z+e)*+15 15,
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Cy — A

—By 4 /B3 + A3 — C3
g = 2tan~! ( ’ 2 2 2 (IL.6)

with,

AZ = —2[1(1’ - b+p+a1 Sinﬁ)
B2 = 2l1(2’+6)
Co = (x—b+p+arsinB)’+(z+e)*+15 — 15,

For both Eq. (I1.5) and Eq. (I1.6), the following constraints should be satisfied
Va,z,5t. B2 + A2 > C?i=1,2

Based on Eq. (I1.3) and Eq. (I1.4), the relations of joint variables 1, 12 and the actuated

joint variables q1,q2 of the equivalent planar mechanism shown in Fig. I1.3 can be derived

—z—lysin(q1) — e

t =
an 1 x+b—1lcos(q1) —arsin(f) —p

(IL.7)

—z —lysin(q2) — e
z+b—licos(qa) —arsin(8) —p

tan 1y = (IL.8)

Certainly, the values of ¥; and 1 can be easily computed by the function arctan. But
the values of ¥ and 15, they can be in the range of [—7, 7]. It depends on which quadrant

it is noteworthy that value returned by arctan function is in the range of | |, while for
the links Hy Hyp1 and Hys Hpo lie in. In Matlab, there is a very useful function called atan2,
which can distinguish in which quadrant it is by detecting from the signs of the numerator

and denumerator, and give the exact corresponding values.

1.2.2 Inverse Geometry of the Spatial Distal Module

As we know, the universal joint can be equivalent as two orthogonal revolute joints. Here
we choose the architecture that the axis of the first revolute joint in the elbow is parallel
to the Plane 2¢Oz, so is the second revolute joints in the moving platform. Translating
the base frame to the center of the universal joint, it is denoted as Frame x{y;2(, as shown
in Fig. IL.5 and Fig. I1.6. For the first leg, the joint axis of Joint 6;17(j = 1,2), is in
the plane constructed by axis x(, and z(, the angles between the joint axis zj; 7 and z{ is
ag, and the angles between joint axis zj110 is also ag4. For the second leg, angles between
Zjok(j = 1,2,k =7,10), is —ay.

The D-H frames can be denoted as is shown in Fig. I1.6. Transformation matrix are
applied to deduce the relative position between Point Fy; and Point Fi. The tranformation

can be done in the following steps:
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Figure I1.5 — Distal Module of Leg 2 Figure 11.6 — Distal Module of Leg 1

First, rotate axis z, around axis y, with a rotation angle a4 to 2117

cosag 0 sinag O
0 1 0 0
T = . (IL.9)
—sinag 0 cosay O
0 0 0 1
Second, rotate axis 11,7 around axis 2117 with a rotation angle 01, 7
COS 911,7 —sin 6‘11’7 0 0
in 6 0 00
T2 _ s vi1,7 COosUq1,7 (HlO)
0 0 10
0 0 01
Thirdly, rotate axis z11,7 around 11,7 to axis 2118 with a rotation angle of %7‘(
10 0 O
00 -1 0
Ty = II.11
“lo1 0 o0 (L)
00 0 1
Forthly, rotate axis x1; g around axis 211 g with a rotation angle 0; g
COS 911,8 —sin 911,8 0 0
in 0 0 00
T, = | Sfus  cosbus (I1.12)
0 0 1 0
0 0 0 1
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Finally, translate along axis x11,g with a displacement 5, the origin of the frame will be
at Point F11

1 0 0 I
0100
Ts = I1.13
""loo 10 (IL.13)
00 0 1
Multiplying these transformation matrix, here we obtain
Tg1 = T ToT3TyTs (I1.14)

Extracting from the translational part from matrix Tg411, we get the position of Point

Hj,; with respect to Point Hyy

I sin arg sin Ag + I cos ayg cos 67 cos g
tdll = lg COS 98 sin 97 (1115)

{9 cos ag sin Og — 9 sin oy cos 07 cos Og

Therefore,the position of Point Fj; can be expressed with respect to Point Hp; as
Eq. (I1.16)

rr11 = losinagsinfg + I cos ag cos 67 cos Og
Yr11 = —ajcosf (I1.16)
zr11 = l9cosagsinfg — ls sin oy cos 07 cos g

In another way, based on the virtual link Hy Hyq, the position of Point Fj; can be
deduced with respect to Point Hp, as Eq. (I1.17)

Tri1 = l2eq cos Yy
Yyru1 = —azcosp (I1.17)
Zp11 = —laegsiny

Combine the equations of Eq. (I1.16) and Eq. (II.17), the angles of 61 7 and 611 g can be

solved as the following

g = arcsin<CosadZF11;rsmadan> (IL.18)
2

6. — arcsin [0S0 Fyrn (I1.19)
’ ly cos 0118

where, xp11, yr11, 211 are expressed in Eq. (I1.17)
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Since the moving plane @9 is always parallel to the elbow plane @11, and the axis of the

revolute joints have the following relations

2117 || #1110 (I1.20)
2118 || #11,0 (I1.21)

The rotation angles 6119 and 611,19 can be easily derived

b9 = —Ons (I11.22)
bi100 = —buz (11.23)
In the same way, the universal joints in the kinematic chain Fo1 Foq, E19F12 and Eag Foo

can be solved

For kinematic chain Foq Fyq,

bus — arcsin (cos gZF1 ;— sin ag po1 ) (11.24)
2
017 = arcsin —a1cos § + yran (11.25)
’ 12 COS 921,8
and therefore,
0210 = —Oas (11.26)
021,00 = —baz (I1.27)
where,
Tp21 = lzeq cos Yy
Yr21 = agcosf3
2po1 =  —loegsinyy
For kinematic chain Fq5F}s,
fros — arcsin <_ COS (gZp12 + SIN O gT 12 ) (11.28)
ly
0127 = arcsin —aLcos§ - yrz (I1.29)
’ lg COS 912,8
and therefore,
Oi29 = —bhias (I1.30)

bi200 = —bhag (I1.31)
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where,
Tr12 = —l2eq COS 12
Yri2 = —agcosf
ZF12 = _l2€q sin vy

For kinematic chain Fog Fho,

. COS QgZp9o + SiN Qg Fog
922,8 = arcsimm | —
Iy
. ay cos 3 — yraz
o7 = arcsin | —————
12 COS 922,8
and therefore,
Ooog = —Oxng
Boo10 = —Oan7
where,
Tz = —loeqCOSYo
Yr22 = agcosf3
2Rz = —loegsiniy

II.3 Denavit-Hartenberg Parameters of the IRSBot-2 Robot

(I1.32)

(11.33)

(I1.34)
(I1.35)

For sorting out the transformation matrix from frame to frame, the Denavit-Hartenberg
method(D-H method) [DH55] is applied here. D-H frames are denoted for IRSBot-2 as
shown in Fig. I1.7. Plane gg, where the reference frame is attached, is fixed. In IRSBot-2,

there are two elbow planes attached to the end of the parallograms, Plane o1, and Plane

p21. Plane s is the moving plane. It can be seen from the figure that the IRSBot-2 robot

is a spatial robot with complex architecture, there are two legs connecting from the base

to the moving platform. Each leg contains the proximal module and the distal module, and

both them are closed-loops. For the convenience of analyzing the distal module, a frame

that is identity with the base frame is attached to the each elbow plane.

The IRSBot-2 robot is a complicated spatial robot, and it contains closed-loop and tree

structures in its leg. The well-known Denavit-Hartenberg notations is powerful for serial

robots, but leads to ambiguities in the case of tree and closed-loop structures[Kha86]. Thus,

a new kinematic notation for robots was proposed by Khalil[Kha86], let’s say the modified

D-H parameters.

The modified D-H parameters of Leg 1 is shoen in Tab. II.1 and parameters for Leg 2 is
shown in Tab. I1.2. All the joint variables in Tab.II.1 and Tab. II1.2 are based on the inverse

geometric model of the IRSBot-2 robot. The transformation matrix S can be conveniently

constructed by D-H parameters, and the relative pose between frames denoted in Fig. I1.7

can be easily deduced by the transformation matrix.
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X, = X1,16,27,32

Yo = Ni6,27.32

Z, = Z11,06,27,32

Figure I1.7 — D-H Frames of the IRSBot-2 Robot

Table II.1 — Modified D-H Parameters for the IRSBot-2 Robot Leg 1

i al) m 9 b ] d; 0 rj

1 0 1 0 ™ 0 5T b —(m—q1) 0

2 1 0 O 0 0 0 I —q1 0

3 1 0 0 7-q 0 0 d  —(r—aq) 0

4 3 0 0 0 0 0 Iy - 0

5 4 0 2 0 0 0 d 0 0

6 2 0 2 0 0 1y 0 0 —e

7 6 0 0 — %T( —apsinfcotag —aq arcosfB b7+ %77 aslirfi;f

8 7 0 0 0 0 s 0 011, 0

9 8 0 0 0 0 0 lo 0119 0

10 9 0 0 0 0 —im 0 011,10 0

11 10 0 2 %71’ Sin”ad —ag azcosf —%71’ —p cot ayg
12 6 0 0 im —arsinfcotag  ag  ajcosB ba7—im “slijigf
13 12 0 0 0 0 5T 0 01,8 0

14 13 0 O 0 0 0 lo 0219 0

15 14 0 0 0 0 —im 0 021,10 0

16 15 0 2 — %ﬂ' Sinpad ag  ascosf %7‘( —p cot ay
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Table II.2 - Modified D-H Parameters for the IRSBot-2 Robot Leg 2

jalj) p o Vi bj Q;j d; 0 ]

17 0 1 0 0 0 —ir b 0 0

18 17 0 0 0 0 0 I T—qo 0

19 17 0 0 —q 0 0 d a2 0

20 19 0 0 0 0 0 I T— ¢ 0

21 20 0 2 0 0 0 d 0 0

22 18 0 2 0 0 —3m 0 ™ —e

23 22 0 0 —4m -—aisinfcotag ag ajcosB bia7— 3T ”slif;ldﬁ
24 23 0 0 0 0 —in 0 012,

25 24 0 0 0 0 0 Iy 012.9 0

26 25 0 0 0 0 ir 0 012,10 0

27 26 0o 2 - %w Sinpad ag  agcosf3 — %w —pcot ay
28 22 0 0 %71’ —arsinffcotag ag arcosf b7+ %w %
29 28 0 0 0 0 —ir 0 0225 0

30 29 0 0 0 0 0 Iy 022.9 0

31 30 0 0 0 0 im 0 022,10 0

32 31 0 2 %77 Sinpad —ag agcosf3 %71' —pcot ag

II.4 Singularity Analysis
Based on the close loop equations of Eq. (I1.3) and Eq. (II.4) in Section II1.2, the velocity

model can be obtained by differentiating the geometric model with respect to time:

At +Bg =0 (11.36)
with,
B [ 2loeqly sin(q1 — Y1) ’ 0 ] (I1.37)
0 2l2€qll Sln(QQ - ¢2)
_ | 2laeqcosyn2lzeqsinyy (I1.38)
2l9¢q cOs P22laeq sin 1y .

where, matrix B and A are the Type 1 and Type 2 Jacobian matrix respectively, ¢ =
{ g1 Go }T is the joint velocity of the actuated joint, vector t = { Tz }T is the twist of
the moving platform, 1;, to be recalled here, is the angle between @y and the virtual link
Hy; Hp;.

The main three types of singularities can be determined by the matrix A and B:

1. if det(B) = 0, the robot loses one or more DOF and reaches a Type 1 singularity,

which is also called serial singularity

2. if det(A) = 0, the robot gains one or more uncontrolled DOF and reaches a Type 2

singularity, which is also called parallel singularity

3. if det(A) = det(B) = 0, the robot reaches a Type 3 singularity. In the following,
only the Type 1 and Type 2 singularity are analyzed, for the Type 3 singularity are

obtained from the previous two types.
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Similar to a RRRRR mechanism, it is possible to show that the Type 1 singularities
arise in the configurations where segments [A;B;] and [Hy; Hy,| are parallel (Fig. I11.8), i.e.
¢ = Yi+km , with k € Z. Such configurations correspond to the boundaries of the Cartesian

workspace.

l—1
p
Figure I1.8 — Type 1 Singularity of the IRSBot-2 Robot

The Type 2 singularities arise when segments [Hp; Hp1] and [Hypa Hy,o| are parallel (Fig. 11.9),
i.e. 1 = o + k7 , with k € Z. In such configurations, the displacement of the end effector

along the normal to the distal legs and in the plane (xg, O, z¢) is no longer controlled.

D,
q1
|
b
'
Py G
Hy, Hy, { Hpp
lZeq - é; _PU loe N (&
T e
DOF “

Figure I1.9 — Type 2 Singularity of the IRSBot-2 Robot
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Modeling of the Sensitivity
Analysis for Robots

As discussed before, joint clearances and the variations in geometric parameters are the
main sources for pose error of robots. For geometric parameters, errors can be reduced or
eliminated by the identification process, whereas uncontrollable and unconstrained motions
will be termed by joint clearances, and it is not so easy or convenient to eliminate their
influences. But still joint clearances can not be avoided, as always some clearances in joints is
made for easier assembly for mechanisms. In this chapter, the joint clearances and variations
in geometric parameters are studied and modeled. And also the models for doing sensitivity
analysis due to joint clearances and variations in geometric parameters are proposed here.

This chapter is divided into two sections. Section III.1 studies the models of the joint
clearances, where error screws are proposed to represent the error pose termed by the joint
clearances at each joints. Later, how the error pose at each joint transmitted to the pose
error of the end-effector is studied. Finally, an optimization based method is proposed to
find the maximum positional error and the maximum rotational error. Section II1.2 presents
the method for sensitivity analysis due to variations in geometric parameters, where a vector

differentiate method has been adopted and recalled.

Sensitivity Analysis Due to Joint Clearances

Modeling the Clearances in an Axisymmetrical Joint

Joint clearance is one of the main sources of the pose error in robots. The joint clearances
will allow the joint to have extra uncontrollable and unconstrained motions and can be
transmitted to the end-effector by the kinematic chains. This cause the end-effector to
move in an extra error space even if the active joints are locked. The extra motions due to
the joint clearance can be both rotations and translations. Inituitively, the pose error at the

local frame of the joint can be modeled as an error screw 0s; ;
67’2' i
58+ = J III.1
v [ L ] -y

Where, i is the index of the leg, j is the index of the joint in the i'* leg of the
T

robot, r;; = [ orijx Orijy OTijz } stands for the orientational error, and dt;; =
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T
0tijx Otijy Oti;z | stands for the positional error in the local frame of the joint due

to the joint clearances. Here the joint axis is considered along the z axis.

ABijxy

Figure II1.1 — Model of the Joint Clearance

Fig. ITI.1 shows the joint clearance model, here the axisymmetric joint is studied. The
translational clearance along the the joint axis is modeled as Ab; ; 7, and the translational
clearance in the XY plane is modeled as Ab; ; xy. In addition, the rotational clearance
about the joint axis is modeled as Af; ; 7, and the rotational clearance about the axis that
lies in the XY plane is modeled as AfS; ; x,y. Certainly, Ab; ; z depends on the manufactur-
ing geometric accuracy along the joint axis, and Ab; ; xy depends on the manufacturing
geometric accuracy along the radial directions. Normally, the value of Aj; ; xy depends on
the value of Ab; ; xy, by considering the length of the joint h. If the clearance AS; ; xy is

small, then their relations can be approximately expressed as

Ab;jxy

ABijxy = =2

(111.2)

The value of Aj; ; 7z depends on if the joint is active or passive. Basically for active joints,
they are regarded as locked and the rotations about the joint axis should be assigned zero or
a very small value. For passive joints, there will be some uncontrollable idle motions about
the joint axis, and therefore Af;; 7z should be assigned a relatively larger value, so as to

meet the requirement of idle motion.

Obviously, the error pose expressed in the local frame of the joint should be constrained

as the following
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oriix o0y < AR xy (I11.3)
orliz < ARG, (IIL.4)
5ti2,j,X+6tzz,j,Y < Abz?,j,x,y (I11.5)
0tiz < Aby (I11.6)

ll.1.2 Error Mapped to End-effector Pose

First we consider that there are no clearances in the joints, the pose of the end-effector can

be deduced by simply multiplying the transformation matrix one by one in the kinematic

chain. Here we recall the transformation matrix from [BCC10], which was S; ; from Frame

F; j to Frame F; j11,

Sij = Sij.aSijaSij0Sijr (IIL.7)
where,
10 0 0
Sin = 0 c?s o;; —sina;; 0 (TIL.8)
0 sina;; cosayj 0
0 0 0 1
(10 0 dy
01 0 O
Siiqa = I11.9
nd 001 0 (IL9)
000 1
[ cos 0;; —sint;; 0 O
sin#; cosf;; 0 0
Sijo = ” ” I11.10
3,0 0 10 ( )
0 0 1
(100 0
01 0 0
[P III.11
000 1
So the pose of the moving-platform computed from Leg ¢ will be
TLiyf
P, =[]Si; (I11.12)
j=1
where, ¢ = 1,2,...,m. m is the total number of legs of the robot, n; ; represents the total

number of frames of Leg i.
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Moving Platform

Fixed Base

Figure II1.2 — Model of the Robot with Joint Clearances

The moving-platform is connected to the base by the m legs, the pose computed from

any leg should be equal to each other, as Eq. (I11.13)

P=P,=P,=...=P, (I11.13)

However, when considering joint clearances in the kinematic chains, the real pose of the
moving-platform P’ won’t be exactly equal to the theoretical pose P. Because the error
screws of the joint clearances modeled in Section II1.1.1 will be transmitted to the end-
effector pose through the kinematic chains. To find out how the error screw be mapped to

the end-effector pose, let us recall the adjoin map of the transformation matrix S; ;

(I11.14)

R, ; O
adj(Si;) = [ ? - ]

T;;Ri; Ri;

The translational vector ¢; ; and the rotational matrix R;; can be extracted from the
transformation matrix S; ;. T; ; is the skew matrix of vector ¢ ;.

The adjoin map of screw expressed in Eq. (I11.14) is to transfer screws at the local Frame
Fj j+1 to Frame F; ;. The adjoin map of the inverse of the transformation matrix adj(S;. jl) is
to express screws at Frame F; ; to Frame F; j;1. As a result, the error screw ds; ; expressed
in the local frame of Joint j in Leg i can be expressed to the end-effector frame F;,, , by

multiplying all the inverse of the adjoin map from n;  to j + 1, as Eq. (II1.15)

j+1
I1 adi(Siz) | sy (I11.15)

k=ni,y
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where, n; y is the number of frames in Leg 1.
Therefore, all error screws termed by joint clearances in one kinematic chain can be
mapped to the end-efector pose, thus the pose error of the end-effector termed by all the

joint clearances from all the joints in the kinematic chain is estimated as Eq. (I11.16)

n; J+l1

0Pk, = > [ 2di(Six)dsi; (I11.16)
j:]. k:ni,f

Please note that n; is the number of joints in Leg ¢, and n; ; is the number of frames in
Leg i. A frame is attached to each link at the joint. Definitely, n; f > n;. In the following
expressions that contain n; and n; r, they have the same meaning.

Since adj(S;,i) is equal to (adj(S;x))~!, Eq. (IIL.16) can be rewritten in the following

way

n; Jj+1

i, = > I (adi(Sik)) ' dsi; (I11.17)

j=1k=n, ¢
It is noteworthy that dp, is expressed in the frame attached to the moving platform,
that is Frame F; p. For the evaluation of the pose errors on the moving-platform, the small-
displacement screw taking Frame F; p to Frame F] p has to be expressed in the reference
frame attached to the fixed base, that is Frame Fj;

TLiyf
j=1
Where,
R;; Ogx:
N, ;= l g ] (II.19)
Osx3 Ry
As a result,
ni,f g j-‘rl
Pir, = IIMNiy) D I (adi(Sir))'dsi, (I11.20)
j=1 Ry —
n; N, f Jj+1
= > IINu IT (adj(Sin))~'dsi (I11.21)
j=11=1 k=n; s

In a more compact way, the equation is rewritten as

Where,

M =| My My .. Mn] (II1.23)
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N, f j+1

M;; = [[(Ni) ] (adj(Six) ™" (111.24)
=1 k=mn; s

ds; = { 5311:1 (5322 53;{m } (I11.25)

11.1.3 Maximum Pose Error for the Moving-Platform

In Section III.1.1, the joint clearances are modeled as error screws, and the screw is con-
strained by inequiaties (II1.3)~(III.6). Based on the constraints, an optimization based
method can be modeled to find the maximum positional error and the rotational error
for the end-effector. Intuitively, due to the joint cleareaces, the end-efffector can reach some
error space even when the actuated joints are locked. Inside the error space, it is possible
to find the maximum positional and rotational errors for the end-effector by comparing all
the reachable points.

Formally, the maximum positional error is denoted as pmax, the maximum rotational

error is denoted as Tyax- Pmax can be obtained by solving the optimization problem

R = minimize — Z (eakép)z, (I11.26)
k=4,5,6
over 0p,0s;;,j =1,....n5,0=1,...,m,

subject to (62;15&7]')2 + (65258i7j)2 — ABi%j,X,Y <0,
(82;358@'7]')2 — Aﬁgjyz <0
(354531'4')2 + (egsﬁsij)z - Ab?,j,X,Y <0,
(856581'7]) Abw 7 <
op = M;ds;,
j=1 .. n,t=1..m

where, e;, € R® is defined such that 1 = { ej1 €j2 .. €j; }

In the same way, 1,4, can be obtained by solving the optimization problem

-t = minimize — Z (eg:kép)Q, (I11.27)
k=123

over  0p,6si;,j=1,...nii=1,..,m,
subject to (e, 95i;)" + <e£253m> — A% xy <0,
(e6308i3)* — ABYj 7 <
(66T,453i,j) + (66 5(53,-]) AbQ]XY 0,
(86T,653i,]) Abz] 4 <
op = M;ds;,

j=1..n;,1=1..m
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when the robot is a parallel robot,that is m > 1, the position and orientation of the
moving platform are constrained by all the legs. The maximum pose error can be solved by
the optimization problems (II1.26) and (III.27). But it is noteworthy that when m = 1, the
robot becomes serial robot, and in serial robots, the translational parts in error screw model
for the joint clearance do not affect the rotational error of the end-effector. And there can

be less constraints in the optimization problem, as follows

. = minimize — Z (ovzg’,cép)z7 (I11.28)
k=123
over 0p,08;j,j =1,...,n5,1=1

subject to (eﬁTylési,j)2 + (eGTQ(Ssm)2 — Aﬂiz,j,x,y <0,
(e%:gési’j)Q - A/Bfﬂvz < 0
(5p = Mi(Ssi,

j=1 .. n,it=1,...m

Computing Maximum Pose Errors with Inequality Constraints

However, In the optimization problems Eq. (II1.26) , Eq. (II1.27) and Eq. (II1.28), there
exist both inequality constraints and equality constraints. Usually, the equality constraints
are more difficult to be satisfied when solving the optimization by computer programs. It

is preferable to eliminate the equality constraints or adapt them into inequality constraints.

Here, by doing QR factorization for the transpose of the error mapping matrix M7 | it is
possible to integrate the equality constraints into the inequality constraints.
M] = VU, (I11.29)
Ui
= [ Via Vi2 | l Z ]
O(6n:—6)x6
= V;1U;;y
(I11.30)

where, i = 1,...,m. V; € R®*6n ig orthogonal,with V;; € R6%*6 V,, € [RO7:i % (6n:=6)
U; € R0 and U, ; € R®*C is an upper-triangular matrix. This QR factorization may be
computed using the Householder method. Notice that, from its structure M; is bound to
bear its full row rank of six. As a result, U, ; is also full rank, thus it is invertible. Moreover,

we define

91

0q, = [
qd;2

] =V7ss; (I11.31)

where g ; € R® and g;s € R0 50 that

581‘ - Vi,léqi,l + Vi}z(;qig (11132)
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This allows us to rewrite the equality constraints as
§p = M;és; = U], V] 0s; = U] 6q,, (I11.33)
or,
6q;, = U, [ op (I1L.34)

where U~ 1T is the inverse of the transpose of U, ;. Upon substituting Eq. (II1.32), we obtain

§s; = VMU;JT 5p + Vi20q;, (I11.35)

Let us regroup all remaining optimization variables into the array

du=|op" 0q1," 8qy," .. 0q,," | €RY (111.36)

where v =6+ 6>}, (nx — 1), so that ds; may be expressed as

where,
fori=1
Y, = [ V@lU;’lT Vi’g OG”iX6Z::i+1(nk_1) (111.38)

fori=2,3,....m—1

_ -7 _ ‘
Ti = |: Vi,lUi,l 06”1‘ X6 Z;;ll(nkfl) Vz,? OGniXG Zz;i+1(nk—1) (11139)
fori=m
_ -7 v '
Y= { ViU, Oﬁmxﬁzj:l(nk—l) Viz ] (I11.40)

Finally, substitute Eq. (I11.35) into Eq. (I11.26), we will be able to obtain an optimization
problem that contains only inequality constraints, namely,

For maximum positional error,

— Pras = minimize — du’ Fodu, (II1.41)
over ou
subject to fi;r(0u) = 5uTFi,j7k(5u -1<0
k=1, .,4j=1,..mn,

1=1,...m
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where,

Fo= Y eyel, (111.42)
1=4,5,6

For maximum rotational error,

— Ta = minimize — du’ Fodu, (I11.43)
over ou
subject to f;;x(0u) = 0u’F;jrou—1<0
k=1, ..4j=1,..m,

1=1,....m
where,

Fo= > eyel, (I11.44)
1=1,2,3

And for both of the two optimization problems,

Fiji = (1/ABxy) Y] (€oni6j—5€4n, 6j—5 + €oni6i—4€4n, 6j-1) i (T11.45)
Fi,jo = (1/A61‘27j,z)TiT(eﬁn,i,6j73egni76j_3>ri (I11.46)
Fij3 = (1/Ab?,j,x,y)T?(%mﬁj—ﬂgm,ajﬂ + eﬁni,ﬁj—wgm,aj,l)'ri (I11.47)
Fiju = (/A )Y €on,6j€6n, ;L (I11.48)

(II1.49)

l1.2 Sensitivity Analysis Due to Variations in Geometric Parameters

The position and orientation of the end-effector of a robot are computed by the geometric
model. The geometric parameters should be assigned to the geometric model, so as to do
the computation, such as Eq. (IIL.7) . However, due to the manufacturing quality, there
might be some errors/variations in the geometric parameters, the parameters assigned to
the geometric model is not exactly the real ones. Thus, pose error of the end-effector can
be termed.

Caro et al. [CWBCO06] studied the sensitivity of a three-DOF translational parallel kine-
matic machine, and presented two sensitivity analysis method to geometric parameters: The
linkage kinematic analysis method and the differential vector method. The linkage kinematic
analysis method is proposed to have a rough idea of the length variations of the manipulator
on the location of its end-effector. And the parallelogram in the leg is just regarded as a
virtual link, where the variations of the parallelogram can not be taken into consideration.
Besides, this method just take into consideration of the variations in link length and posi-
tional errors, where the variations in angular parameters can affect the pose error as well.
The differential vector method, not only just take into consideration of the variations in the

link lengths, but also the variations of the angular parameters.
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Basically, the vector differential method is based on the theory of differentiating of a

vector. Take the vector A;B; from paper [CWBCO06] as an example

Figure II1.3 — Variation in A; — B; Chain

As is shown in Fig. I11.3, the length of vector A;B; is p;, and its unit vector is e; expressed
in the local Frame R;. Assume a; and b; are the Cartesian coordinates of points A; and B;
respectively, expressed in the base Frame Ry. If there is no variation in the vector A;B;, the

vector can be expressed as

bi — Q; = R,—piel (11150)

where, R; is the rotation matrix of Frame R; to Frame Ry.
For the variations of vector A;B;, the local frame attached to point A; might have some
orientation errors, expressed as 604; = [560aiz, 60.4iy, 60 4i2])7, and the lenght might have a

variation dp;. When considering the variations, the vector will be expressed as

b,—a; = Ri(pi + 5/01')61 + R;004; X (,Oi + (Spi)61 (111.51)

So the differentation of vector A;B; can be calculated by substracting Eq. (II1.51) with

Eq. (II1.50), just leave the first order variations, here we obtain:

(5(bl — (1,1‘) = Riépiel + R;004; X pi€l (11152)

From Eq. (II1.52), it can be seen that the differentiation of a vector, not just the variation
in the length has to be taken into consideration, but also the change of orientation.

Obviously, a link A;B; can be modeled as vector A; B;. When considering the variations
of the link, it should be in the same way as the variations of orientation and the link length.
Thus, Eq. (III.52) can be adopted to model the variation of a link. And in the kinematic
chain, all the links can be modeled in the same way. Therefore the pose error of the end-
effector can be expressed by the variations of the geometric parameters in the kinematic
chains. Section IV.5 in Chapter IV will show in details about how to apply the vector
differentiation method to do sensitivity analysis due to variations in geometric parameters

for close loop 5-bar linkage.
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1V

Sensitivity Analysis of the 5-bar
Linkage

Methods of sensitivity analysis due to joint clearances and geometric parameters have been
discussed in Chapter I1I, and the methods are adopted in this chapter to analyze the sensitiv-
ity of the 5-bar linkages to its geometric parameters like link length and angular variations
of the actuated joints, as well as its 5 joint clearances. In addition, it will be nice to verify
the sensitivity analysis methods by studying the 5-bar linkage.

In this chapter, Section IV.1 studies the inverse geometric model of the 5-bar linkage.
Section V.2 studies the notations of the 5-bar linkage, and the modified Denavit-Hartenberg
parameters are presented. And based on the geometric models, the sensitivity to joint clear-
ances is analyzed in Section IV.3 studies the sensitivity analysis due to joing clearances of
the 5-bar linkage based on the method presented in Section III.1. Section IV.4 compares of
the closed-loop and open-loop robot, and introduces an actuation redundancy method to
improve the accuracy of the closed-loop/parallel robot. Section IV.5 studies the sensitivity
analysis due to variations in geometric parameters of the 5-bar linkage, and the sensitivity

matrix is deduced.

Inverse Geomeltric Model

5-bar linkage is a 2-DOF planar mechanism, which can perform 2-DOF positioning task in
a plane. As is shown in Fig. IV.1, the 5-bar linkage is composed of 5 links: Link Ly, Link
Ly, Link Ly (attached with Link Ls), Link Lg, Link Ly. It can be seen from the figure that
the close-loop mechanism is formed by points O — A —C — E — D — B — O. Point P is
attached to the end-effector. The mechanism can be decomposed into two kinematic chains
with a closure point at F, composing of kinematic chain O — A — C — E — P and kinematic
chainO—-B—-D—-FE— P.

The inverse geometry is to solve the joint variables based on knowing the position and
orientation of the end-effector. Asume the position of Point P in Cartesian space is (X,Y),
with Point A fixed in the base at (X4, Y4), the length of dash line AP can be computed

Lap = /(X = Xa)2 + (Y — Ya)? (IV.1)
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Figure IV.1 — Scheme of 5-bar Linkage for the Inverse Geometry

Based on the coordinates of the two ends of line AP, the orientation angle can be derived

Oap = arctan2(Y — Yy, X — X, (IV.2)

Here, the function arctan?2 is used in Eq. (IV.2), it can generate the angular value in
terms of the pose of the line. Normally, the function arctan can only give the angular value
between —7 and 7. But the line can be in 4 different quadrants, in matlab, there is a
function ’atan2’, which can give the angle values corresponding to different quadrants.

As is shown in Fig. IV.1, line AP can be regarded as one edge of AACP, the length of
AC' is Ly and the length of C'F is Ly + L5, based on the Law of Cosine, the angle between

line AP and line AC, denoted as 64 can be formulated

L3+ L4p — (Lo + Ls)?

IV.
201 Lap 1v-3)

04 = arccos

In the same way, the angle between line C'P and line AC, denoted as ¢ can be formulated

LY+ (Lo + Ls)* — Lip
2L1(Ls + Ls)

0c = arccos (IV.4)

Since the kinematic chain A — C' — P is a 2R SCARA robot, to reach the same position
for the end-effector, there are two configurations: elbow up and elbow down.

Solution for elbow-up configuration

91 = HAP + HA, (IV5)
92 = —(7’(’ - 90) (IV6)
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Solution for elbow-down configuration

0y = Oap — O, (IV.7)
92 =TT — 90 (IV8)

For the kinematic chain O — B — D — E — P, the position of Point F can be calculated

Xp=X— L5COS(€1 + 62), (IV9)
Ye=Y — L5sin(01 -+ 92) (IVlO)

Asume the position of Point B is (Xp, Y5), the length of line BE can be formulated

Lip =/(Xp — Xp)? + (Yi — Y3)? (IV.11)
And the orientation angle of line BE can also be solved by using the arctan 2 function
Opp = arctan2(Yy — Yp, Xp — Xp) (IV.12)

In the same way, line BE can also be regarded as the edge of ABDEFE. Based on the
lengths of the triangle lengths, the inner angles of ABDFE can also be solved according to

the Law of Cosine

Lyp+ L3 — L}

0p = arccos ST

(IV.13)

L3+ Li— Ly

0p = arccos 5Ll

(IV.14)

The 2R chain B — D — E also has two configurations to reach the same position of Poit
E: elbow-up and elbow-down

Solution of elbow-up Configuration

03 = pp + 0p, (IV.15)
94 = —(7T — QD) (IV.16)

Solution of elbow-down Configuration

03 = U — OB, (IV.17)
94 =T — HD (IV.18)
Therefore, totally there will be four solutions for the inverse kinematics of the 5-bar

linkage. Here we choose the combination of elbow-up configuration for the kinematic chain
O — A — C — P and the elbow-down configuration for the kinematic chain O — B—D — FE
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When close the loop at Point E, the value of f5 can be calculated
05 = (91 + 92) — (93 + 94) (IV19)

For verify the inverse geometric model based on the four solutions, the 5-bar linkage
is parameterized as: Ly = 100mm, Ly = Ly = L3 = Ly = 50mm, Ls = O0mm. Choose
a position of the end-effector is at the point (0,70), the 5-bar linkage can reach the same

point with 4 working modes in terms of the inverse geometric model, as is shown in Fig. IV.2.

Elbow - up : Elbow - up Elbow - up : Elbow - down
P p
60 E 60 E
O
40 40 b
20 O 20
D
0 0
B B
-50 0 50 -50 0 50
Elbow - down : Elbow - up Elbow - down : Elbow — down
P p
60 3 60
O
40 40 b
20 O 20
C D C
0
B
-50 0 50

Figure IV.2 — Configurations of the Four Working Modes

IV.2 D-H Parameters of the 5-bar Linkage

With given angles in the kinematic chains, the pose of the end-effector can be derived. Here,
Denavit-Hartenberg method [DH55] is applied. Since the 5-bar linkage is a closed-loop robot,
the new kinematic notations [Kha86] are employed. As is shown in Fig. IV.3, different frames
are defined for the 5-bar linkage. The base frame, which is attached to Link L0 is Fy with
its origin at Point O, Frame F} is attached to Link L, with its origin at Point A, Frame I}
is attached to Link Lo with its origin at Point C', Frame Fj3 is attached to Link L3 with its
origin at Point B, Frame F} is attached to Link L, with its origin at Point D. At Point F,
there are two frames attached to Link L5: Frame Fj; and Frame Fs. But the antecedent of
Frame Fj is Frame F}, the antecedent of Frame Fy is Frame F5. The frame that is attached
to the end-effector is Frame F7.

Note that the 5-bar linkage is a close-loop mechanism, we open the loop at Point F

and two frames are attached to the same link but with different antecedents. To do the
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Figure IV.3 — Frames Attached to the 5-bar Linkage

direct geometry, the modified D-H parameters [Kha86] are applied here. Tab. IV.1 shows
the modified D-H parameters

Table IV.1 — Modified D-H Parameters for the 5-bar Linkage Mechanism

joa) p ooy v bypooy  dy 05w
1 0 1 0 0 0 0 —4Ly 6 O
2 1 0 0 0 0 0 L 6 0
30 1 0 0 0 0 1Ly 65 0
4 3 0 0 0 0 0 Ly 6 O
5 4 0 0 0 0 0 Ly 65 0
6 2 0 2 0 0 0 L 0 0
7 6 0 2 0 0 0 Ly 0 0

Based on the D-H parameters, the transformation matrix between one frame to another
can be calculated by Eq. (IIL.7), and the transformation matrix from the base to the end-
effector can be formulated from the kinematic chains: O—A—C—FE—P and O—B—D—FE—P.
Here the kinematic chain O — A — C' — E — P is denoted as Leg 1, the kinematic chain
O—B— D — FE — P is denoted as Leg 2, so the transformation matrix from the base to the

end-effector can be computed in the two legs separately

9S; = S1151251,6S17 (IV.20)
9S; = S23524525526S27 (IV.21)

Sensitivity Analysis Due to Joint Clearances

Totally, 5-bar linkage has 5 joints, with 2 active joints and 3 passive joints. Here we choose
the two joints at the base to be actuated. As is shown in Fig. IV.3. The joint clearance at

each joint can be modeled as an error screw in terms of Section III.1.1, and the error screw
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can be mapped to the pose error of the end-effector throughout the kinematic chains in
terms of Section II1.1.2.

Here, the close-loop 5-bar linkage is decomposed into 2 legs: Leg 1 (O — A—C — F') and
Leg 2 (O — B—D — E — F). The error screws due to joint clearances ds;,; and ds; 2 can be
mapped to the pose error by Leg 1, and the error screws due to joint clearances 823,082 4
and 0sy 5 can be mapped to the pose error by Leg 2. Thus the total pose error due to the
joint clearances can be calculated by summing the pose errors mapped from the two legs.

As the sensitivity analysis due to the joint clearance model is based on transformation
matrix, the transformation matrix of S; ; (i is the number of leg, j is the number of frame)
should first be computed in terms of the modified D-H parameters (Tab. IV.1) for the two
legs. Then the rotation matrix R;; and the translational vector ¢; ; of each transformation
matrix can be extracted from the transformation matrix, and consequently the adjoint map
adj(S;;) can be obtained. Finally, the error mapping matrix M; can be constructed

For Leg 1

M = | My Mg | (1v.22)
For Leg 2
M, = [ Mys Myy My } (Iv.23)

Therefore, the pose error of the end-effector can be approximately estimated

op = Mids; (Iv.24)
(Sp = M2582 (IV25)
5 0823
where, 081 = [ 1.1 ] and 08y = | 0824
51,2
(532’5

Obviously, Eq. (IV.24) and Eq. (IV.25) are very direct for predicting the pose error of
the end-effector from the two legs, if the error screw is known in hand. But there are some
constraints to be imposed, for example, the translational part and rotational part of the
error screw should be bounded by the joint clearances. Moreover pose error computed from
the two legs should be equal to each other. In this case, it is possible to find the maximum
pose error by the optimization problems with inequality constraints and equality constraints.
Consequently, with the QR factorization method, equality constraints can be integrated into
the inequality constraints.

The optimization based methods (II1.1.4) and (II1.43) for find the maximum positional
error and rotational error are adopted here, with m = 2,n; = 2,n5 = 3 and the number

decision variables is

v=6+6x[2-1)+(3-1)] =24 (IV.26)

For the sensitivity analysis, the second working mode of Fig. IV.2 is selected. And a

symmetric structure is selected, thus the robot is parameterized as Tab. IV.2
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Table IV.2 — Parameterization of the 5-bar Linkage

Here we also choose a work space that contains parallel singularity, so as to see how the
Type 2 singularity affects the sensitivity due to the joint clearances. The joint clearances are
denoted to the corresponding joints, as is shown in Fig. IV.4. And a rectangular Cartesian
Space is selected, with z,.,, = —20mm, Ymin = 30mm, Tmee = 20mm, Ymaee = 70mm. The

Cartesian Space is meshed into 41 x 41 grids, the sensitivity analysis is done for each point.

Ay, ¢y =0.01 yT AB,, xy =0.01
AB,,, =02 L, P - L AB,,, =02
Ab, vy =0.1 E Ab,, vy =0.1
Ab]l] - L ABZ,S.X.Y = O-OLABz,s,z =02 Ab2‘4] =01

! Abz.s..\',y =0.1,Ab,5 , =0.1 L3

y :

AB,, ¢y =0.01 ! AB,, ¢y =0.01
AB,,, =0.00001 LOT AB,,, =0.00001
Ab,, vy =0.1 o X, B Ab,5 vy =0.1
Abu«,z =0.1 Abz,s,z =0.1

Figure IV.4 — Case Study for a Symmetric 5-bar Linkage

In Fig. IV.4, Joint A and Joint B are actuated joints, normally they are regarded as
locked, here assign very small rotation around the z-axis, but for Joint C', Joint D and
Joint F, they are all passive joints, due to the joint clearances, even though the active joints
are locked, the passive joints will still have some idle motions, that is some relative larger
rotation around its rotation axis. To be sure that the idle motions will not be ignored, larger
bounds are assigned to Af; ;7. Here we assign Af; ; 7 = 0.2rad for the passive joints, of
course a rotation of 0.2rad is not a small motion, but due to the mutual constraints of the
two legs in the close loop mechanism, the actual idle motion won’t be that large.

The maximum positional error and rotational error can be computed by solving the
optimization problems with objective functions as Eq. (I11.1.4) and Eq. (II1.43). Here, the
optimization process is carried out by using fmincon function which can only give local
minimum. But we need a global minimum, since the parallel computation method is used
here. Here we choose 200 start points, each point can reach a local minimum, and by
overlaying local minimums, we can approximately reach a global minimum. Of course, the
more start points we choose, the more global minimum we will get. But regarding to the
computation time, we can not choose infinit number of start points. After several tests, we
found that 200 start points are enough for the global minimum. To do this optimization
problem is very time consuming. But fortunately, we still can get the results after running

the program for several days on a workstation.

In Fig. IV.5, (a) shows the perspective view, and (b) shows the top view of the surface
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Figure IV.5 — Maximum Positional Error of the 5-bar Linkage Throughout A Cartesian Space

of the maximum positional error throughout the Cartesian Space. Obviously, the maximum
positional error is symmetric about the y-axis. Moreover, throughout the cartesian space,
the maximum positional error varies but the surface keeps continuous, and at the vicinity

of parallel singularity it grow

Maximum Rotational Error: [rad]
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Figure IV.6 — Maximum Rotational Error of the 5-bar Linkage Throughout A Cartesian Space

From the two figures Fig. IV.5 and Fig. IV.6, it can be seen that at the vincinity of parallel
singularity, both the positional error and the rotational error are quite large. Because the
idle motions of the passive joints are quite large at that area. Moreover, the closer the
distance between the position and the parallel singularity, the larger the positional and
rotational errors. And the maximum errors are exactly at the singular configurations. In
this case, when design the close-loop robot, it is better to avoid the parallel singularity, and
make the workspace of the robot far from the parallel singularities.

Intuitively, dp = 00 x L, if the link length L is quite long, even small variations in angular
values will cause large errors in the positional errors. And by checking the optimum error
screw of at each joint, it can be seen that the idle motion of the passive joint is relatively
larger, and the idle motion is the main source of the pose error. Thus, if the length of the

link that is connected to the passive joint is smaller, the error of the idle motion won’t be
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amplified that much, and the positional error can be smaller.

Comparison Between Closed-loop and the Open-loop Mech-
anisms

The sensitivity analysis due to joint clearances has been done in Section IV.3. From the
results shown in Fig. IV.5 and Fig. IV.6, it can be seen that when the 5-bar linkage meets
parallel singularity or in the vicinity of parallel singularity, both the positional error and the
rotational error gets quite large. And the accuracy of the closed-loop 5-bar linkage seems
not so high.

Note that the 5-bar linkage is composed of two kinematic chains, each of which can
perform the positioning task in 2D plane along, it will be quite interesting to study the
sensitivities of the two kinematic chains separately. Since the parallel singularity is just
for parallel robots, the serial kinematic chains won’t have any parallel singularities. By
opening the loop at Point E, the 5-bar linkage can be decomposed into two serial robots:
O—A—-—B—-Pand O—C —D — E— P, as is shown in Fig. IV.7 and Fig. IV.8. Leg 1 can
be regarded as a 2R Scara robot, and Leg 2 can be regarded as a 3R robot.

Figure I'V.7 — Serial Kinematic Chain Leg Figure I'V.8 — Serial Kinematic Chain Leg
1 2

When using the serial robots to perform the positioning task, certainly there won’t be
any passive joints in serial robots, and all the joints in the kinematic chain of the serial
robot should be actuated. When analyzing the sensitivity to the joint clearances for serial
robots, all the joints are regarded as locked, that is very small values are assigned to AS; ; 7.
With the same dimensions as is shown in Tab. IV.2, and the same workspace defined in
Fig. IV.4, optimization problems are solved separately for each leg to find the maximum
positional error and rotational error.

Fig. IV.9 shows the maximum positional error throughout the Cartesian space for the
serial kinematic chain Leg 1, and Fig. IV.10 shows its maximum rotational error throughout

the Cartesian space. For the positional error, it seems the further the point in the Cartesian
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space from the origin of Leg 1, the larger the positional error. But the rotational error, as is
already presented in Chapter 111, is constant throughout the Cartesian Space, and is equal
to equal to 0.02rad . Note that, Aj; ; xy = 0.01, and ApB;; 7 is set to a very small value
that is close to zero. The maximum rotational error from Leg 1 is equal to the sum of the

maximum rotational errors the error screws can reach at the joints.
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Figure IV.11 — Positional Error of Leg 2
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Figure IV.12 — Rotational Error of Leg 2

For the sensitivity analysis due to joint clearances of Leg 2, Fig. IV.11 shows the maxi-
mum positional error throughout the Cartesian space, and Fig. IV.12 shows the maximum
rotational errors throughout the Cartesian space. Similar to the analysis results of Leg 1,
the maximum positional error gets larger if the point is further from the origin of Leg 2,
and the maximum rotational error keeps constant throughout the Cartesian space. But the
maximum rotational error is equal to 0.03rad, that is because there are 3 revolute joints
in Leg 2, and the maximum rotational error that the error screw at the joint can reach is
0.01rad.

By comparing the maximum positional errors and rotational errors, it is obvious that
if we use serial legs work independantly, better accuracy can be obtained. That is because

in parallel robots, there are some passive joints, and there will be some idle motions even
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when the actuated joints are locked if there are some clearances in joints. Moreover, the
parallel robots will have parallel singularities, and parallel singularity greatly increase the
pose error of the end-effector.

Thus, to improve the accuracy of parallel robots, the idle motions and parallel singular-
ities should be avoided. One way to make this is to use actuation redundancy, that is to
actuate even the passive joints.

For the 5-bar linkage, normally just the two joints at the base are actuated, and the
other 3 joints are passive joints. To use the actuation reduncy to reduce the idle motions of
the passive joints, here we choose to actuate Joint 63 and Joint 84. With this, when doing
the sensitivity analysis, the two joints are also regarded as locked and very small values are
assigned to AJ; j z. And then we get the following results, as is shown in Fig. IV.13 for the

maximum positional error and in Fig. IV.14 for the maximum rotational error.
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Figure IV.14 — Rotational Error with Passive Joints Actuated

The maximum rotational error shown in Fig. IV.14, is constantly equal to 0.02rad, be-
cause the it is dominated by Leg 1 of the 5-bar linkage. Leg 1 can only reach maximum

rotational error of 0.02rad. By comparing the results calculated with actuate redundancy
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in Fig. IV.13 and Fig. IV.14, with the results calculated without actuation redundancy
shown in Fig. IV.5 and Fig. IV.6, as well as the results calculated separately for the legs in
Fig. IV.9, Fig. IV.10, Fig. IV.11 and Fig. IV.12. Obviously, the maximum positional error
and rotational error throughout the Cartesian of the 5-bar linkage with actuation redun-
dancy is the smallest. Thus, the accuray of the parallel robots can be improved by using

actuation redundancy.

Sensitivity Analysis Due to Variations in Geometric Parameters

Besides joint clearances, variations in geometric parameters can also affect the pose error of
the end-effector. Here is to study the influences of the variations in geometric parameters
for 5-bar linkage. A sensitivity matrix that maps variations in geometric parameters to the
pose error will be formulated. So that the influence of each geomettric parameter will be
known.

As discussed previously, 5-bar linkage is a closed-loop mechanism, and it can be regarded
as consisting of two kinematic chains: O — A—C — E and O — B— D — E. For each kinematic
chain, the close-loop equation can be modeled as the following:

Kinematic chain: O —A—-C — E

OFE =0A+ AC +CE (IV.27)
Kinematic chain: O — B—D — F
OE =0OB+ BD + DE (IV.28)

Assume the position vector of Point £ is e with respect to the base frame, e can be

calculated in the kinematic chain O — A — C' — E by the following equation

1
e = —§L0’i + Llqu + Lovq (IV29)

Where, 2 is the unit vector along the z-axis of the base frame, p; is the unit vector along
Link Lq, vy is the unit vector along Link Lo
Differentiating the formula with respect to the geometric parameters, the pose error can

be expressed by the variations in geometric parameters

1
de = =5 0Loi + 0Lipy + L1001 By + Lovy + Ly(001 + 662) Evy (IV.30)

where, dLg is the variation in the link length Lo, d L4 is the variation in the link length
Ly, 66, is the variation in the joint angle 61, 0 Lo is the variation in the link length Lo, §6

1 0
Since in the kinematic chain O — A — C' — E 6, is the active joint angle, and 65 is the

0 —1
is the variation in the joint angle 65, and E = l ]

passive joint angle, and in the parallel mechanism, the passive joint can adjust by itself, 465
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can be expressed by 86, for doing this, multiplying (Ev;)? by the two sides of Eq. (IV.30),

here we get

1 .
(Evy)Tde = —§(EU1)T1,6L0+ (Bvy) 0Ly + (Bv))TEp, L1661 + Ly (661 +66,) (IV.31)
By solving this equation, §6, can be expressed as

_ 1 T 1 T:
(562 = Lz (E’Ul) (Se—f— 2L2 (E’Ul) ’L(SLO

1 1 (IV.32)
— 7(E’01)T[1,1(5L1 — 7(E1)1)TE[L1L1591 — 591
Ly Ly
In the same way, for the kinematic chain O — B— D — F
1.
e = iLQZ + Lapy + Lyvo (IVSS)
Its differentiation is,
1
e = 5(5[/0@ + (SL3/J,2 + L3593E[J,2 + 0 L4vo + L4(503 + (594)E’02 (IV34)

where, d L3 is the variation in the link length L3, d03 is the variation in the joint angle 03,
0L, is the variation in the link length L4, §6, is the variation in the joint angle 6.

In the 2-DOF 5-bar linkage mechanism, the Joint 1 and Joint 3 are actuated joints, and
the Joint 2, Joint 4 and Joint 5 are passive joints. Since the passive joints can adjust by
themselves, it is necessary to eliminate the influences of the variations in the passive joints
in the variation equations.

Multiplying the row vector v? to the two sides of Eq. (IV.30), we get

1
vlde = —ivlTiéLg + v 0L + vIEp, L166) + vl vi6L, (IV.35)
Multiply the row vector v1 to the two sides of Eq. (IV.34), here we get
1
vide = §U2Ti5Lo + 03 o6 L3 + vIEpy L3603 + vivadLy (IV.36)

The two equations can be assembled due to the common variation of position in the

end-effector, and finally de can be expressed as

0Ly
0Ly
0L | (1v.37)
—oTi vTp, T 0 0 0 vIEuL, 0 0L3
[ vl 0 0 vipy, vivy 0 0 vIEuy L3 0Ly
0L
06,
003
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So the error mapping matrix for the position error in Point £ due to the variations in

gemoetric parameters J, can be defined as the following

—1

5 vl —3vii vip, vfvy 0 0 0 oTEpLy 0

R 4 Ty 0 0 o7 Tvs 0 0 TEp,L
2 53U3 2 K2 V302 Uy By g

(IV.38)

Recall the expression for §65 in Eq. (IV.32), it can be rewritten by substituting the error
mapping matrix J. and extracting the variations in geometric parameters in the following

way

1
562 = {E(Evl)TJe+

Lo
5Ly
Lo
Ls
L4
SLs
56,

L 003 i

(IV.39)

[ b (Bo)"i —L(Bv) 'y 00 0 0 —L(Bv) B L —1 0]}

So the error mapping matrix for the variation in §6, can be defined as the following

1
Jg, = —(Bvy)TJ .+
Loy (IV.40)
| 5 (Eo)™i —£(Ev) Ty 0 0 0 0 —£(Bo)) EgLi—1 0 |
The position of the end-effector p can be expressed by the position e
p=e+ Lsv; (IV.41)

Differentiate Eq. (IV.41), here we get

op =de + dLsvy + L5E’U1((591 -+ 692) (IV42)

Extracting the variations in geometric parameters, the sensitivity matrix of the 5-bar

linkage can be deduced
Jy=Jc+viJp, + LsEvi(Jg, + Jg,) (IV.43)
where,

Ji;=[0 000010 0]

Joo=[00000010]
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Sensitivity Analysis Due to Joint
Clearances for Robots with
Hybrid Legs

Sensitivity analysis method due to joint clearances is presented in Section III.1, this method
is not only used to do the analysis for serial robots, but also for parallel robots. Chapter IV
studies the sensitivity analysis for the 5-bar linkage based on this method. The sensitivity
analysis due to joint clearances without actuation redundancy, with actuation redundancy,
as well as for the two legs separately in the 5-bar linkage have been studied. The sensitivity
method has been verified for both the closed-loop and open-loop mechanisms.

However, the 5-bar linkage and the legs decomposed from the 5-bar linkage are just
with simple serial kinematic chains. There are also some robots with complicated hybrid
kinematic chains in legs. Taking the IRSBot-2 robot as an example, each leg is composed
of a parallelogram and a distal module. The parallelogram and distal module are both
closed-loop structures. The two closed-loop structures are connected in a serial way to form
the leg of the IRSBot-2 robot. Thus, the IRSBot-2 robot is comprising of hybrid legs. The
previous method for doing sensitivity analysis due to joint clearances is not sufficient to do
the sensitivity analysis of the IRSBot-2 robot.

In this chapter, new method for doing sensitivity analysis due to joint clearances is
developed, not particularly for the IRSBot-2 robot, but also can be used for the general
robots that are with complicated hybrid legs or just with simple serial legs. Section V.1
presents the error estimation model for the robots with hybrid legs. Section V.2 presents
the optimization based method to find the maximum positional error and the maximum
rotational error for robots with hybrid legs. Section V.3 modifies the optimization method

developed in Section V.2, and integrates the equality constraints into inequality constraints.

Model of Error Estimation

Based on the optimization method developed in Section III.1.3, the maximum pose error
of the serial robots and parallel robots can be easily and precisely estimated. But it is just
applicable for the robots with serial kinematic chains in legs. However, not all the robots
are with simple serial kinematic chains connecting the base and the moving platform, there

are also some robots with complicated architecture in legs, as shown in Fig. V.1, which are
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called hybrid legs. Robots can not only have identity hybrid legs, but also a combination of
different hybrid legs. In this case, the robot gets more complicated. The method developed

in Section III.1 won’t be sufficient to do the sensitivity analysis for those complicated robot

architectures.

Figure V.1 — Hybrid Legs in Robots

Still, based on the method in Section III.1, the model of sensitivity analysis due to
joint clearances for robots with hybrid legs is developed here. As shown in Fig. V.2, the
robot is constructed by hybrid legs like Leg i and Leg m, (i = 1,2,...,m), where m is the
number of legs of the robot. The pose of end-efector can be computed from each leg as
P;,(i=1,2,...,m). Due to the hybrid structure of the robot, in each leg there can be some
sub-end-effectors. Such as, F; 1, F;a, ..., Fjy,, here n; is the number of sub-end-effectors
in 7" leg. For the k' sub-end-effector E;x, 1 < k < n;, it is connected to the (k — 1) via
m; 1 legs, and each leg contains n;j ; joints, here 1 < 7 < m; . Obviously, this structure
composed by E;j and FE; ;1 which are connected by my, legs in between is exactly similar
to the robot structure as shown in Fig. II1.2, let’s call it sub-robot. Please note that, when
m; , = 1, the sub-robot is just a serial kinematic chain.

The end-effector of the robot is connected to the last sub-end-effector of each leg E; ,,,,
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Figure V.2 — Sensitivity Analysis Due to Joint Clearances for Robots with Hybrid Legs



56 Sensitivity Analysis Due to Joint Clearances for Robots with Hybrid Legs

Eing, -y Eip, by D% m;p legs, where m;, is the number of sbu-legs directly connect
from sub-end-effector to the end-effector. Certainly, all these sub-legs are of serial kinematic
chains in architecture. The pose error of the end-effector can be estimated by each of the
legs by Eq. (V.1)

— . . € .
5p7j,ni,p,l - Mlyni,pvl(sslyni,pyl + M’L’,niyp,l(selyni (V]‘)

where, 7 is the index of the leg of the robot, n;, is equal to n; + 1, that is to say the
end-effector/moving-platform of the robot is regarded as the n% sub-end-effector. [ is the
index of the leg that connects the moving platform to the sub-end-effector E;,,, p;,, ;1 18
the pose error computed from this sun-leg, M; ,,, ,; is the error mapping matrix for all the
error screws in joint clearances of this sub-leg, de; ,,, is the pose error of the sub-end-effector
Ei’m,l\/[f’m,p,l is the error mapping matrix of the pose error of de;,, to the end-effector of
the robot.

By doing this, the pose error can be estimated by all the sub-legs that connect the
moving platform to the last sub-end-effectors of the legs in terms of Eq. (V.1)

— €
OPin 1 = Min 108101+ Mi, i6€1n,
J— e
6p17n1,pyl - Ml,an,laSl,an,l + Mlynl,p7l5617n1
— €
5p17n1,p7m1 - Mlvnlxpvml(ssLnl,Pvml + Mlynl,pyml 56]_)”1
— . e .
6pi,ni,p,1 - szni,pyléslani,pal + Ml,ni,p,16ezvni
— . e .
5pi,m,p,l = Mz,m,p,lésl,m,p,l + Ml,ni,p,lde%ni (V.2)
— . . e .
Pinipm; = M, mi08im; pmi + Mi,ni,p,mi(sez,m
J— (]
5pm,nm,p,1 = M, 108mnm,1 + Mm,nm,p,léem,nm
— €
6pm,nm,p,l - Mmynm,p:l58m¢nm,p7l + Mmmm)mléemynm

— e
5pm7"m,p’mm - Mm,nm,p,mmésm,nm,p,mm + Mmﬂm,pamm(sem:nm
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where, m; is the number of legs that connects from the end-effector of the robot to the
sub-end-effector £; ,,,, my, is the number of legs that connects the end-effector of the robot
to the sub-end-effector Ey, ,,,., nip is equal to n; + 1. n; 4+ 1 stands for the sequence of the

end-effector in Leg ¢, when it is considered also as a sub-end-effector in Leg .

Obviously,
5p = 6p1,n1,p,1 == 5p1,n1,p,l == 5p1,n1,p,m1 = (Vg)
= 6pi,ni,p,l == 6pi,’ni7p,l == 6pi,ni,p,mi -
= 5pm,nm,p,1 == 5pm,nm,p,l == 5pm,nm,p,mm

For the it leg (1 < i < m), k™" sub-end-effector (1 < k < n;), the sensitivity of the
sub-end-effector de; ;, can be estimated by the joint clearances in the k" sub-robot and the
sensitivity of the (k — 1) sub-end-effector, as Eq. (V.5)

0€ik1 = M; k1081 + M 0€; k1 (V.4)

In the same way, for the 1°¢ sub-end-effector of Leg i, the pose error is

561"171 = Mi,l,l(gsi,l,l + val’léei,o (V5)

where, de; o = deg is the screw of pose error of the fixed base.

V.2 Optimization-based Maximum Pose Error

This section aims to find the maximum pose error of the robots with hybrid architecture in
legs. As Section III.1, an optimization based method is also employed here,

Let m;, be the number of legs that connect the end-effector P to the sub-end-effector
E; , nip1 be the number of the joints for the [ sub-leg that connects the end-effector P
to the sub-end-effector F;,,, n;, be the number of the sequence of the sub-end-effector in
Leg 1, here just consider that the end-effector of the robot is also a sub-end-effector in Leg

i, as presented before n;, = n; +1

2 C e T 2
— D = minimize — Z (€5£0P)", (V.6)
k=4,5,6
over 0P, 08in, 15> 0€in,

: T 2 T 2 2
SubJeCt to (8671537;77“,1),[,]‘) + (66,2(5-9@7”’1)7[7]') - Aﬁi,m,p,l,j,X,Y < O,

(853581'77”,%[,]‘)2 — AﬁQ <0

i7ni,Pyl)j7Z =
T 2 T 2 2
(€6,408im:,,015)" + (€6,508imi,05)" — Dby, 1ixy <0,

T 2 2
(66,653i,ni,p,l,j) — Ab; 1,z S0,

1,M,p,

e
o0p =M, 1080, ,0 + M, 0€;n,,

1,Mi,p,

J=1 . nipn =1 myi=1 .. m.
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whereas, de; ,, should be satisfied by the following constraints

(561"7“ = Mi,ni,lési,ni,l 4+ M¢ l&emi_l (V?)

2Ny

over 08in,l,0€in,—1

where, ds; 5, is the joint clearances in the [th

lth

sub-leg of the n;‘ih sub-robot in Leg i, M; 5,
is the error mapping matrix for the I sub-leg of the ni" sub-robot in Leg i, 6€;,,_1 is the
error pose of the (n; — 1) sub-end-effector, and MY ,,, ; is the error mapping matrix through

Leg .

As 08;p, 1 is the vector that contains all the error screws due to joint clearances in Leg

[, it should also be constrained as following

(€6,108in.15)" + (€6908im.15)° — DB 1ixy
(€6.308imitg)” — ABini1jz
(65463i,ni,l,j)2 + (655581"7—”717]‘)2 - Abzz,m,lJyXyY

T 2 2
(66,653i7ni,pvlzj) — Ab; 14,2

2,M5,p,y

INCININ N
o o o o

And de;,, can be computed in the same way, with the joint clearances 0s;,,-1,; con-
strained in the same way. Thus, recursively, all the joint clearances can be covered for the

optimization problem to find the maximum positional error of the end-effector.

The optimization problem for finding the maximum positional error can be rewritten in

the following way
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2 . .. T 2
— Diaz = minimize — Y (eg,0p)*, (V.8)
k=4,5,6
over (5]), (58,‘77“%17]‘, (58,‘77%’[7]‘, ey (581‘71717]‘, (561‘,"“ ey (56171, (561"0
. T 2 T 2 2
subject to (€5108in, 1) + (€5208in,.14)" — AB; oy, 1gxy <0,

(66 308im, .0 ,J) Aﬁzm,p» iz S0,

(66 108, nip,l,j)Q + (eg 555i,m,p,l,j)2 - Ab?,m,p,l,j,x,y <0,

(66 608in; .l ,J) Abz il Z <0,

6p = Mimi’p,l(ssimiﬁp,l =+ Mmiypyléeivni, (Vg)
J=1 . nip =1, m,i=1,..,m;

(561'77” = Mmhlési,m,l + Min, léei ni—1; (VlO)
(eglési nilg)’ + (652531‘ i)’ — AB? il xy S0,

(e6 3631 ni,l 7])2 Aﬁfn“ 1,§, 2 X < 0
(66 108imi15)” + (66 508im15)° Abf%l ixy <0,
(66 6581 ng,l 7])2 Abzgm, 1,3,2 < 07

J=1 . nipnl=1..miy,i=1.,m;

oeir =M, 110851 + Mf,k,l(sei,k—lv (V.11)
(651531' kig) + (65253@&1,]')2 - AB@%k,l,j,X,Y <0,

(66 308ik15)° — DBy 15z <0,

(654531 kig): + (66 508ik15)° — Abz%k,l,j,X,Y <0,

i) = A, <0,

T
(66,65si7k L, J.Z

J=1 . nipnl=1. mipt=1..m;

dei1 = M; 1081, + M ,0e;, (V.12)
(66 108i105)° + (66 208i105)" — Aﬁi%l,l,j,X,Y <0,
(66 308i105)° — z,l,l,j, <0,
(32;,455@11 )+ (66 508i1,05)° — Ab?,l,l,j,x,y <0,
)

T 2
(66,653i,1l Ab@ 1,152 & <0,

j = 1, ...,nm’l,l = 1, ...,mi’l,i = 1, ey T

where, m is the number of legs of the robot, n; is the number of sub-end-effector of Leg
i, M, is the number of sub-legs that connect the end-effector P to the sub-end-effector
FEj n;nipg is the number of the joints for the I sub-leg that connects the end-effector P to
the sub-end-effector Ej ,,, n;, as discussed before, n; , = n; +1; M, 1 is the error mapping
matrix for error screw in Leg [ of the k™ sub-robot in Leg i, MY, is the error mapping

matrix for pose error of the sub-end-effector de; 1 throughout the " sub-leg.
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For finding the maximum rotational error of the end-effector, it is in the same way above.

Where the objective function would be Eq. (V.13), and the constraints are same.

~Thae =minimize — Y (e ,0p)’ (V.13)
k=1,2,3

Maximum Pose Error with Only Inequality Constraints

QR Factorization for Sub-legs Connected to the Moving-Platform

Optimization problems for finding the maximum positional error and the rotational error
contain both inequality constraints and equality constraints. Since the inequality constraints
can be easily satisfied but whereas, the equality constraints can not. It is better to eliminate
the equality constraints. As is presented in section I11.1.3, a QR factorization based method
has been proposed to eliminate the equality constraints for finding the maximum pose error
of the robots with just simple serial chain in their legs. In the same way, the optimization
problems for finding the maximum pose error of the robots with complicated hybrid legs
can also be adapted in the optimization problems with only inequality constraints.

Eq. (V.2) and Eq. (V.3) are the expressions for the pose error of the end-effector. Thus,
in the optimization problem for finding the maximum pose error, we use the equality con-
straints. By adapting the form of the equations, it will be possible to use the QR factor-

ization, and then integrate the equality constraints into the inequality constraints. Here we

&0,

0Pin, 0 — Min, 10€in,, = Min,,108in,,. (V.14)

6pi,n,i’p,l,p

In Eq. (V.14), the transpose of matrix M, ,,; can be decomposed by QR factorization,

as the following

MT = Vi,ni,p,lUi,m,p,l (V15)

i,ni,p,l
Uin- [,1
. ST psty
= [Vz',nz,,,,u Vinipi2 ] [
O6n;,.1—6)x6

= Vin,11Uin, 01 (V.16)

where, n;,; is the number of joints in the I sub-leg that connects the moving platform
to the sub-end-effector in Leg i of the robot.
Similar to Eq. (II1.31), here we define

0q; .
(5qiyni’p7l = [ Din; 0 1 =T l(ssi,m,pl (Vl?)

2,Mi,p,
qz,m,,p,l,Z
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Similar to Eq. (I11.35),

-V, -T A
587;7”1’,137[ - Vlyni,pyllei,m’p,l,l5pi,ni1p,l,p + Vl,nz',pylﬂéqi,ni,p,lz (V18)

Taking into consideration of all the joint clearances in sub-legs that connect from the
moving platform to the sub-end-effector Ej; ,,,, the remaining optimization variables can be

grouped into array

T
iyt = | DT 1 0@ 12 0Qh s 00 <oon 0Qhp o | €R™ (V.19)
where,
m Mip
Up=06+6_ > (Nim,0—1) (V.20)
=1 [=1

It should be noted that,

5pi,m,p,l,p = 5pi,ni,,,,l - Mini,p,léei,ni (V21)

Thanks to Eq. (V.3), the pose errors estamited from all the legs that connect the moving-
platform and the sub-end-effector E;,, are equal to each other, so the Eq. (V.21) can be

rewritten as

OPinpp = 0P — MY, 0€i 0, (V.22)

Since MY - 10€; 5, computed from different legs are not the same, dp; ,,. varies from

P¢l>p
leg to leg. Therefore, for the array du;y, 1, the first 6 elements are not the same, while the

left v, — 6 elements keep the same for all the legs. Here we have,

T

— T T T T v
5u17n1,p71 - |: 5p1,n1,p,1,p7 6‘11,7111;,,1,27 5q1,n1,p,2,27 HER 5qm,nm,p,mm,p,2 i| € R% (VQ?))

T T T T T v
6ui’ni>p’l = |: 5pi,ni,p,l,p’ 6q1an1¢177172’ 5q1¢n1»p72a27 tt 5qmznm,iﬂvm’m,p72 j| S R P (V24)

T

— T T T T v,
6umv”mvpvmmm o 5pmmm,p,mm,p7p’ 5q1,n1,p71,2’ 5q1,n1,p72,2’ T 5qm,nm,p,mm.p,2 } € R™
(V.25)

So that, 0s;,, 1 can be expressed as

53i,ni,p,l = Timi’p’léui,m,p’l (V26)
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where,

_ =T 6m 5, 1 XVP
Ti»”’i,pvl - Vivni,PJflUi,ni’p,l,l Vivni,P7l¢2 06ni,ni_p,l><(vP712) e R vrie (V27)

V.3.2 QR Factorization for Legs in Sub-robots
For the k'™ sub-robot in Leg i, from Eq. (V.5), the pose error of the sub-end-effector E;

can be estimated from any sub-leg that connects from FEjj to Ejj—q1. Of course, the pose

error estimated from all the legs are equal to each other

d€jr = 0€jk1 =+ =0€i k) =" =0€fm,, (V.28)

Again, Eq. (V.5) can be adapted as

oe;r — Mfy 0€; k-1 =M, 108k, (V.29)

b€ kle
Certainly, Ml‘?’k’léei’k,l varies from leg to leg in the sub-robot, de; ;. varies as well.
Matrix M, ; in Eq. (V.29) can also be decomposed by QR factorization, similarly we
get

My = VigUikg (V.30)

Uikt
= [ Vikit Vikio } l
O(6n;.1.1-6)x6

= Vigi1Uikn (V.31)

where, n; 1 is the number of joints in the (" leg in the sub-robot k in Leg i of the robot.

In the same way as Eq. (V.17), here we define

Sa.
0q; k1 = [ it.1 ] = Vi 5108i k1 (V.32)
;112

Similar to Eq. (V.18),

38i1 = Viki1 U g 1100 k1 + Vik120G; 512 (V.33)
Here, the
T T T T T Ve,
OUj ) = [ OPikter Oik12 Odik22 --r Odijm, 2 } € R (V.34)
where,
Ve, =646 (nigs—1) (V.35)

=1
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Optimization Problem with Only Inequality Constraints
Based on the QR factorizations for the error mapping matrix of the sub-legs that directly
connect to the moving-platform and those of sub-legs in the sub-robots, it is possible to
eliminate the equality constraints in the optimization problems (V.8) and (V.13) by inte-
grating the the equality constraints of the pose error of the end-effector and the pose error
of the sub-end-effector into the inequality constraints.

According to Eq. (V.24) and Eq. (V.34), for the whole robot, an array of decision variables

ou with a dimension of v can be chosen

ou € R (V.36)

where v can be computed as

v =1, + Z Z Ve, (V.37)

i=1 k=1

Among the v decision variables for the optimization problems, it is noteworthy that the

pose error of the robot is composed by the first 6 elements in du, that is

op = ou(l:6) (V.38)

Elements from the 7" to the vf,h are the elements for the sub-legs connected from the

moving-platform to the last sub-end-effector of each leg of the robot.

T

(5’11/(7 : Up) = |: 5q£n1,p,1,27 5q,{7nl,p7272’ Tt 5q%anmmvmm,p»2 (V39)
For the pose error of the last sub-end-effector in Leg i
dern, = Odu(v,+1:v,+6) (V.40)
i—1 i—1
dein, = ou(v,+ Z Vejn, +1:0p + Z Vej,n, + 6) (V.41)
j=1 j=1
m—1 m—1
demmn, = ou(v,+ Z Ve, + 1:vp,+ Z Vejm; + 6) (V.42)
j=1 j=1

For a general pose error of the sub-end-effector Ej j, for k < n;

de; = du(num;p + 1 : num;, + 6) (V.43)
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where,

numi:k Up + Z UE], + Z Z Ue]z + Z erzl (V44)

j=1ll=n;

In the constraint function, the pose error 0p of the robot and the pose error de; ;. of the
sub-end-effector should first be extracted from du, then construct the arrays of variables
5ui,ni,p,l and 5ui7k7l.

So the inequality constraints for du;y, ,; will be

_ T
fi7n’i,p7l7j7h - 5u7;,’nz‘yp,l,jFiyni,zhl’j?h&ui:nimal’j - 1 < O (V'45)
h=1,.. 45=1,. nipy,

= 1, N ,m,-yni’p,
1=1,...,m
where,

Finiplil = (1/A5i2,ni,p,l,j,x,y)Tgni,p,z(eGni,p,z,6jf5egni,p,l,6j—5
+€6n,,, z,6jf4eerni7p,l 6j—4) Tini

Finiyij2 = (UAB 152 i, 1(€6n,,165-3€6n, 1 6-3) Timip

Fi,”i,p,lJ‘,?’ - (1/Abz Nip,l7, X, Y)Tg:ni,p,l(efmi,p,lu6j—26%1ni7p,l,6j—2
+€6m11,65—1€6m,.,1,6j—1) Limi

Fi,ni,p»l,j,4 - (1/Abz M pylyd, Z)Tz:niyp,l(eGni,pJ16jegni7p7[,6j)Tiani,pvl

Similarly, the constraints for the k** sub-robot in Leg i,

T
fikign = 0 Fikijndthip; —1<0 (V.46)
h=1,...,4,7=1,...,nipi,
l= 1,...,mi7k,
1=1,...,m
where,
_ 2 T T
Fi,k,l,j,l = (1/Aﬁi,k,l,j,X,Y)Tz‘,k,l(66m,p,z,6j—5e6m,,p,z,6jf5

T
+€6n; 5.1,6j—4€6n, , 1,6j—4) Likid

T T

Fikij2 = (1/A/3i2k,z,j,z)Tz’,k,z(66ni,p,z,6j—366n1-,,,,l,6j—3)Ti,k,l
T T

Fikijs = (1/Abzkl,]XY)Ti,k,l(eﬁm,p,l76j—266n¢,p,l,6j—2

T
+€6n; 5.1,6i—1€6n, ,.1,6j—1) Liskid

T T
Fikija = (1/Abzkl,], )Tz’,k,l(eﬁm,p,zﬁjee‘ni,p,l,ﬁj)Ti,k,l
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Sensitivity Analysis of the
IRSBot-2 Due to Joint Clearances

In this chapter, we focus on the sensitivity analysis due to joint clearances of the IRSBot-2
robot. As is presented in Chapter II, the IRSBot-2 robot is a novel 2-DOF translational
robot. In addition, it is also a spatial robot, where the distal module is designed to overcome
the traction, compression and torsion. Certainly, due to the joint clearances in the distal
module and parallelograms, the end-effector will also exihibit pose error.

Generally it will be easier to assemble the robot with joint clearances. Especially for the
distal module. As it can be seen from Fig. I1.1, the distal module is composed of 4 links that
are not parallel to each other. To define one plane, 3 independant points are enough. Here
for the IRSBot-2 robot, 3 links will be enough to constrain the moving-platform. Hence
with 4 links in the distal module, the robot is over constrained. In this case, one link
should be dependant on the other three links so be able to assemble the distal module. But
actually, sometimes we would fail to do this due to the geometric errors produced during
the manufacturing phase. Thus, it is better to leave some joint clearances to make sure that
the robot will be able to be assembled.

So here the problem comes, how the joint clearances affect the accuracy of the IRSBot-2
robot? Unlike the 2-DOF planar 5-bar linkage, the architecture of the 2-DOF TRSBot-2
robot is more complicated. In each leg, it contains two close loops connected in a serial way,
which is called a hybrid leg. The model for sensitivity analysis due to joint clearances created
in Chapter III can just be applicable for robots with simple serial kinematic chains in legs.
For the robots with hybrid legs, the model developed in Chapter V should be adopted.

In this chapter, Section VI.1 studies the sensitivity to joint clearances just in the distal
module of the IRSBot-2 robot. Section VI.2 studies the sensitivity to joint clearances, with
taking into considerations of the joint clearances both in the parallelogram and the distal
module of the IRSBot-2 robot. Section VI.3 compares the results of sensitivity analysis due
to joint clearances in the distial module and to joint clearances in both the distal module

and the parallelogram.

Sensitivity Analysis Due to Joint Clearances in Distal Module

Regardless of the joint clearances in the parallelograms, there will only be joint clearances

in the distal module. The distal part can also be regarded as a parallel robot with just serial
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kinematic chains in legs. The only difference is that the base of this parallel robot is the
movable elbows in the two legs. But the method for doing the sensitivity analysis due to joint
clearances developed in Chapter III can still be applied. However, we can not avoid the joint
clearances in the parallelograms even if they are small, it will be quite interesting and of
practical significance to take into consideration of the joint clearances in the parallelogram,
where the method develped in Chapter V will be applied.

The distal module is composed of 4 links (EjFj;, i = 1,2,5 = 1,2), which are not
parallel with each other, as is shown in Fig. II.2. The 4 links are connected to the moving-
platform and two elbows by the universal joints. Obviously, if the two elbows are fixed, the
moving-platform won’t be able to move. But with joint clearances in the distal module, the
moving-platform will gain extra and uncontrolable motions.

Structurally, the distal module can be regarded as a parallel robot (4 — UU) with 4
serial kinematic chains connected to movable bases. For doing the sensitivity analysis for
the TRSBot-2 robot due to joint clearances in the distal module, the pose of the elbow
should be computed first by using the modified D-H parameters as is show in Tab. I1.1 and
Tab I1.2.

As is shown in Fig. I1.7, Frame 6 is attached to Elbow 1 at Point F4, and Frame 22 is
attached to Elbow 2 at Point E5. Thus the poses of the elbows can be calculated by the
kinematic chain O — A; — B; — E;,i = 1,2:

For Elbow 1

S6 = S1S2S6 (VL1)
For Elbow 2

Sa2 = S17S18S22 (VL.2)

The distal module can be decomposed into 4 kinematic chains, E;E;; F;; P, (j = 1,2,1 =
1,2). The pose computed by each kinematic chain should be equal to each other and equal

to the pose of the moving-platform

Sp =S11 = S16 = So7 = Sa2 (VL3)
where,

S11 = S6S7S8S9S10511
Si6 = S6512513514515516
So7 = S5225235245925526527
S32 = S22528529530531S32
The universal joint can be regarded as two orthogonal revolute joints, the pose error
termed by the joint clearance in the revolute joint is represented by error screw, and the
error screw can be mapped onto the pose error of end-effector in the kinematic chain by

ajoin maps, as is shown in Eq. (I11.14). And finally, the pose error of the end-effector can
be estimated by Eq. (I11.20):
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Estimated from kinematic chain £y — Fy; — Fi1 — P

10 11 j+1
SpiE, =D <N6|Fb HNl> T (adi(Sk)) " ds; (V1.4)
§=7 1=7 k=11
Estimated from kinematic chain Fq — Fy; — Fo1 — P
15 16 j+1 .
5p16|Fb = Z <N6|Fb H Nl> H (adj(Sk))"" ds; (VL5)
j=12 =12 k=16
Estimated from kinematic chain Fy — E19 — Fi9 — P
27 27 j+1 )
OPariR, = Z <N22|Fb H Nl) H (adj(Sk)) ™ ds; (VL6)
j=23 1=23 k=27
Estimated from kinematic chain Fy — Fag — 59 — P
31 32 j+1 )
SPsoir, = <N22|Fb II Nl> [T (adj(Sk)) ™ ds; (VL7)
j=28 1=28 k=32

where, Ng|p, and Nagp, are the maps of the pose expressed in Frame 6 and Frame 22 to
the base frame respectively.
Extracting from Eq. (VI.4), Eq. (VL.5), Eq. (VI1.6) and Eq. (VL.7), the error mapping

matrix can be constructed:

Mg = M7; Ms My My ] (VIL.8)
Mgz = Mz Mz My Mys ] (VL1.9)
Mai2 = | Moy Moy My My ] (VI.10)
Mgs = Mas Mgz Mso Mg ] (VI.11)

Based on the error mapping matrix, the pose error can be estimated as

opip, = Ma110sa1 (VL.12)
oPigr, = Ma21084.21 (VI.13)
OParip, = Ma12084,12 (VI1.14)
0P3gp, = Ma22084,22 (V1.15)

where, ds4 i, (j = 1,2,1 = 1,2), is the array that contains 4 error screws for joint clearances.
Certainly, pose errors estimated from different kinematic chains of the distal module are

equal to each other

op = 5P11|Fb = 5p16\Fb = 5?27|Fb = 5P32|Fb (VL.16)

For finding the maximum pose error, the optimization based method (II1.26) and (II1.27)

with equality constraints can be adopted. But note that the equality constraints sometimes
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are hard to be satisfied, it is preferable to use the optimization based method with inequality
constraints, as (II1.1.4) and (II1.43).

So the sensitivity analysis due to joint clearances in distal module of the IRSBot-2 robot
becomes an optimization problem with 78 descision variables. It has been implemented
in matlab, by using the optimization fuction fmincon. But fmincon just returns a local
minimum, here what we expect is a global minimum, so as to evaluate better of the maximum
pose error. In this case, the parallel computation technique is applied, adequate number of
start points are defined, each start point can converge to a local minimum. With all the
local minimums compared, it is possible to find a global minimum. Obviously, the more start
points we use, the best global minimum can be obtained. But regarding to the computation
time, we can not choose as many as we can. By checking the convergences of different start
points, we found that most of the start points converge to the same local minimum. Thus,
just a sufficient number is preferable.

For doing the sensitivity analysis due to joint clearances, the robot is parameterized in
Tab. VI.4 and Tab. V1.5, and the tolerances of the joints are shown in Tab. VI.6

Table VI.1 — Parameterization of the IRSBot-2 Robot: Table 1

b:[mm] d:[mm] ap:[rad] agq:[rad] B:[rad] e:[mm)]
50 50 0 z T 0

Table VI.2 — Parameterization of the IRSBot-2 Robot: Table 2

Iy :[mm] la:[mm] ay:[mm] az:[mm] p:[mm)]
50 50 30 15 25

Table VI.3 — Tolearance of the Distal Module

Aﬂi,j’x,y : [rad] Aﬂi,j,z : [rad] Abi,j7X7y : [mm] Ab@ﬁz : [mm]
0.01 0.2 0.1 0.1

Please note that for the distal module, we have the same qualities for joints. And since
in the distal module there is no actuated joints, all the joints are passive, and for sure there
will be some idle motions for these passive joints due to the joint clearances. Thus it is given
a larger range for the AS; ; 7, the value is assigned 0.2, it should be large enough for the
idle motion.

Fig. VI.1 shows the maximum positional throughout a Cartesian Space. It can be seen
from the top view Fig. VI.1-(b), the maximum positional error of the robot is symmetric
about the z-axis, that is because of the symmetry of the robot structure and the symmetry
of the Cartesian Space selected to do the analysis. However, even if the maximum positional
error is distributed symmetrically about the z-axis, it varies in some points. Especially, it
changes quite shaply in some part.

As is shown in Fig. V1.2, the square part is the Cartesian Space where the maximum

positional error is analyzed here. Obviously, this area contains some parallel singularities
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Figure VI.1 — Maximum Positional Error of the IRSBot-2 Robot Throughout A Cartesian
Space

points, and there is one parallel singularity configuration plotted in Fig. VI.2. As can be
seen from Fig. V1.2, when the robot gets to parallel singularities or in the vicinity of parallel
singularities, the positional error becomes quite large, and reaches the maximum when it

reaches parallel singularities points.

arallel Singularity Configuration

Work Space

1 1 |
50 100 150

-100
-150 -100 -50

Figure VI.2 — Parallel Singularity Configuration of the IRSBot-2 Robot

Here, the maximum rotational error throughout the same Cartesian Space is also ana-
lyzed, as is shown in Fig. VI.3. Obviously, the rotational error throughout the Cartesian
Space is also symmetric about the z-axis. But in the vicinity of parallel singularities, the
rotational error is not the maximum. It is not necessary to expect that the rotational error
should also be large in parallel singularities, because the parallel singularity affects more

about the translational motions.
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Figure VI.3 — Maximum Rotational Error of the IRSBot-2 Robot Throughout A Cartesian
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Sensitivity Analysis of the IRSBot-2 Robot to Joint Clearances in
Distal Module and Parallelograms

In this section, the joint clearances in parallelograms are also taken into account for doing
the sensitivity analysis of the IRSBot-2 robot. Certainly, when there are joint clearances in
the parallelogram, the pose error of the end-effector can also be affected. Because the elbows
are attached to the end of parallelograms, due to the joint clearances in the parallelograms,
the poses of the eblows can be affected and will generate some pose errors. In addition, the
distal module connected directly to the end-effector is based on the elbows, if there are some
pose errors in the elbows, the errors will be transmitted onto the pose of the end-effector.
Since the IRSBot-2 robot is a spatial robot with 2 hybrid legs, when considering the joint
clearances of the parallelograms, the method developed in Chapter II won’t be sufficient to
do the analysis, it is preferable to use the method developed in Chapter V. The method
presented in Chapter V seems to be quite complicated, here with the example of the IRSBot-
2 robot, how to apply the method to do the sensitivity analysis due to joint clearances for

complicated robots will be illustrated.

Pose Error Estimation of the Eblows

According to Chapter V, the eblows F; and F5 can be regarded as sub-end-effectors in Leg
1 and Leg 2. There is just 1 sub-end-effector in each leg of the IRSBot-2 robot. So the pose
error of the robot estimated from each kinematic from Eq. (VI.12) to Eq. (VI.15) should be

added by the influences of the pose errors from the elbows.

op1r, = Ma110sa11 + Mg deq (VL17)
0p1sjr, = Ma2108a21 + Mg, 0eq (VL.18)
0Pyrir, = Maj208a12 + Mg p0es (VI1.19)
0psaip, = Mua22084,22 + Mg os0es (VI.20)
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where, M ;; is the error mapping matrix for pose error de;, for j =1,2,i=1,2.

The pose error of the sub-end-effector E; can be estimated by the sub-robot (parallelo-
gram) A; B;C;D;, there are two legs in the parallelogram. And the pose error of E; can be
estimated by the two kinematic chains O — A; — B; — E; and O — A; — D, — C; — B; — E;

For computating the pose of Ey,

Sl,ﬁ = 818286 (VIQl)

So6 = S15S354S5S6 (VI.22)

where, S; ¢ is the pose computed from Leg 1 of the parallelogram, and Sy is the pose
computed from Leg 2 of the parallelogram. And obviously, S; ¢ = Sa.

Based on the adjoin map defined by Eq. (II1.14), the pose error of the sub-end-effector

can be estimated from the two kinematic chains in the parallelogram

dei; = M,1108p11 (VI.23)
dez1 = M,2108,01 (VI.24)

where, s, 11 is constructed by the error screws in Joint 1 and Joint 2, s, 2; is constructed

by the error screws in Joint 3 and Joint 4. The error mapping matrix are constructd as the

following
My = [M1 M2} (VI.25)
Mpo1 = [Ms M4} (V1.26)
where,
M = (Ngg) (2dj(Se)) " (adj(S2) (VL.27)
M, = (Ngp) (adj(Sq)) " (VI.28)
My = (Ngp,) (adj(Ss)) " (2dj(S5)) " (adj(Sy)) (V1.29)
My = (Ngp,) (adj(Ss)) " (2dj(S5)) " (VL30)

Obviously, the error pose estimated from the two kinematic chain are equal to each other
(561 = (56171 = 66271 (Vlgl)

Similarly, the pose error of Elbow 2 can be estimated as

ders = Mp1208,12 (VI.32)
ders = M} 208,20 (VL.33)
And,

(562 = (56172 = 56272 (V134)
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Maximum Pose Error of the End-effector

The aim here is to find the maximum pose error of the end-effector with joint clearances
both in the distal module and the parallelograms for the IRSBot-2 Robot. Based on the error
estimation model of the IRSBot-2 robot developed in this chapter, an optimization based
method developed in Chapter V for finding the maximum pose error is applied here. The
optimization method with inequality constraints is adopted here, and has been employed
for doing the sensitivity analysis of the IRSBot-2 robot due to joint clearances.

First of all, we would like to clarify some parameters for the IRSBot-2 robot. There are
two hybrid legs, thus m = 2. For Leg 1, there is 1 sub-end-effector F;, and thus n; = 1,
ny = 1, the sub-robots in Leg 1 and Leg 2 contain m; = 2 and m; ; = 2 sub-legs separately.
The end-effector is connected to sub-end-effector £ — 1 by m; , = 2 legs, and connected to
sub-end-effector Ey by mg, = 2 sub-legs. There are ny ,; = 4, (I = 1, 2), joints in the sub leg
that connected from the end-effector to E. Symmetrically, there are also ng,; = 4(l = 1,2)
joints in the sub-leg connected from the end-effector to Fs. In the parallelograms (sub-
robots), there are ny1; = 2(l = 1,2) joints in sub-robot of Leg 1, and symmetrically there
are also ng1; = 2(l = 1,2) joints in sub-robot of Leg 2.

The number of decision variables for used for doing the optimization for the IRSBot-2
robot can be counted by Eq. (V.37), Eq. (V.35) and Eq. (V.20).

In terms of Eq. (V.35) and Eq. (V.20), the number of decision variables corresponding
to the sub-robots and the upper part of the robot, where the end-effector is connected to

the sub-end-effectors

Ve, = 64+6x[2-1)+(2-1)]=18 (VL35)
Very = 64+6x[2-1)+(2-1)]=18 (VL36)
vy, = 64+6x(4—1)x4="T8 (VL37)

Thus, the number of the decision variables in terms of Eq. (V.37) is

U=yt Ve, + Ve,, = 114 (VI.38)

So the decision variables can be defined in an array as the following

u = [op, 5da,11,2a e »5‘1522,27 dey , 5‘]5,11,27 5‘]2,21,27 sey 5‘1;,12,27 5‘1;,22,2]T (VL.39)

Vp=T78 Veq,1 =18 Veg 1 =18

Correspondingly, the decision variables for the distal module can be extracted as dug,
the variables for the parallelogram in Leg 1 can be extracted as du,, 1, and the variables for
the parallelogram in Leg 2 can be extracted as du, 2.

Based on the QR factorization methodology presented in Chapter III and Chapter V,
the space of decision variables can be mapped to the error screw space by a T matrix, as

the following
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For the parallelogram in Leg 1,

0sp11 = Yp110up; (VI.40)
08p21 = Yp210Up; (VI.41)

For the parallelogram in Leg 2,

08p12 = Ypi20upo (VL.42)
(58p722 = Tp7226up72 (VI43)

For the distal module,

08q11 = Yg110ug (VI1.44)
08a21 = Ta210uq (V1.45)
08a12 = Tai20uq (VL.46)
08422 = Ta2e0uq (VL.47)

According to Section V.3, the matrix T, ;; and T, j; are constructed based on the QR

factorization of the transpose of the error mapping matrix ngi and Mgﬁ respectively,
where, j = 1,2 and i = 1, 2.

With the decision variable du and the T matrix, the equality constraints can be inte-
grated into the inequality, and therefore an optimization problem for finding the maximum
error pose with only inequality constraints is developed for the IRSBot-2 robot.

The objective function for finding the maximum positional error is defined as

—p2 e = —0u'Fodu (V1.48)
where,
Fo = Z 560’1(583;7[
1=4,5,6

And similiarly, the objective function for finding the maximum rotational error is defined

as

—r2 = —6ulFyou (V1.49)

max

where,
T
Fo = Z 561,71561}71
1=1,2,3

Assuming the tolerances in the parallelograms are : ABp ji k. x,v, ABpjik,z: Dbpjik X,y

and Aby, ji iz, where j = 1,2 is the index of the kinematic chain in the parallelogram,
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i = 1,2 is the index of the leg of the IRSBot-2 robot, k = 1,2, is the index of the joint in
the kinematic chain. Similarly, the tolerances in the distal module are defined as: AfBq ji k., x v,
ABajik,z, Abgjikxy and Abg ik z, but here k = 1,2,3,4, because in the distal module
each kinematic chain contains 4 revolute joints.

The constraints should be first satisfied with the sub-robots, because the error estimation
model for the end-effector is based on the pose errors of the sub-end-effector. Here, the
constraints for sub-robot 1 and sub-robot 2 are first given, and should be checked first in
the program.

For du, ;, it should meet the constraints as the following:

fp,ji,k,l = 6u£in7ji,k715up7ji,k,l —1 < 0 (VI.50)
I=1,...,4,k=1,2
j=1,2,i=1,2

where,
_ 2 T T T .
Fpjika = (1/A6p,ji,k,X,Y)Tp,ji(eﬁnp,ji76k—566np,_,-i,6k75 + ean,ji76k—486np,_7'i,6k*4)"rpa]1
_ 2 T T g
Fpjik2 = (1/A6p7ji,k,Z>Tp,ji(eﬁnp,ji76k—366np)ji,kaS)Tp,ﬂ
F, i = (1/Ab? YT (e ee, +e es )Yy i
p.Jjik,3 p,ji,k,X,Y ) + p,ji\Cbnp ;i ,6k—2C6n, ;; 6k—2 6np,;ji,6k—1C6n, ;;,6k—1) * p,ji
Fpjika = (1/Ab i1 2)Tp ji(€6n, ;:.6i€6n, ;:.65) Tp.ji

where, ¢ stands for the number of leg of the IRSBot-2 robot, j is the number of the sub-leg
in the parallelogram, & is the number of joint in the sun-leg, n, j; is the number of joints in
the sub-leg j of the parallelogram in Leg 7, and obviously n, j; = 2.

The constraints of the distal module is a bit different. From Eq. (VI.12) to Eq. (VI.15),
the pose error of the end-effector is not only dependant on the error screws modeled for the
joint clearances in the kinematic chains of the distal module, but also dependant on the
pose errors of the sub-end-effectors connected by sub-legs to the end-effector. In addition,

the matrix Y is derived by the QR factorization of the transpose of the error mapping

matrix Miﬁ. Some adaption has to be done for using the inequality constraints properly.
(Sp — M;jiéei = Md,jifssd,ji (VI51)
—_——
0G4 jip

Both ép and de; are extracted from du, de; is part of u,;, and is constrained by the

inequality constraint (VI.50). For the constraint of dp and (5q£ ji.g» OUq,j; 1s constructed here

Ougji = [5q£j7j,p7 5'15,11,27 e >5QdT,22,2]T € R (VL52)

where, 0qq j;, = 0p — M ;;0e;.
Since Mg ;;0e; varies from leg to leg, the first 6 components of dugj; also varies, but
dug j; should be constrained as the following
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fagieg = 6w ;iFajigitajing —1<0 (VL.53)
I=1,...,4,k=1,2
ji=1,21i=1,2
where,
Fajie1 = (1/A/3§,ji,k,x,y)Tglp,ji(eﬁnd,ﬁ,ﬁk%egnd,ﬁ,6k—5 + eﬁnd,jz‘76k*4egnd)ji,6k—4)frd7ji
Fajike = (1/A/3§,ji,k,z)T§lF,ji(e6nd,ﬁ,6k7366Tnd,ﬂ,6k—3)Td,ji
Fajiks = (1/Ab621,ji,k,X,Y)TZl:ji(eﬁnd,]‘i76k—2€gnd7ﬁ,6k72 + eG”d,ji76k_legnd7ji,6k71)Td:ji
Fajika = (1/Ab§,ji,k,Z)TdT,ji(eﬁnd,ﬁﬁjegnmﬁj)Tdyji

In the IRSBot-2 robot, the number of joints in the kinematic chain Fj;;F}; in distal

module is ng j; = 4

V1.3 Comparison of the sensitivity analysis due to Joint Clearances

The section aims to compare the sensitivity analysis results of the IRSBot-2 robot by consid-
ering with and without joint clearances in the parallelogram. Intuitively, when considering
the joint clearances in the parallelograms, there will be more error sources, and the maxi-
mum pose error of the end-effector will be larger.

Note that, the number of decision variables for considering the parallelograms is 114,
and 78 without considering the parallelograms. Thus, it is a huge optimization problem.
Hence, making the objective to converge is very time consuming. If we do the comparision
throughout a Cartesian Space, it will take several days for the work station to finish com-
puting. The results in Fig. VI.1 and Fig. VI.3 presented in section VI.1 took ten days to
do the computation. To save the computation time while without losing the generality, the
sensitivity corresponding to the four corners and the center of the maximum rectangle inside
the work sapce is analyzed here.

For doing the comparision, the IRSBot-2 is parameterized as the following:

Table V1.4 — Parameterization of the IRSBot-2 Robot for Comparison: Table 1

b:[mm] d:[mm] ag:[rad] «ag:[rad] B:lrad] e:[mm]
50 50 0 T T 0

Table V1.5 — Parameterization of the IRSBot-2 Robot for Comparison: Table 2

li:mm] lo:[mm] ay:[mm] az:[mm] p:[mm)]
50 50 30 15 25

Joint clearances in the distal module for both of the sensitivity analysis are same. Joints
in the distal module are all passive joints. Thus, ABqg ik z is given a larger range by con-
sidering the possible idle motions in the joints, here it is defined as AfBg jirz = 0.4rad, it

should be enough for the idle motion.
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Table V1.6 — Tolearance of the Distal Module

Aﬁd,ji,k,X,Y : [rad] ABd,ji,k:,Z : [rad] Abd,ji,k,X,Y : [mm} Abd,ji,k,Z : [mm]
0.01 0.4 0.1 0.1

When considering the joint clearances in the parallelograms, there exist actuated joint
in each parallelogram. And for doing the sensitivity analysis, normally the actuated joints

are regarded as locked. Thus, a very small rotation range is given to the actuated joint.

Table V1.7 — Tolearance of the Actuated Joint in Leg 1

ABp,ll,l,X,Y . [rad} AﬂpJLLZ : [rad] Abp,ll,l,X,Y : [mm] Abp,ll,l,Z : [mm]
0.01 0.001 0.1 0.1

Table V1.8 — Tolearance of the Passive Joint in Parallelograms

Aﬂp112117X7y : [rad] Aﬁp,lQ,l,Z : [rad] Abp,lQ,l,X,Y : [mm] Abp112717Z : [mm}
0.01 0.001 0.1 0.1

Fig. V1.4 shows sensitivity analysis results of just considering joint clearances in the distal
modules. Fig. V1.5 shows the sensitivity analysis results of considering joint clearances in
the parallelogram and the distal module. Obviously, the positional errors and the rotational
errors in Fig. VI.5 are larger than those in Fig. VI.4. The red rectangle in the figure is the
maximum rectangle inside the workspace. The points chosen for doing the analysis are in
the four corners and in the center, they can more or less represent the distribution of the

sensitivity due to the joint clearances throughout the rectangular Cartesian Space.
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Table VI.9 — Tolearance of the Actuated Joint in Leg 2
ABpjiixy :[rad]  ABpjiiz:[rad] Abpjiixy :[mm]  Abyjiiz : [mm]
0.01 0.2 0.1 0.1
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Tolerance Synthesis and
Dimension Synthesis

The sensitivities due to joint clearances for 5-bar linkage and IRSBot-2 robot are studied
in Chapter IV and Chapter VI. Knowing the dimensions of the robot and its tolerances
in joint clearances, the maximum positional error and rotational error of the end-effector
can be estimated based on the sensitivity analysis model. But sometimes we don’t actually
know the tolerances in joint clearances or dimensions of the robot. To design a robot with
certain accuracy, the tolerances in joint clearances and the dimensions of the robot should
be properly designed to meet the accuracy requirements.

This chapter is to study the tolerance synthesis and the dimension synthesis methods
for robot designs. Accuracy is a very important performance for robots, we want to increase
the accuracy, but at the same time we also want to control the cost of the robot. Thus befor
manufacturing the robot, we need to figure out which tolerances and dimensions affect the
accuracy of the robot more, and which tolerances and dimensions affect the accuracy less.
For those affect more, more attentions should be paid when doing the manufacturing. In
this chapter, Section VII.1 presents a tolerance synthesis method for robots, and the 5-bar
linkage is studied. Section VII.2 presents a dimension synthesis method for robots, and the
IRSBot-2 robot is studied.

Tolerance Synthesis

Tolerance Synthesis Method

Tolerance Synthesis is to define the tolerances of the joint clearances for robots, so as to
reach a required accuracy. Unlike the sensitivity analysis, tolerance synthesis is an inverse
problem. As presented in Section III.1, tolerances of joint clearances are defined by: Af; ; x v,
AB; .z, Ab;j xy and Ab; j 7, as shown in Fig. IIL.1. Among the four tolerances, AB; ; x v
is dependant on Ab; ; xy if the length of the joint is known. Here Eq. (III1.2) is recalled:

Ab; ;
ABijxy = 7’;;)“/

where, h is the length of the joint.
Tolerances Ab; j xy and Ab; ;7 depend on the manufacturing quality. AJ;; 7 is the

rotation along the joint axis. Generally for actuated joints, joints are regarded as locked by
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motor. And this parameter should be assigned a very small value or zero. For passive joints,
passive joints will gain some idle motions due to the joint clearances even if the actuated
joints are locked. Regarding to the possible idle motions, Af; ;7 is generally assigned a
relatively higher value when doing the sensitivity analysis.

Therefore, there are just two independant variables: Ab; ; xy and Ab; ;7. For doing
tolerance synthesis, Ab; j x,y and Ab; ; 7 should be defined in terms of the required accuracy
of the robot. Generally for the accuracy of the robot, positional error and the rotational error
of the robot should be contrained. But in case of some other requirements, a multi-objective

problem is defined here, as shown in Fig. VII.1.
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Figure VII.1 — Tolerance Synthesis Model
In Fig. VII.1, variables are tolerances: Axy, Axg, Axs, ..., Ax;, ..., Ax,, and the objec-
tive functions are: fi, fo,..., fj,..., fm. The values of the objectives are mapped to the

same scales with a range of [f} min, fjmaz). Tolerances are assigned different levels of values,
such as v1,vs,...,vs. Entries are plotted by lines, such as Entry-1 and Entry-2 shown in
the figure. Obviously, it is quite convenient to see the corresponding values of the objectives
with some certain values in tolerances.

Based on Fig. VII.1, entries with different levels of values can be plotted in the same
figure. By filtering from the objectives, it is possiple to see which tolerances affect which
objectives more, and which affect which less. Therefore, if tolerances have to be defined to
reach some values of objectives, the designer can refer to this figure, so as to have an idea

about how to define tolerances.

Tolerance Synthesis of the 5-bar linkage

5-bar linkage has 5 joints totally, including 2 active joints and 3 passive joints. According
to Section VIL1, totally there will be 5 Ab; ; x,y and 5 Ab; ; 7 for tolerances when we come

to the problem of tolerance synthesis. The objectives are the maximum positional error and
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maximum rotational error.

For obtaining a figure to do the tolerance synthesis of the 5-bar linkage, the parameter-
izations of the 5-bar linkage shown in Tab. IV.2 is adopted. Four levels of tolerances for
Abi1 xy, Abiaxy, Abai xy, Abao xy, Abs s xy are defined: 1074, 1073, 1072 and 10~ %
Two levels of tolerances for Ab; 1.z, Abi 2z, Abs1,z, Abya 7, Abs s 7 are defined: 1073 and
1071, The position of the end-effector is (0,70). In order to see how different levels of tol-
erances affect the maximum positional error and rotational error of the robot, 1000 entries
are plotted based on Fig. VII.1, shown in Fig. VII.2.

101

Tolerances in Joint Clearances

Variables in Joint Clearances

Figure VIIL.2 — Tolerance Synthesis of the 5-bar Linkage

It can be seen from Fig. VII.2, the range of the maximum positional error is [0.0038mm, 1.41mm),
the range of the maximum rotational error is [0.0024°,1.38°]. But It is not so straightfor-
ward to see how the tolerances affect the positional and rotational error of the end-effector
from Fig. VII.2. Because there are too many entries. For better knowing of the influences
of the tolerances on pose errors, those entries are filtered.

The entries are filtered by ppe. = 1mm, shown in Fig. VIL.3. As can be seen from
Fig. VIL.3, to reach a high positional error, the tolerances of Ab; 1,z and Aby; 7 stay in the
level of 10~ mm. Both Aby1,7z and Aby 1 7 are the tolerances of the actuated joints.

At the same time, we are also quite curious to see what if we filter the entries with
small maximum positional error. Let’s choose the entries with p,e. < 0.05mm, as shown
in Fig. VIL.4.

From Fig. VII.4, we can see that to reach such high accuracy up to 0.05mm, tolerances
of all the Ab; ; xy are less than 10~2mm. No matter if it is active joint or not. But for
Ab; j 7z, it can either 107 3mm or 10~ 'mm. It seems Ab; j z does not affect the positional
accuracy much.

Furthermore, we would like to decrease the range of filtering the entries. Here the entries

with pmaez < 0.01lmm are filtered, as shown in Fig. VIL5.
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Tolerances in Joint Clearances

Abz 1,z
Abz1, XY Abg 2 x|y

Variables in Joint Clearances

Figure VII.5 — Filtered Entries with Maximum Positional Error Less Than 0.01 mm

From Fig. VIL.5, we can see that to reach such a high accuracy up to 0.01mm, both the
values of Ab; 1 xy and Aby; xy keep 10~ *mm. Values of Ab; j xy for passive joints can
either be 10™4mm or 10~3mm, but no greater than 10 3mm. As for the values of Ab; j 7,
it can still be either 10~3mm or 10~ 'mm.

Based on the results obtained from Fig. VIL.3, Fig. VII.4 and Fig. VIL5. It can be
concluded that the tolerances of Ab; ; 7 for the joints either active or passive do not affect
much of the positioning accuracy of the 5-bar linkage. But the tolerances of Ab; ; x y affect
much of the accuracy. Especially the active joints, to reach a high positional error, the
tolerances of Ab; ; xy for active joints should be high. While to reach a very low positional
error, the tolerances of Ab; ; xy for active joints should be quite low. Comparing with the
Ab; ; x,y for passive joints, the active joints affect more.

In the same way, entries can be also filtered by the values of maximum rotational errors.
Entries filtered by rp,.. = 1° are shown in Fig. VIIL.6, entries filtered by 7,4 < 0.05° are
shown in Fig. VIL.7, entries filtered by 7,4 < 0.01° are shown in Fig. VIL.8.

From Fig. VII.6, we can see that to reach a high rotational error, it seems that Leg 1
dominates the rotational error. Aby 1 xy and Aby 2 xy both stay 10~ mm. From Fig. VIL.7
and Fig. VIL8, we can see that to reach a high accuracy, all the tolerances of Ab;; xy
should be constrained within small values. Tolerances of Ab; ; 7 for active joints or passive

joints do not affect much of the rotational accuracy.

Dimension Synthesis

Dimension Synthesis Method

Dimension synthesis is to find dimensions of the robot based on required size of workspace
and accuracy. Like the tolerance synthesis, dimension synthesis is an inverse problem. For

doing dimension synthesis, a multi-objective problem can be defined.
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The multi-objective problem defined here is similar to that of Section VII.1. However,
variables are dimensions: x1,z9, %3, ..., %, ..., T,. For the objective functions, we are more
interested in the area of the largest cuboid-shaped sub-workspace f,, the maximum posi-
tional error f, and the maximum rotational error f;.

The largest cuboid-shaped sub-workspace, where the relevant criterion is higher or lower
than the desired value, can be solved numerically, using the workspace discretisation [BPC10].
For the dimension synthesis problem , we fix the tolerances in joint clearances. The maximum
positional errors and the maximum rotational errors corresponding to different dimensions
can be found based on the methods studied in Chapter III and Chapter V.

Likewise, entries can be filtered by the values of the objective functions. From this we
can study the influence of dimensions over the objective function. Designer can refer to the

plotted entries to have an idea about how to define the dimensions of the robot.

Dimension Synthesis of the IRSBot-2 Robot
As presented in Chapter II, the IRSBot-2 robot is a novel 2-DOF translational spatial

robot, which can be used for pick-and-place operations. Thus, large workspace and high
accuracy are required for the IRSBot-2 robot. Here the IRSBot-2 robot is studied based on
the dimension synthesis method developed in Section VII.2.1. This results in a design which
can have large-workspace and high-accuracy robot.

The IRSBot-2 robot shown in Fig. II.1 is parameterized in Fig. 11.4. Here we suppose
parameters in Tab. VI.4 are fixed, and the values in the table are adopted. Parameters [,
l2, a1, ag and p are changeable. Three levels of values are defined for these parameters, as
Tab. VII.1

Table VII.1 — Three Levels of Parameters of the IRSBot-2 Robot

Iy :[mm] lo:[mm] ai:[mm] ag:[mm] p:[mm)
1 50 50 10 5 15
100 100 30 15 25
3 200 200 50 30 40

The total number of combinations of all the parameters with different levels of values
is 3°. Fortunately, the robot can be assembled with any combination of these values. The
tolerances in the joints are: Ab;;xy = Ab;jz = 0.1mm, AB;;xy = 0.0lrad. As for
the value of ABi, j, Z, it depends if it is active or passive joint. If it is active joint, very
small value should be assigned. While if it is passive joint, relatively higher value should
be assigned. Because the active joint can be regarded as locked by the motor, and can only
have very small rotation or even no rotation, while the passive can have idle motions due to
the joint clearances. The maximum positional errors and the maximum rotational errors of
the TRSBot-2 robot to joint clearances in both the distal module and the parallelogram are
computed at three points: the right-down point, the center point and the left-up point of the
largest cuboid-shaped sub-workspace, as shown in Fig. VII.10. Pose errors at those three
points are compared, and the maximums are plotted. Areas of the largest cuboid-shaped

sub-workspace, maximum positional error and maximum rotational error corresponding to
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different combinations of the three levels of values are computed, and all the entries are
plotted in Fig. VIL.11.
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Figure VII.10 — Points Considered in the Largest Cuboid-shaped Sub-workspace
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Figure VII.11 — Entries for Dimension Synthesis of the IRSBot-2 Robot

In Fig. VII.11, it can be seen that there are some entries with small cuboid-shaped
sub-workspaces but with large pose errors. Obviously, these are bad designs.There are also
some entries with large cuboid-shaped sub-workspaces but with low pose errors. Certainly,

these are good designs. However, there are too many entries in Fig. VII.11, and it is not
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straightforward to find out how the dimensions affect the workspace and the pose error.
Therefore, the entries should be filtered, to simplify their analysis. First, entries are filtered
by fu >4 x 10*mm?, as shown in Fig.VII.12

4.8 x 10*mm?2  30.6mm 24.3°

200

100

Values of Dimensions, [mm]

30

fa B fy

Dimensions and Objectives

Figure VII.12 — Filtered Entries with Cucoid-shaped Sub-workspace Area Lager Than 4 x
10*mm?

From Fig. VII.12, it can be seen that to have a large workspace, the link lengths of Iy
and ls should be high. Here, Iy = I3 = 200mm. In addition, most of the entries are with
high pose errors, but there are also some entries with relatively lower maximum rotational
errors, as pointed out by the small circle in Fig. VII.12.

In the same way, entries with small workspace (f, < 3 x 103mm?) can also be filtered,
as shown in Fig. VII.13. To get a small workspace, it seems that the parameter [; should
be a small value, as shown in Fig.VII.13. I; is constantly equal to 50mm. As pointed out
in Fig.VII.13, there are some entries with small workspace, but high pose error. Obviously,
these are bad designs.

Entries can also be filtered by the values of maximum positional errors and maximum ro-
tational errors. The range of maximum positional errors of these entries is [7.3mm, 30.6mm)|
and the range of maximum rotational errors is [5.8° 24.3°]. Here we filter the entries by
fp < 10mm

From Fig.VII.14, it can be seen that to reach a relatively high accuracy, the linke length of
Iy should be small. Here, ls = 50mm. As discussed before, passive joints will have some idle
motions due to joint clearances, and generally idle motions are relatively large. For IRSBot-2
robot, link lo are connected by passive universal joints. The universal joints will have large
idle motions due to the joint clearances, and if the link length is long, the positional error
will be amplified.

In the same way, we filter the entries with small rotational errors, f,. < 8°, as shown in

Fig.VII.15. But it is not so straight forward to see from the figure which parameter is more
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Figure VII.13 — Filtered Entries with Cuboid-shaped Sub-workspace Area Less Than 3 x
2
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Figure VII.14 — Filtered Entries with Maximum Positional Error Less Than 10mm
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effective for the maximum rotational error. There are some entries with small workspace
but large positional error. On the contrary, there also some entries with large workspace
but small positional erros. Certainly, we prefer the entries with large workspace but small

positional errors, as pointed out in Fig.VII.15.
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Figure VII.15 — Filtered Entries with Maximum Rotational Less Than 8°

We would like to see the entries with large workspace, small positional errors and small
rotational errors pointed out in Fig. VII.15. Furthermore, entries can be filtered by f, >
3 x 10*mm?, f, < 15mm, f. < 8°, as shown in Fig. VIL16.
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Figure VII.16 — Entries with Large Workspace, Small Positional Errors and Rotational Errors
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Overally, the two entries shown in Fig. VII.16 are better designs, which will have large
workspace, small maximum positional error and small rotational erros. The design parame-
ters can be extracted from Fig. VII.16, as shown in Tab. VII.2.

Table VII.2 — Two Sets of Good Design Parameters of the IRSBot-2 Robot

Iy : [mm] la:[mm] ay:[mm] ag:[mm] p:[mm)]
1 200 100 50 15 15
200 100 50 5 15
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Conclusions and Future Work

Conclusions

In this thesis, a novel 2-DOF translational spatial robot (the IRSBot-2 robot) was intro-

duced and studied. Methods for sensitivity analysis due to joint clearances and variations in

geometric parameters were presented. The 5-bar linkage was studied based on the sensitivity

analysis methods. Sensitivity analysis model due to joint clearances for robots with compli-

cated hybrid legs was developped. Sensitiviy of the IRSBot-2 robot to joint clearances was

analyzed based on the method developped for robots with hybrid legs. A tolerance synthe-

sis method and a dimension synthesis method were also introduced. Based on the research

work, we conclude the following:

1.

Both translational and rotational motions in the local frames of the joints termed by
joint clearances affect the maximum positional errors and the maximum rotational

errors of the end-effectors of the closed-loop robot.

The translational motions in the local frames of the joint termed by joint clearances

do not affect the maximum rotational errors of the end-effectors of serial robots.

The closed-loop robot is not more accurate than the open-loop robot because of the

idle motions of the passive joints.

The maximum pose errors are larger in singularity configurations and in the vicinity

of the those configurations due to joint clearances.

. Maximum rotational errors of serial robots due to joint clearances are constant through-

out the cartesian workspace.

. The accuracy of the closed-loop robot can be improved by using actuation redundancy,

namely, by actuating some passive joints.

. The sensitivity analysis method due to joint clearances for robots with hybrid legs is

a general method, and can be applied to any robot containing closed-loop chains.

. Maximum pose errors of the IRSBot-2 robot are larger while considering the clearances

in the parallelogram joints than without.

. Maximum rotational errors of the IRSBot-2 robot are large at the center of the largest

cuboid-shaped sub-workspace.
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10.

11.

Tolerances of the two actuated joints are the main sources of the maximum pose errors
of the 5-bar linkage.

The dimensions of the IRSBot-2 robot with large workspace and small pose error were

obtained thanks to proposed dimension synthesis approach.

VIIl.2 Future Work

This thesis focuses on the sensitivity analysis due to joint clearances and variations in

geometric parameters of robots. Sensitivity analysis models were verified by matlab, and

expected results were obtained. Finally, the tolerance synthesis and dimension synthesis

methods were developed based on sensitivity analysis approach. However, there are still

some works to be done to improve the proposed methodologies for dimension and tolerance

synthesis of parallel manipulators.

1.

Develop a new method that is able to do sensitivity analysis for robots, by combining

both the joint clearances and variations in geometric parameters.

Sensitivity analysis due to variations in geometric parameters of the IRSBot-2 robot
can not be done because of the over constrained architecture of the distal module.

Therefore, an isostatic architecture of the 2-DOF translational robot should be created.

The optimization-based sensitivity analysis due to joint clearances is very time con-

suming, better optimization algorithms need to be developed.

. Build prototypes of the 5-bar linkage and the IRSBot-2 robot, for conducting some

experiments. Then compare with the theoritical results obtained in the study of my

thesis.

The flexibilities of the links should be also considered to analyze the assembly condi-

tions of the five-bar linkage and the over-constrained IRSBot-2.
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