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Abstract

A modular and reconfigurable robot (MRR) with multiple working modes for
performing manipulation in uncontrolled environments is developed in this thesis. In the
proposed MRR design, each joint module can independently work in active mode or
passive mode. Major contributions of this thesis include the development of the passive
mode with a unique friction compensation method and the use of force control in
manipulation, such as door opening. In order to implement force control, the kinematics
model and Jacobian matrix of the manipulator are derived by using the twist and wrench
method, which is superior to the common D-H method, and the complete force analysis
of the spherical wrist is presented as well. As a case study, the door opening process
using force control is investigated by simulation and experiments. Door opening is

successfully demonstrated using the developed MRR with multiple working modes.
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Nomenclature

Roman

Ad , - Adjoint transformation

b - Viscous friction coefficient

f.- Coulomb friction

f, - Static friction coefficient

/.- Stribeck friction coefficient

f - The vector of force acting on the end-effector
F — Friction

G - The gravity

G, - The equivalent gravity

J; - The i-th joint in the wrist

J, - The moment of inertia of the door

J' - The transpose of Jacobian matrix of the manipulator
J ;, - Spatial Jacobian Matrix

L, - The i-th link in the wrist
M, - The i-th motor in the wrist

M , - The minimum moment caused by friction

g - The relative velocity of the contact surfaces

r - The radius of the door between the pivot and the knob
v - Velocity
V ¢ - Spatial velocity

V'* - Body velocity

Greek
o - Longitudinal angles

p - Latitudinal angles



o - Pitch angle

@ - Universal joint axis angle

y - Yaw angle

0, - The rotated angle of the door

0, - Joint angle

@ - Rotation angle

7, - The 1* motor torque

7, - The 3" motor torque

74~ The outer universal link torque along pitch rotation
7, - The outer universal link torque along yaw rotation
7 - The vector of joint torques of the manipulator

L - Pure translation

A
o - Pure rotation

& - Twist Coordinates

x1






Chapter 1

Introduction

The purpose of this chapter is to provide background information, and to introduce some
underlying materials pertinent to the subject of the thesis. Furthermore, it presents the objective
and contributions of the thesis work. At the end of this chapter, an organization outline for the

remainder of the thesis is presented.

1.1 Manipulation in Uncontrolled Environments

Robots are growing out of industrial plants into businesses, homes, fields and space,
performing versatile tasks for service, security, rescue and space exploration, among other areas -
of application. A mobile manipulator has many advantages over a fixed base manipulator in
terms of either larger workspace or more dexterous manipulation capability. Such robots are
required to have the abilities to carry out manipulations in uncontrolled environments, similar to
humans, such as opening a door or even cooperating tasks with human beings.

To date, robots have been very successful at manipulation in controlled environments such
as factories. Outside of controlled environments, robots still have difficulty to perform
sophisticated manipulation tasks. In the mobile manipulator literature, attempts have been made
to integrate traditional robot manipulators with mobile platforms. However, traditional robot
manipulators are position controlled, with a fixed configuration and joints working in a single
active mode. These characteristics of traditional robots substantially limit the application of
mobile manipulators. Within controlled environments, the world can be adapted to the
capabilities of the robot [1]. In uncontrolled environments, the robot has to adapt to the world
consisting of only partially known or unknown objects and tasks, and real-time constraints.

Up till now, there are still many challenges to develop robots for working in uncontrolled
environments or human environments [1]. A typical example is that opening a door is still a

difficult task for mobile manipulators. To open a general door, an active mode is necessary for a



robot manipulator to approach the door knob. After the gripper gets hold of the knob, if only the
active mode and position control were used, it would be very difficult for regular robot
manipulator to finish this task. The reason is that the robot needs to know the radius distance
from the door knob to the pivot and precisely trace the space curve (circular); if the position error
is greater than a certain value, the internal force of the manipulator could break the joint or link.
In the published papers, online estimation of the radius is needed. To prevent damage of the
robot joints, a force compliance control or a Remote Center Compliance (RCC) device must be
employed. All of the above make the robot control system complicated and difficult to use in
practice. A more detailed literature review in this area will be provided in Chapter 5 of this
thesis.

When carefully examining the human beings’ behaviour and actions during the door
opening process, one can see that the human hand follows the trace of the door knob. People can
close their eyes and pull the door open. That means no vision guided position feedback is
required, and the human being joint control is not position control. The joint control could be
force control; sometimes the joint is in the passive mode. It is desirable for the manipulator to
have the passive mode to follow the unknown door knob trajectory. In the active mode, on-line
switching between position control and force control will be helpful during the door opening
process. The development of Modular and Reconfigurable Robot (MRR) with multiple working
modes is aimed to tackle such challenges in uncontrolled environments or human environments.
The newly developed modular robot is expected to operate on a mobile platform to work in a

large working area.

1.2 MRR Manipulator and Multiple Working Modes

Modular and Reconfigurable Robot aims to provide a solution in situations where the
configuration and/or task changes. MRR manipulators are composed of similar/identical modules
that can be assembled in various configurations to form a new system, enabling new
functionalities. For MRR manipulators, the modules can be divided into two general types: joint
modules and link modules. The previous one includes rotary joints, prismatic joints, multiple
DOF joints and gripper module, while the latter has links with fixed dimension and flexible
dimension. By using several modules and links, users can reconfigure MRR into PUMA,

SCARA, STANDFORD manipulators or any other structures to perform welding, assembling, or



grinding tasks, etc. A modular and reconfigurable mobile robot can change its shape from a
snake-like robot into caterpillar, 4-legged spider robot or a loop robot and thus surpass obstacles.
Through the practice in last two decades, MRR shows the promise of great versatility, flexibility,
simplicity and robustness, and keeping itself active in research and market as well.

Nowadays, the research subjects for the MRR are mainly about the following issues:

1. Compact modular mechanical design and mechatronics integration to achieve high power

density

2. Configuration-independent kinematics and dynamics analysis methodology

3. Optimal configuration computation method based on given tasks

4. Control scheme that can adapt to robot configuration

The above issues have been studied at the System and Control Lab at Ryerson University for
several years [2] [3] [4]. To meet the requirement of modularity and re-configurability, a
distributed architecture is more suitable for MRR. In reference [2], the control system
architecture of MRR rrfanipulator was developed. In reference [3], the distributed control of
MRR with torque sensing was investigated. Also in reference [4], genetic algorithm was used in
the control algorithm study to estimate the parameters. All the experiments above have been
done on a self-made MRR electro-mechanical joint.

In order to adapt various tasks, sometimes the robot joint should be in a passive mode. In the
published relevant literature, passive joints are used in the cooperation control of multiple
manipulators [5]~[7]. In reference [6], the motion planning and control of mobile manipulators
are greatly simplified with using the exchangeable active/passive joints; the positioning error of
the mobile manipulator can be absorbed passively and detected as the angular information of the
passive joints. Relatively complex tasks are executed without the use of external sensors such as
vision or a wrist force sensor.

Robot arms with passive impedance based on mechanical compliance have been
investigated by many researchers. Design of robot joints with programmable passive impedance
using antagonistic nonlinear springs and binary dampers was studied in reference [8]. Passive
impedance control using viscoelastic material and a passive trunk mechanism was developed in
reference [9]. A mechanical impedance adjuster was reported in reference [10] and [11], where a
variable spring and damper adjusted by an electromagnetic brake were used for the passive

compliant joint.



A recent hybrid joint was developed in references [5], [12] and [13], which introduces an
electromagnetic clutch between the motor and the output shaft. The hybrid joint has passive and
active working modes. When the clutches are released, the joints are free and passively
controlled by the coupling forces of the manipulator. The joint is capable of compliantly
adapting to external force and motion by switching between the active and passive modes,
depending on the requirement of a given task. The hybrid joint needs a recovering algorithm to
resume the joint position.

All of the hybrid active/passive joints or passive mechanisms mentioned above have to be
specially designed, which leads to extra weight and volume due to the additional components. In
some cases, passive joints can help reduce power consumption, increase flexibility, and improve
safety. It is desirable to be able to switch a normal robot joint to a passive operation mode
without changing the existing joint mechanism or electronics system. This thesis will focus on
the topic of developing joint with multiple working modes, which includes both normal active
mode and passive mode. In the later door opening case study, the passive mode will play an

important role.
1.3 Thesis Objectives and Contributions

1.3.1 Problem Statement
In the mobile manipulator literature, attempts have been made to integrate traditional robot

manipulators with mobile platforms. However, traditional robot mampulators are position
controlled, with a fixed configuration and joints working in a single active mode. To tackle the
challenges for robot manipulation in human environments or uncontrolled environments, the
manipulator must have multiple working modes for different working requirements. In order to
perform various tasks, a robot joint should be able to work in both active and passive working
modes.

In the active mode, the joint could be in position control or force control. When the
manipulator interacts with environments, force control should be employed. In the passive mode,
the joint becomes free with no torque. Some other working modes could be more suitable for
certain specific applications. In contrast, traditional robots still work in the active mode and keep

consuming electrical energy.



The goal of this research work is to develop an MRR joint with multiple working modes in
order to achieve the manipulation tasks in uncontrolled environments. A friction compensation
passive working mode is proposed and implemented. In the active working mode, force control
instead of position control is investigated and used in the case study of door opening task as an
example. A compact spherical wrist is designed in this thesis for final dextrous manipulation

experiment in uncontrolled environments.

1.3.2 Contribution I: Multiple Working Modes

First and foremost, it is desired to develop MRR manipulators with multiple working modes.
The working modes should include both active and passive modes. A new MRR modular joint
with passive working modes has been implemented and reported in this thesis.

With the electronics embedded in the link modules, the MRR joint modules are compact.
The active and passive working modes have been implemented under a federated control system
architecture, which enables distributed module control with multiple working modes and
centralized supervisory control. A unique feature of the deVeloped MRR robot joint is the
implementation of both active and passive working modes on the same MRR module.

The research works include: (A) a simple and effective method to execute the switch
between active and passive modes is proposed. The method is easy to apply in practice without
altering the original mechanical structure of the joint. The proposed method involves joint
friction compensation based on the motion trend of the joint. (B) The MRR joints have been
successfully assembled, tested and used to perform multiple working modes and a door opening

experiment.

1.3.3 Contribution II: Force Controlled Dexterous Manipulation
In the developed MRR, there are torque sensors installed in joints to meet the force

feedback control. The contribution of this thesis is to study the force control methodology using
the developed MRR manipulator. Unlike a traditional industrial robot, which has a fixed
configuration arm and its joints in a position control active mode, the 6 DOF manipulator with
force control active mode is modeled, designed, and analyzed in this thesis.

The modeling of the MRR manipulator is a key task to implement a force control. The MRR
manipulator consists of one waist joint, two elbow joints and one spherical wrist. The modeling

of the MRR manipulator consists of the forward kinematics analysis, inverse kinematics analysis



and Jacobian matrix. The Denavit-Hartenberg (D-H) method is widely used for modeling a
traditional industrial manipulator. If the D-H method is used to get the Jacobian matrix, it is
tedious and complicated. In addition, when the number of robot’s DOF is greater than five, it
becomes difficult to obtain a Jacobian matrix. In this thesis, the twist & wrench method is used
instead. The two significant advantages of this new method are: avoidance of sophisticated
differential calculation; the correctness of the result can be easily checked for use. This thesis
provides the kinematics model and Jacobian matrix of the 6DOF MRR manipulator for the final

force control.

1.3.4 Contribution lll: Spherical Wrist Design and Force Analysis

In order to build a complete manipulator, an anthropomorphic wrist is designed for this
project. The Double Active Universal Joint (DAUJ) anthropomorphic wrist is the one of the most
compact spherical wrists [14] which is very suitable for a mobile manipulator. The spherical
wrist can rotate in two directions: pitch and yaw. The output link is prepared for the future roll
movement.

The wrist design work in this thesis includes: (A) search of papers and patents; (B)
definition of the specifications; (C) concept design and SolidWorks COSMOSmotion simulation;
(D) position control algorithm simulation; (E) final assembly and test.

In order to use the wrist in force control or friction compensation, a complete force analysis
is presented in this thesis. The force relationship between the torques of the pitch and yaw and
the torques of the applied two motors is also provided for practical use. All above analysis have

been used for the final force control.

1.3.5 Contribution IV: Door Opening Case Study and Experiment

Door opening is a typical manipulation task in the uncontrolled environment. Up to now,
opening a door is still a difficult task for robots [1], [15], [16]. To open a door, a position control
in the active mode is necessary for approaching the door knob. After the gripper holds on the
door knob, a force control should be applied. Different from using traditional position control,
the robot does not need to know the radius of the door, or use online estimation, or use
compliance control and RCC device. The force control manipulation for opening a door is
analyzed and simulated. The simulations combine the inverse kinematics analysis of the

manipulator and the door’s position analysis. The final torque of each joint is provided. The



gravity compensation and initial position of the mobile platform are considered and discussed in
the simulation.

Using the passive mode is a unique method to open a door. In the final door opening
experiment, the manipulator can open the doors with different radii. During a space door opening
process demonstration, only one elbow MRR joint is in the active mode and controlled. Another
MRR joint and the spherical wrist are in the passive mode, and the MRR joint in the passive
mode is implemented by the friction compensation method. The developed MRR joints with
multiple working modes successfully finished the door opening task in a 3D space uncontrolled

environment.

1.4 Thesis Layout

This thesis is organized in the following manner. Detailed literature reviews are given in
every chapter for different issues. Chapter 2 focuses on the topic of modular joint and multiple
working modes. It includes two sections: design of MRR module and passive working mode. In
the first section, the mechanical and electronics design of the developed joint module is shown;
the hybrid control system architecture is presented. In the second section, passive working mode
control is proposed. The friction model and compensation method are analyzed. The friction
compensation experiment for a passive joint has been done for validation. Chapter 3 deals with
the manipulator modeling and analysis. A manipulator with spherical wrist is presented. The
wrenches and screw coordinates method is used for analyzing the kinematics and Jacobian
matrix instead of the normal D-H method. The sophisticated differential calculation of the
manipulator is avoided and all results are correctly checked. These results will be used in the
later proposed force control for door opening. Chapter 4 provides the anthropomorphic wrist
design and analysis. A DUAJ joint is described and designed is the first section. The position
analysis is given in the 2™ section. The force analysis is provided in the 3™ section, and a useful
force relationship between the two motor torques and the outer universal link torques is
presented. Chapter 5 details the door opening case and the dexterous manipulation analysis and
simulation. The first section includes door opening literature review and the door opening
requirement. The 2™ section describes the former designed passive joint and force control
method. The 3™ presents the whole door opening process simulation, which combines the

contents provided in former chapters. The 4™ section considers the effects of the initial position



and the gravity compensation. The simulations demonstrate not only the feasibility of the control
method, but also a roadmap for the experiments. Chapter 6 presents the final experimental setup,
MRR manipulator position control experiment, passive mode joint implementation through the
friction compensation method, door opening experiments for adapting different radii and door
opening demonstration in 3D space. Final conclusions and proposed future research are provided

in Chapter 7.



Chapter 2

Modular Joint and Multiple Working Modes

2.1 Design of the MRR Modules

2.1.1 Joint Modules

The MRR robot joint has been studied at Ryerson University for several years. A schematic
diagram of the developed MRR joint module is shown in Figure 2-1 [3]. The joint consists of a
brushless DC motor and driver, a harmonic drive with an integrated torque sensor and amplifier,
an encoder, a brake, and homing and limit sensors [2]. The hardware architecture is shown in

Figure 2-2 [2].

—t— Link
7 :#—v Torque Sensor
T
1' > Speed Reducer

v
Rotor

Figure 2-1: Schematic diagram of an MRR module

By using a DSP controller, the hardware architecture supports multiple control modes of the
joint module such as the torque control mode and position control mode, which is illustrated in
Figure 2-3 [2].

There are several layers in this architecture. The first layer, communication layer, is realized
by the CAN Bus and its protocol. The decision layer is a command interpreter which decodes the

commands according to the communication protocol and then determines the working mode and



task to perform, such as homing, position control, and torque control. The action layer includes

various tasks such as calibrating, homing, and determining limits.

Figure 2-2: Hardware architecture of an MRR module

2Rdanul puemwo))

1020104 WAONV,) pu sng NV

Figure 2-3: Control system architecture of an MRR module
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In the motor drive, the homing and limiting procedures are the pre-programmed sub-routines
and have pre-set priorities, and what the users need to do is to activate these functions. The drive
electronics in the execution layer outputs power signals (PWM) to drive the motor. The sensing
layer includes torque sensor, encoder, current sensor, homing and limit sensors and their
amplifiers or signal conditioning circuits. These sensors provide feedback to the module
controller, and also to the supervisor controller through the communication layer for on-line

planning.

Figure 2-4: One MRR module

Two types of joint modules have been developed recently at Ryerson University group using
the TMS320F2812 DSP controller, and they are shown in Figure 2-4 and Figure 2-5. Two
compact modules are assembled with electronics and cables embedded in the tube link. All can
be reconfigured at the interface between the joint and its link.

Another type module has been developed as well, which has two interfaces with power and
communication connectors for connecting the base support to reconfiguration. An elbow arm

assembled with three module configuration is shown in Figure 2-6.

11



Figure 2-5: Two MRR modules

Figure 2-6: MRR arm with three modules
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2.1.2 Control System Architecture of MRR

The overall MRR control system architecture is shown in Figure 2-7. The architecture is the
overall organization of the MRR control system, specifically the inter-relatedness of components
within the system. It determines the execution sequence of the individual components and
defines the flow of information among them. Traditional robot control system architectures are
centralized, usually with a single processor managing all the computations and controls all robot
components. One major merit of a centralized control system is that it is easier to achieve a
global optimal solution for some tasks than other architectures, such as coordinated control and
global trajectory planning. However, for a modular and re-configurable robot, the module control
tasks, including module’s position control, torque/force control, friction compensation, homing,
limit detection and control, should be distributed to the module in order to achieve modularity
and satisfy the self-contained requirement [3]. However, not all of the tasks of an MRR
manipulator can be distributed to the module controller, and centralized processing is essential
for tasks such as on-line trajectory planning, task space control, and coordinating control of
multiple modular joints. The working mode of each module is determined by the supervisory
controller as required to carry out particular tasks, which is transmitted through the CAN bus and

interpreted by the command interpreter at each module. The proposed federated architecture

shown in Figure 2-7 has been developed to serve all the purposes [2].

lSupen/isory Controller | |

Modular Joint Modular Joint 2 Modular Joint 3 Modular Joint 4

Figure 2-7: Control system architecture of MRR
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2.2 Passive Working Mode

In this section, a proposed method to implement passive mode control of an MRR joint with
friction compensation is presented. In friction compensation, the friction model or the motion
trend of the joint should be known. Normally, the motion trend of a robot joint is known or
predictable. For instance, when a mobile manipulator is to open a door, the direction of the
door’s movement is known, and the motion trend of the robot can be predicted. Based on the
motion trend of each passive joint, a feed forward torque is applied to compensate the friction at
the joint, which is the key to implement passive operation mode of the joint without introducing
extra mechanisms. If the friction is compensated, the output shaft of the joint can be moved
freely and work in a passive mode. The proposed method does not need a clutch to separate the
output shaft from the motor and gear. Also, as the actuation chain is never disconnected, the joint
can be switched back to an active working mode any time at any position without the need to

recover from a disconnection.

2.2.1 Friction Model and Compensation
In the friction modeling and compensation literature, there have been many friction models

reported [17]. The following two models are well known simple friction models. The curves in

Figure2-8 show the two friction models graphically.

1) Coulomb and Viscous Model

A Coulomb and viscous model can be expressed as:

F(g)=] fsen(g)+bq] (2-1)

where F is the friction force, ¢ is the relative velocity of the contact surfaces, b is the viscous

friction coefficient, and ¢, is the Coulomb friction. The sign function is defined as:

1 for ¢>0
sgn(q)=40 for ¢=0 (2-2)
-1 for 4¢<0
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Friction Models

-Exponential
——=—Coulomb + Viscous | |

B e

—_—r
—

o

-

force

velocity

Figure 2-8: Plots of two friction models

2) Static and Stribeck Model

The model in Equation (2-1) does not accurately reflect what takes place at low speeds in
real systems. It is known that when two objects are in contact, it takes an initial force to push
them apart. This force is often referred to as the break away force and the phenomenon is
described as static friction or “stiction”. What follows is a nonlinear region between the break
away force and the viscous friction. This region is referred to as the Stribeck region. The

following model describes this behaviour:

S

_|4]
F(@)=|f, +(f, = fe " |sgn(g)+bg (2-3)

where fr and fs are the Stribeck coefficient and the static friction coefficient, respectively [17].

3) Friction Compensation
Friction compensation has been extensively investigated for robot joints working in active

control modes. Model uncertainty and nonlinear characteristics of friction are crucial issues in
high precision motion control, especially at lower speeds [18] ~ [21]. The nominal friction model
parameters are often assumed known or identified [4].

For the proposed implementation of passive joint operation, the requirement for friction

compensation is fundamentally different from that for precise tracking control. In order for the
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joint to work in a passive mode, the joint friction only needs to be compensated such that the
external torque can rotate the joint. In other words, the uncompensated friction should be much
smaller compared to the magnitude of the external torque.

As shown in Figure2-9, friction can be separated into two parts: a constant part and a
variable part, and the magnitude of the constant friction part often dominate the overall
magnitude of the total friction at lower speeds. The constant part of friction, fm, is less than the
static friction f; and has the same sign as f.. The sign is determined by the trend of the relative
movement. In many situations, the trend can be predicted by kinematics analysis or measured by
a toque sensor. For example, when a manipulator is used to open a door, after the gripper holds
the door knob, the moving direction of the door is known, and the trend of motion of the robot

joints can be predicted.

Friction Models

Exponential
— — =~ Coulpmb +Viscous

constant part
of friction

force

velocity

Figure 2-9: Constant part of friction
After compensating the constant part, the friction models (1) and (3) become

AF (§)=F(4)— fy sgn( )

. . (2-4)
=(f, — fm)sen( q)+ bq
and
AF(§)=F(q) - f,, sgn(9)
.10
5 o (2-5)
=\ (f, = fu)+ (fy = f)e ' |segn(d) +bg

respectively, and are shown in Figure 2-10.
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The compensation of the constant friction part is achieved by setting the module to torque

control mode and sending a constant current command to the motor drive based on the motion

trend of the joint.

Friction Models

Exponentiai
———Coulomb + Viscous

L—

force

wvelocity

Figure 2-10: Friction after compensation of the constant part

2.2.2 Experimental Validation

The idea for implementing passive working mode with friction compensation has been
tested experimentally using the base module shown in Figure 2-6. For the larger MMR joint (the
maximum output torque is 150 Nm), the compensation currents are: -1.5 A for the positive
direction and +1.2 A for the negative direction. With and without friction compensation, the

external torques required to rotate the MRR joint in the passive mode in two different directions

are measured and given in Table 2-1.

Table 2-1: External Torque for MRR Joint in Passive Mode

Rotate Positive Negative
Direction (0~360 deg) (0 ~-360
deg)
Torque without 36.3 Nm 36.2 Nm
compensation(a)
Torque with 7.6 Nm 5.7 Nm
compensation(b)
Ratio (b/a) 21 % 16 %
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From Table 2-1, with the simple friction compensation, the required external torque to rotate
the joint has been greatly reduced, by 79% in the positive direction and 84% in the negative
direction. Such results have been adequate for many applications. Friction compensation using a
more complete friction model or the torque sensor feedback can reduce the friction further if
necessary.

In Chapter 6, the final experiments used the friction model based method proposed by Liu et
al. in reference [20] [21], which successfully reduced the friction by 85% and are convenient to

use in practice.

2.3 Working Modes Switch

The working mode switch can be used for various tasks and the posture adjustment. The
following procedure gives an example for door opening.

(1) Mode switch for position control and force control: when the mobile manipulator is
close to the door knob, each joint is in active mode, and the control system could be a visual
guided position control system. The position and orientation of the gripper can be measured.
After the gripper holds the knob, one or more MRR joint will be switched to passive mode, and
the control system becomes force control. The door is pulled open, while the vision system does
not work.

(2) Mode switch for the posture adjustment: (I) First, it is to set the wrist joint angle. For
example, set the 3rd joint and the 2nd joint in Figure 2-6 in passive mode and set the 1st joint in
active mode; change the mobile platform’s position to modify the wrist angle. Or another method
is to lock the 1st and 2nd angles, then move the platform position around the passive wrist
center. (II) Second, it is about how to set the 2nd angle: lock the settled 3rd angle, and set the
elbow and shoulder in passive mode; move the platform position until the 2nd angle is obtained.
Or another method is to lock the 1st angle, and move the platform position around the passive
elbow center. (III) Third, it is to set 1st angle: lock the settled 2nd and 3rd joints, and set the 1st
joint in passive mode; move the platform position around the passive shoulder center. In
summary, the setting order is from 3rd, 2nd to 1st joint. From the viewpoint of kinematics, this
order reduces the effects of coupling. For example, if the 1st joint is settled, it would affect the
ond and the 3rd. The above procedure also demonstrates the important role of the joint passive

mode, which greatly improves the flexibility of the MRR manipulator.
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Chapter 3

Manipulator Modeling, Analysis and Design

3.1 Mobile Manipulator

A mobile manipulator has many advantages over a fixed base manipulator either in larger
workspace or in more dexterous manipulation capability. Such robots are required to have the
abilities to carry out manipulations in uncontrolled environments, similarly as" human beings
open a door or finish the cooperative tasks. In the mobile manipulator literature, attempts have
been made to integrate traditional robot manipulators with mobile platforms. In the mobile
manipulator literature, attempts have been made to integrate traditional robot manipulators with
mobile platforms. However, traditional robot manipulators are position controlled, with a fixed
configuration and joints working in a single active mode. These characteristics of traditional
robots substantially limit the application of mobile manipulators. Within controlled
environments, the world can be adapted to the capabilities of the robot [1]. In uncontrolled
environments, the robot has to adapt to the world consisting of only partially known or unknown
objects and tasks, and real-time constraints. To date, there are still many challenges to develop
robots for working in such uncontrolled environments or human environments [1].

Up to now, as a typical example, opening a door is still a difficult task for robots. When to
open a door, position control active mode is necessary for a manipulator to approach the door
knob. After the gripper holds on the knob, the passive mode is desirable for the manipulator to
follow the unknown door knob trajectory. On-line switching between position and force control
are necessary during the door opening process. The present work is aimed to tackle such
challenges by developing MRR manipulators with multiple working modes on mobile platforms.

The manipulator consists of one MRR waist joint, two MMR elbow joints and one spherical

wrist joint. Each MRR joint includes multiple working modes. The first three joints construct the
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“arm of the manipulator, which is shown in Figure 2-6. The final manipulator with a spherical

wrist is demonstrated in Figure 3-1, which is a Solidworks model.

Figure 3-1: Developed Modular Elbow Manipulator

The mobile platform could be a wheeled cart or a trucked cart according to the application
aim. The trucked cart can move on a bump field or even stairs, which greatly enlarges the mobile
working area and its functions for uncontrolled environments. The selected trucked mobile
platform in the research group at Ryerson University is the L-LMA made by ESI Inc, Toronto,

which is shown in the Figure 3-2, its size parameters are used for later simulations.

Figure 3-2: LMA Mobile Robot (ESI, Canada)

20



Up to now, a typical commercial mobile manipulator can be found in Figure 3-3, which is a
wheeled platform plus an industrial arm (Mitsubishi PA-10), and a special designed non-modular

manipulator (Hombot 1) is shown in Figure 3-4.

Figure 3-3: Industrial arm (Mitsubishi PA-10) Figure 3-4: Special designed arm (Hombot_1)

The new designed MRR manipulator could be an optional choice for flexible assembled
manipulator in different types or functions. The multiple modes will show significant advantages
over a traditional arm. The path planning task of the mobile platform becomes simple as well. In
the following sections, the model of the manipulator will be presented and analyzed; the
spherical wrist also will be analyzed and designed in Chapter 4. The final whole manipulator

used for opening a door is analyzed and simulated in Chapter 5.
3.2 Manipulator Kinematics

3.2.1 Wrenches and Screw Coordinates
The screw theory is applied to the description of the manipulator in this thesis. There are two

advantages to use screws, twists and wrenches to describe the rigid body kinematics [22] [23].
The first is that they allow a global description of rigid body motion which does not suffer from
singularities due to the use of local coordinates. Such singularities are inevitable when one

chooses to represent rotation via Euler angles, for example. The second advantage is that screw

21



theory provides a very geometric description of rigid motion which greatly simplifies the
analysis of mechanisms. The use of the geometry of screws is extended in this thesis. In the
following kinematics analysis, the above advantages are significant. The following provide some
basic key concepts on this topic, more details can be found in reference [22] and [23].

1. The configuration of a rigid body is represented as an element ge SE(3) . An element

ge SE(3) may also be viewed as a mapping g R’ —s R® which preserves distances and

angles between points. In homogeneous coordinates, we write

R p 5
g= Re SOQ3) ; peR
0 1
The same representation can also be used for a rigid body transformation between two
coordinate frames.
2. Rigid body transformations can be represented as the exponentials of twists:

N

g=exp(£0), 3 [‘" ”} we SO@3), ve R®, e R
0 0

The twist coordinates of Eareé = (v,@)€ R°.

3. Atwist E=(v,w)€e RS is associated with a screw motion having attributes

o'

i

Pitch: h=

WXV

Axis: 1= {W+

{0+Av:1e R}, if0=0;

Aw:AleR },ifo#0

Magnitude: M= {“w“ﬂfa) #0
||, if@=0.

Conversely, given a screw we can write the associated twist. Two special cases are pure

rotation about axis [ = {q + Aw} by an amount 6 and pure translation along an axis/ = {O +Av}:

—WXV . v .
& =[ }9 (pure rotation) &= [O:\G (pure translation)

@

22



4. The velocity of a rigid motion g € SE(3) can be specified in two ways. The spatial velocity

V:=Ad gV” , 1s a twist which gives the velocity of the rigid body as measured by an

observer at the origin of the reference frame. The body velocity v o= g~ g, is the velocity

of the object in the instantaneous body frame. These velocities are related by the adjoint

transformation.

V/\b _ g-l é, Adg= R pR
0 R

which maps R°— R®. To transform velocities between coordinate frames, we use the
relations
V., =V, + 4 d, V.
Vie=4dd_V/) +V,
where the ¥, is the spatial velocity of coordinate frame B relative to frame A and y 2 is
the body velocity.

5. Wrenches

A generalized force acting on a rigid body consists of a linear component (pure force) and an

angular component (pure moment) acting at a point. We can represent this generalized force

as a vector inR® :

F= {f} e R’ linear component, 7 € R® rotational component
T

We will refer to a force/moment pair as a wrench
If B is a coordinate frame attached to a rigid body, then we write F, =(f,,7,) for a wrench

applied at origin of B, with f, and 7, specified with respect to the B coordinate frame. If C is

a second coordinate frame, then we can write F, =(f,,7,) as an equivalent wrench applied at
C:
F,= Ad! F,.

c

For a rigid body with configuration g,, F * := F_ is called the spatial wrench and

F’ := F, is called the body wrench.

6. Awrench F =(f,7) is associated with a screw having attributes
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T
Pitch: h=f :
I

fxr
Af:A€eR §, 0
Axis: 1= {||f||2+ fAACR 3. S

{0+Ar:AeR}, f=0;

|77 =0
Il 7 =0.

7. A wrench F and a twist V are reciprocal if FV=0. Two screws Sland S2 are reciprocal if the

Magnitude: M :{

twist V1 about S1 and the wrench F2 along S2 are reciprocal. The reciprocal product

between two screws is given by
S,08,=V,+F,=V,0V, =v,°0, + 0, 0,

Where the Vi represents the twist associated with the screw Si. Two screws are reciprocal if

the reciprocal product between the screws is zero.

8. A system of screws {Sl,...,Sk} describes the vector space of all linear combinations of the

screws{Sl,...,Sk}. A reciprocal screw system is the set of all screws which are reciprocal

to S; , the dimensions of a screw system and its reciprocal system sum to 6 (in SE(3) ).

3.2.2 Forward Kinematics ,
Given a base frame S and a tool frame T, the coordinates of the twists corresponding to each

joint of a robot manipulator provide a complete parameterization of the kinematics of the
manipulator. This method is very different with the normal D-H method. The D-H parameters
are available for standard industrial robots and are used by most commercial robot simulation
and programming system.

One of the most attractive features of the product of exponential formula is its usage of only
two coordinates, a base frame S and a tool frame T, This property, combined with the geometric
significance of the twists, makes the product of exponentials representation a superior alternative
to the use of D-H parameters. In later section, it will be found this method is so convenient to

derive the manipulator Jacobian for analyzing the toques (forces) of each joints.
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The developed manipulator is shown in Figure 3-1 and its model is demonstrated in Figure
3-5, which is from reference [22]. This model will be used to derive the forward kinematics and
Jacobian matrix. The mechanism consists of two intersecting axes at the shoulder, elbow, and a
spherical wrist which is modeled as three intersecting axes. The reference configuration (6= 0)

is fully extended, as shown.

&

ssssmafens

Iy

Figure 3-5: Elbow manipulator with spherical wrist

The forward kinematics is computed by calculating the individual twist motions for each

joint. The transformation between the tool and the base frames at 8= 0 is given by

0
I | L+1 I p
0)= = 0 | 3-1
gst( ) lO [O 1 :l ( )
0 1

For the joint twists, the general representation is:

£ ={_w"xq"]=[v"] (i=1...6) (-2)
.

@ i

]

The directions are:
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0 -1 -1 0 -1 0
w=|0 w=|0 w,=|0 w, =0 w,=|0 w,=|1 (3-3)
1 0 0 1 0 0
0
For the first two joints, the twists pass through the points ¢, =g, =| 0 and point in the
IO
directions @, and @, , so the 1% and the 2™ twists are,
(0 0)| [0
-10 x| O 0
1 I, 0
= = 3-4
¢ 0 0 (3-4)
0 0
i 1 | | 1]
(-1) (o) [o]
-1 0 |X| O ~I,
0 Ly 0 ‘
= = 3-5
gz _1 _1 ( )
0 0
| 0 1L 0 |
Similarly, the points are:
0 0
g;=|h 9,=95s =49 = L+
lO l()

Other twists are calculated as the following,
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(1) (0] [o]
-1 0 x| -1,
0 [ A
= = 3-6
& ¢ ) (3-6)
0 0
0 | 0 ]
0 0 (1 +1, |
- 0 x| [+, 0
1 IR 0
= = 3-7
Ss 0 0 (3-7)
0 0
1 1
-1 0 B 0 T
- 0 x|+, -1,
0 I L +1,
= = 3-8
¢ B o (3-8)
0 0
i 0 ] L 0 |
(0 0 ] -2,
-1 x|+, 0
0 Iy 0
= = 3-9
Se 0 0 (3-9)
1 1
0 | 0 |

Then we get the following relations:

0 0 0 0
v, =|0 X, ={01|; v, =| -, @, XV, =| 0
0 0 0 I
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0 0 L +1,
v, =| -1, o, xXv, =1 | ; v,={ 0 W, XV, =
A I | 0
0 0 BA
vs=| - o, X0 =\ h+L |5 V= 0 W, X Vs =
L+1, 0 | 0
When o # 0, generally we have,
o e’ (I - wxv)+oovd |_| R P
0 1 0 1
N A a2
where e” = +wsinf+ @ (1-cos0)
) 0 -w3 w2 wl
and =| @3 0 -wl| if o=|w2
-2 wl 0 3
@203 — w3V2 wl vl
and wxv=| o3vl-olw3 | if o=|w2|and V= v2
wlv2 — @2vl w3 v3
In Equation (3-11),
e”’=R

Define

In later sections, also

0

(I -e”)(@xv)+ o' vl=p

=cosf, and s, =sinb,

c; = cos(6; +6;) and s; =sin(6, +6,)

0 -1 0

For @ =| 0|, wehave @, ={1 0 0j.

1

0 0 O

(3-11)

(3-12)

(3-13)

(3-14)

(3-15)
(3-16)

(3-18)
(3-19)
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and

0

0

From Equation (3-10) v, =| 0| and @y Xv, ={ 0

0

0

0

p=U —e”% Ny xv,) + a)la)lTvlel= 0

Finally,
I q —s 0
eé‘ 6 _ R p N S T 0
0 1 0 0 1
| 000
-1 ) [0 0 0
Similarly, form, =| 0 |, wehave »,=|{0 0 1
0 0 -1 0
1 0 0
and % =10 ¢, s, |=R,
0 -5, ¢

- O O O

0

0

p,=(- e™% W@, Xv,)+ a)zszvzez = —bs,

1 0 O 0
eé; 0 _ 0 ¢ s —byS,
0 -5, ¢ Iy—1c,
0 00 1

Iy =1y,

(3-20)

(3-21)

(3-22)

(3-23)

(3-24)

(3-25)
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-1 0 0 O

A

For w,=| 0 ,wehave @,=|0 0 1},

0 0 -1 0
1 0 O

and e®% =10 ¢ s5|=HR
0 -5, &

0

pi=(I—e” %Y, X0;) + o,0,70,0,=| —l,s, +1, — L
Iy—1le, + lis,

1 0 O 0
eé 6 _ 0 ¢ 8 —lys; + 1 —le,
0 —s; ¢ Iy—lcy+1isy
0 00 1
0 10 -1 0
For @, =| 0|, wehave @,=|1 0 O}.
1 0 0 O
c, —s, 0
and e™%=\s, ¢ 0| =R,
0 0 1
L+1, 0
From Equation (3-10) v,=| 0 |and @,Xv, = L+1,
0 0
) (I, +1L)s, |
p=U- e™ ™)@, xv,) + w4w4Tv494 =\, +5)1-c,)
O —
¢, =8 0 (h+1)s, |
6&94= R, py|_||5% ©Ca 0 (h+5)1-c,)
0 1 0 0 1 0
0 00 1

(3-26)

(3-27)

(3-28)

(3-29)

(3-30)

(3-31)
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-1 1000
For o,=| 0 |,wehave o, =|0 0 1

0 0 -1 0
1 0 O
and e”% =10 ¢ s5|=R (3-32)
0 -s; <
) 0
ps=( —e®% )@, x05) + @,0," v,05=| =I5 + (L, +1,) =}, +1,)c; (3-33)
Ly —lyes + (1, +1,)s;
1 0 O 0
eésgs 10 e ss —lyss + (L +1,) = (L, +1)cs (3-34)
0 —-s; c Iy—lyes + (L +1,)ss
0 00 1
0 -1, o |0 01
For @, =|1| andv,=| 0 |, wehavea,xv,=|0|, @=| 0 0 0
0 0 Ly -1 0 0
c 0 s
Then %= 0 1 0|=R (3-35)
-5 0 ¢
. loS6
ps=(I —e”% ), xv,) + w0, v0,=| 0 (3-36)
Iy =1ocs
c 0 s LySe
2 0 1 0 0
o560 — 3-37)
—ss 0 co| |lh—1cs
0 00 1
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From above Equations (3-1), (3-22), (3-25), (3-28), (3-31), (3-34) and (3-37), we obtain the

full forward kinematics.

o R
gS,(G)=e5‘0‘...e§696gst(0)={0 11’ ] (3-38)

where

g,(0)=e"..c%% g, (0)
_ R, R, pz Rs ps||Rs Ps||! Po
0 o 140 1}0 1
_ R p|& pz—‘ Ry ps Ry Rypo+ Pe
1410 1 1.0 1

w

0 1 L0
| 0
_ R p || R pz—‘ Rs ps || Re L+
o 1{0 1}]]10 1 I
| 0 1
_ R p R, p Ry ps||Rs Po
0 1]0 0 1 1

0
R R

ol
(ol

£

Ry Rsp,+ ps}

Il
— r______1”
o ® o X
- -
[ I e
— }_—:——"l
o =F o =

1}
s 2
g

][ }[ RSBy R4p01+p4}
{1 7T A0

=-R1 n|| R pz-‘ R.R,RR; R;p,+ P;
0 1 0 1

Il
o~
-3
I
—
o &
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=R1 b
0 1

:[Rl D

:I[Rz pz:l RRRR, | +1c,

0 1 ly—1s,
0 1
i 0
} RRRRR; R,|l+Lc, |+p,
ly—1s,
L O 1
i 0
} R, R, R, R R e, + ey
ly—1Lisy, — 1,55,
0

RRRRRR, R| lLc,+Lec,, |+p

ly=1s,—1,s,

0 1

=s,(he, +1,cy3)

RR,R.R,RR, ¢ (le, +1,c,3)

ly=1ls, —1,5,,

where R(O)=RR,RRRR;=\r, 1, Iyl

Iy I I3

-s,(lc, +1,¢,5)

and p@)= G (llcz + 12023)

ly—1Ls, =15,

(3-39)
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11 =Ce(€1C4 = $154C23) + 5 (5,C5Sy3 +55(6184 +51C4Cns )
1, =—C5(€)Sy +51C4Cp3) + 51555

hy=5¢(€,C4 — $154C23) ~ Co (5,C553 +55(1Sy + $1€423))

Tyr = Co (8,64 +C1S4C3) — S (€1C5893 + 55 (=518, T G1CyCo3 )]
Fyp=Cs(=5,5, + €1C4Ca3) — 15553

1y =84(5,64 +184Cp3) S (€1C58y3 + 55 (=55, F€,CCpy )]

3 = —84C6523 ~ S¢ (N C4S5553)
V3 =—85Cy3 —C4CsSp3

V33 =—848653 T Cs (c5¢p3 = C4S5S53)

3.3 Jacobian Matrix

3.3.1 Velocity and Jacobian Matrix

Traditionally, one describes the Jacobian for a manipulator by differencing the forward

kinematics map. This works when the forward kinematics is represented as a

mapping g : R" — R”, in which case the Jacobian is the linear mapég—:R” — R? . However, if

20

the forward kinematics is more completely represented as g :R" — SE (3), the Jacobian is not

easily obtained. The problem is that %is not a natural quantity since g is a matrix-valued

function. Of course, one could always choose coordinates for SE(3) , but this description only
holds locally. More importantly, choosing a local parameterization for SE(3) destroys the natural
geometric structure of rigid body motion.

Using the Jacobian forward kinematics map in terms of twists can correct this problem. We

shall see that the product of exponentials formula leads to a very natural and explicit description
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of the manipulator Jacobian, which highlights the geometry of the mechanism and has none of

the drawbacks of a local representation.

End-effector velocity

Letg, : O — SE(3)be the forward kinematics map for a manipulator. If the joints move
along a path8(¥) € Q, then the end-effector traverses a path g (6(¢)) € SE(3) . The instantaneous

spatial velocity of the end-effector is given by the twist

A

gﬂ(9)g '(6) (3-40)
Applying the chain rule,
X(ag“ ) )= 3, (B %, oos )6 (3-41)

The end-effector velocity is linearly related to the velocity of the individual joints. In twist

coordinates, Equation (3-41) can be written as

A

‘Jﬁt(é’)é,
where
ag —1\Vv ag —-1\Vv
0 g 28 3-42
J,(0)= [(aa ) (an“ ] (3-42)

The matrix J?,(6) € R*"is the spatial manipulator Jacobian. At each configuration8 , it

maps the joint velocity vector into the corresponding velocity of the end-effecter.

Using the former forward kinematics,

g.,(0)= b g% g.(0)

(agst) -1 —_ 5191 ...66';9"4 %(eéﬂ)eé:lem ..

1

e g.,(0) g/

=65191 eé’—loi—] (é) efigi . efngn g, (O) g;tl
—e§191 ef:lei—] (é) e_é\i—lei—l e“.%gl
and convert to twist coordinates,
ag st —-1y\vVv
(=g, ) = 44d , ¢, (3-43)

aei (35101 ...... efil\-lai-l) !
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where Ad, = {R p R} (3-44)

A v A A
and twist operators: & =[ ] =|@ Vv
@ 0 0

HRN

The spatial manipulator Jacobian becomes,
I0)=[& &...8,] (3-46)

(3-47)

A
ebi-10i-1)

By virtue of the definition &, the i-th column of the Jacobian depends only oné,,...,6, ,.And

the i-th column of the Jacobian, &, = Ad , . & corresponds to the i-th joint twist, &,
(4 4101

transformed by the rigid transformation exp(fA]HI)...exp( 5:_1 6._,). This is precisely the rigid

body transformation which takes the i-th joint frame from its reference configuration to the
current configuration of the manipulator. Thus, the i-th column of the spatial Jacobian is the i-th

joint twist, transformed to the current manipulator. This powerful structure property means that

we can calculate J,(6) “by inspection”.

3.3.2 Jacobian Matrix

Following the forward kinematics of Elbow manipulator in the former section, we know the

following relations.
0 -1 -1 0 -1 0

=0 @ =0 w,=|0 w,=|0 w,=|0 a, =|1 (3-51)
1 0 0 1 0 0
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0 0 0 1 +1, ] 0 ]
0 -1, -1, 0 —I,
0 0 I 0 L+
51 = 0 gz = -1 53 = __11 54 = 0 ‘55 = 1_12
0 0 0 0 0
1] | 0 ] | 0] 1 | 0 ]
[0 0 0
=9,=|0 =14 4, =95 =qs=| L +1,
_lo L I

Define the following elementary rotations about x-, y- and z- axes:

1 0 0
R, (#)=e**=|0 cos¢ -sing
0 sing cos¢

cosff 0 sinf
R(B=€P= 0 1 0
—sinf8 0 cosf

cosax —-sina 0
R,(@)=e’" =|sina cosax O
0 0 1

The directions of the joint twists are:

q —=s; 0||-1}| |—
w,=e* w=|s, ¢ 0]||0|=|-s
0 0 140 0

q =5 0|11 0 Of|-1] |-

o= e w=ls, ¢ 0||0 ¢, s,||0]|=|-s

0 0 1[|0 =s, ¢ |l0] |0

S

(3-52)

(3-53)

(3-54a)

(3-54b)

(3-54¢)

(3-55)

(3-56)
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A . c =8¢ —55 |1 0 01}|0
' 70, -x6, -X6
w,=e" e P W= s 66 65 0 ¢ 510
LO —S, ¢, 0 -s, ||l
¢ —S5C; S8y 0 —5;523
=18 GCyn  GSx 0]=| &8s (3-57)
|0 =Sy Cy3 1 Cy
X R N R ¢ T5Cn "31523—‘ ¢, —s4 0O -1
' 26 —xo, -X0 Z6
W= e e e TS Gl Sy |1ss ¢ OO

4
10 —sy ¢ |10 0 1[0

¢ —5Cx "Slsza_1 17 —C\Cy 515463
=|s, ¢y  OSp || 7S4|T| TG €,54C)3 (3-58)
10 =Sy e L O S4S23

o . ¢ —SCy SIS || €4 TS olf[t 0o 04}}0
" 76, X6, X6 20, X0 _
wa,=e e e ete @,=|S;, CCpx CSyu ||S4 G 01|10 ¢ s5||1

0 —5p Cys 0 0 1({0 —s5 ¢ ||0

¢ —S5Cps TSiSn || € TS 011 0 ¢ —SCp TSiSa3 || TS4Es
=8 ¢y  GSp ||Ss G 0l cs |Z| s G GSn || Gbs
|0 =Sy Cy 0 0 1}|—ss 0 —sp Cy3 —Ss

—C;8,C5 = 81C4C5Ca3 T 5155523

=| —=518,4C5 + C1C4C5C3 — C1S5523 (3-59)
L —C4Cs893 —S5Cp3
0
For the first two points, ¢, =¢, =¢, =4, =| 0 (3-60)
lO
0 0 0] [¢ —-s& =5, || 0
For the 3™ point, g,=| 0 |+ e 1=l 0|+, o a5 A
I, 0| |/ 0 -s, c, 0
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~s,c,

=| l¢c, (3-61)
ly—1s,
—Is,c, o |0 —Is,c, € —SCp =55, (|0
e 76, -x6, -x6 _
9,=95=9,=9,=| hac, |*te b et e n L= hac, |t|s; qcpn sy ||
ly—1s, 0| |l,—1s, 0 -5y Cys 0
=lisc, —1ysic5 =s,(lie, +1,cy3)
=| Lac, +heeys |=| ¢llc, +1cy) (3-62)
ly—ls, =15, ly—Lis, — 1,55,

By inspection, the spherical wrist centre obviously equals to p(6@) in Equation (3-39).

0
For the first two joints which pass through the point ¢, = ¢, =| 0
ly
o
0
¢ —[‘w‘xq‘]— ’ (3-63)
w, 0
0
_1 .
s, ]
—lyc,
£, =[“"2>.<q2}= ° (3-64)
o, —c,
—s,
L O .
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| s, (ly = I;sy) 11 sily = 818,1;
—c,(ly = I;sy) —cly— a8,
L, _ le,
-G - -G
-5 =5
L 0 4 L 0 i
[ —c (L = 1;5,) 5,5 + Leyey + le, |
—s5,(ly = I;5,)5,5 + I;s,¢,¢ 2318,
0
— 81523
€873
Ca3 J

=¢850, + (€558, + c,c,¢0)h + ¢, T
—5,8,3ly + (5,€,Cp3 + 515,553 ), + 5,0,
0
—81523

€173

L C3 |

(8,04 + €;5,C,3)(y — Lis,)+1,c¢,5,5,; -1

=1,5,¢,5,4

—(ccy — §154C53) (L — Lis,)+ Lisicy8,€ 95

+1,¢/¢,5,4
Lic,e, +1,c4cy;
—c,Cy + 5,5,C93

—81C4 — C1S4Cp;

L S4523

(3-65)

(3-66)
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(8,¢4 + €543l = (8,5,¢4 + €,5,8,C3 — €16,5,8,3)]

—5,C48,30,

—(cicy — 8,8,C,3) ] + (€15,¢4 — 8,5,8,Cp3 + 8,C,8,5,3)],

+c,6,8,50,

c,c,ly +c ey,

—CCy + §,5,Cp5

8184 T C1S4Ch3

S4573
—(c10,4C5Cy3 — 5,5,C5 — €,558,3)(y, = Is,) —
(cicye4¢58,5 + cicy85¢y3) ] — (¢85 + 5,5,¢55,3)1,

—(5,0,C5C,3 + ;8,05 — 5,5585,3)(, — Is,) —

(81€,€4C58,3 + 5,C,85C,3) ]} — (8,55 — ¢;5,¢55,3) 1,
s,cs(lic, +1,c,5)
TC1S4Cs — 8§1C4C5Cy3 + 51558,

T8184Cs T C1C4C5Cy3 — 1S58y,

—C4C5873 = S5C3

(3-67)
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—(€,€4C5Cp3 — 8154C5 — €,85853)ly — (€55 + 5,5,C5823)1, -1

—(€,6,€4C5853 — €15,C4C5Co3 T 515,5,Cs + €€, 85Cp3 T €;5,85C53)];

—(8,€4C5Cy3 + €1 5,C5 — 8,858l — (8,85 — €,5,C553)1,

—(8,€,€4C5S93 — §18,C4C5Cp3 F €15,54C5 + 8,C,85C)3 — $,5,55523)];
= 8,5l + 5,¢5C,531, (3-68)
—C;8,C5 — §1C4C5Cy3 T 5155553

—8,8,C5 + €,C,C5Cy3 — €1 8553

L —C4Cs873 — 853
7)) =[& &.nd,] (3-69)

0 - Xd -—-w.Xq. —-w,%Xq, —0;Xq, -, Xq.
J:t(e)z{ 2'q2 3'q3 4'qw S‘qw 6'qwi\(3_70)

, o, o, , ;5 R
The above Equations (3-63) ~ (3-70) provide the Jacobian Matrix of Elbow manipulator.

For a check, the following relationship should be satisfied.

(J5,6)" p(6) = p(0) @3-71)
All above equations have been rechecked and are correct.

As the number of the elements in a Jacobian matrix usually is huge, the expressions become

complicated. The above method shows significant advantage to avoid the differential operation

from the forward kinematics and the expressions are guaranteed for use. The detailed check

process is provided in Appendix A. (Jacobian Matrix Check) of this thesis.
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Chapter 4

Anthropomorphic Wrist Design and Torque Analysis

In our new mobile manipulator, a DUAJ Anthropomorphic Joint is designed and used. The
wrist will perform the 4™ yaw and 5t pitch motions in Figure 3-5. The 6™ roll motion will be on
the gripper. The DUAJ wrist has the advantages of gaining high weight-to-force ratio and one of
the most compact structures [14]. It is able to ensure complete free-of-rolling motion that is the
fundamental requirements for the anthropomorphic motions and it has some additional
advantageous characteristic features [14] [16]. Up to now normal robot hands reported do not
seem to satisfy the requirements for the humanlike motion. The DAUJ joint makes it possible to
generate humanlike two-degree of freedom motions with coupled non-orthogonal actuation [14]
[24] [25].

4.1 Mechanism Structure and Motion Analysis

Figure 4-1 shows the anthropomorphic motion. The 3D view, structure and assembly of the
designed DUAJ wrist are respectively shown in Figure 4-2, Figure 4-3 and Figure 4-4.

Figure 4-1: Swiveling of index finger and anthropomorphic motion*

*Notes: for position analysis and force analysis in later sections, the symbols and the figures: Figures 4-1, Figure 4-5 to

Figure 4-8 are from references [14] [24] [25].
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Figure 4-3: Structure of DAUJ Joint Assembly
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Figure 4-4: Anthropomorphic Joint with link
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Figure 4-5: Kinematic diagram*
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Figure 4-5 shows the simplified kinematic diagram of the anthropomorphic joint.J; and 6,
denote the i-th joint and the joint angles, respectively. /; is the distance between the joints. L,
represents the i-th link. In the proposed mechanism, the joints J, and J, are active joints. The
outer and inner universal joints are passive joint couples.J, ,Jsand J¢, Jq, respectively. The
joint J, is inclined at angle@, and two passive universal joints around J, prevent the relative
motions between link L, and L, from rolling along the link axis. DAUTJ has two geared DC
motors with reduction mechanisms. Also, two encoders are used for position measurement.

Zy

Small cone

Figure 4-6: Workspace of DAUJ*

The proposed workspace is shown in Figure 4-6. The center of the sphere is the centre of the
two degrees rotation, and S is the end of the second link. If 6, is fixed, only 6, is changed, a
small cone is obtained. The large cone means the workspace obtained by varying,. So the total
workspace becomes the large cone generated by rotating the outer edge of the small cone slanted
at the angle 2 ¢ . In this figure, @ and f denote longitudinal and latitudinal angles,
respectively.

References [14] [24] and [25] prove the free of rolling characteristics and give the basic
position analysis and force analysis about this DAUIJ joint. But the provided formula can not be
used directly and need to be modified for our application task: the force control of the
manipulator. In the new manipulator, we need to know the direct forward kinematics (from the

motor input angles 6,and6; to the output angles 0 (Pitch) and y (Yaw) of the outer universal

46



joint link) and their inverse kinematics. Also we must know the direct force relationship between
the motor torques 7, and 7, and the outer universal link torques 75and7, .

Reference [24] gives the forward kinematics (input: 8, 6, €, output:§ ¥) and their inverse
kinematics. Since the structure of universal joint only allows two degree of freedom (6 and y),
the three joint variables,,6, and 6;are not independent and thus, €, should be obtained as a
function of 6,and 8,. But the relationship is not provided. In the following published paper
reference [14], it said this way is too complicated to get a solution.

Reference [25] uses a temporary variable @, denotes the difference between the active
rotations 8, and 6, (8, =0,-6,). It gives the forward kinematics (input: 6, 8, 6, output: and 3)
and their inverse kinematics. But the output & and 3 are not our needed variables d and y .

Reference [14] provides the forward kinematics (input:6, 6, output: & and ) and their
inverse kinematics. Similarly, the outputs are not our expected angles 6 and ¥. On the other
hand, only reference [14] analyzes the force relationship. But it is the force relationship between
the motor torques 7, and 7, and the torques 7,and7,;. We also need to derive the direct force
relationship between the motor torques 7, and 7, and the outer universal link torques 7;andz,.

In order to satisfy the application requirements, the following position analysis and force

analysis provide a final complete solution.

4.2 DAUJ Wrist Position Analysis

DAUIJ has an internal oblique joint which controls the joint rotation. It consist of an upper

and a lower half sphere that meet each other in an inclined plane with angle ¢ as illustrated in

Figure 4-5. Figure 4-7 describes the kinematic parameters and the frame assignments for the

proposed mechanism. The coordinate frame X, is assigned to the internal oblique joint; the
reference coordinate frameXis fixed to the base of the mechanism. Because the inner universal

joint just transmits the torque of the second motor to the joint 3, we can assign the coordinate

frame X, to J, and the coordinate frame is attached to the rotation axis of the first motor.
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‘ Y,
x>0 8 -
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X‘ .gza-—/ - o , W.ZQ,
\& Y, g A

Zy & Zy .
.4%4}_) & tfw yf e Yu

internal oblique joint outer universal joint
Figure 4-7: Kinematic parameters and frame assignments®

Also the outer universal joints output variables & (pitch) and y (yaw) are assigned
coordinate frame X, and I, respectively. Then, the transformation matrix from X, and X, is able

to be derived two different paths, path 1 and path 2 shown in Figure 4-5. And the results should

satisfy the relation as follows:
gT(5, 7)=(;T(91,92,03) (4‘1)
From (4-1) it can be assured that all the three joint variables 8, ,6, and 6;are not independent

and one of them typically 6, can be expressed as a function of 6,and6,. The followings are the

results:

2 2
€,C,C3 — C2Cy 5153 — C3Cy153 ~ CiCyS352 — 51555
2 2
CaCo Sy F CCoC3Ss + CCiCySy — CypS18283 — €153
0 | 321 12 3 173 2 17273 173
1(6,,6,,0,) = ? . ?

€835 — C2CyS3Sy ~ €525y

0
2 2 _
—C3C,Cy S — C1CS3 ~ C1C3C45a +C 815,83 — C55155 ~Cp515 +C,Cy8,54 T €525 0_]
2 2
C1C2C5Cy — C3CyS1Sy — 5183~ C1CyS253 +¢,635,  CiCySe 12645 +5,5,5, 0
2 2
C4C4Sy — C3C2CySp + 52535, Cy +CySs 0

_ 0 0 o w
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°T(S, 7)=3T(6)‘;T(y)§T(y,—§) (4-3)

cs Ss8, ¢85 0
|0 ¢, -s, 0
-5 ¢58, c¢s¢, O

0 0 0 1

From above Equations (4-1), (4-2) and (4-3) a constraint equation for the joint variabled,,

0, and 6, can be obtained as follows:

|013|W1 + 3w,

) (4-4)

—s
6, = —arccos(

|S13| Ci3W3

where

w = c¢cl3\/ ¢, +(c; —c})s,

w, = —clsss; (cy8, + clc;s3)

wy =(clc; +57)(G +c;s3)
The solution for forward kinematics becomes:
0 = arctan 2(c;8,5, — C;858, + CyCy838,5, C1C,C3 — C3C,8,S, — czc;s1s3 —C1CyS)S3 — sls_,,s;) 4-5)
Y =arctan 2(—¢,C,8, + CiCyC4Sy = 515,84, CLCLCLCH — C3CySiS, — Cr883 — CIC,8,8, +¢C355)  (4-6)

And the inverse kinematics becomes:

csc, — ¢,
0, = iarccos(————sz—) “4-7)
¢
2.2 2 2.2
S5 C,S,855, —Sy\/cysa +5, -85,
6, =—-uarccos( 772 ) (4-8)
S c,s5+s,
—C, S5 —Cs8,S, Cs5C,S, +CC,S,—S8S 5sS
63:a.rctan2( [ 51¢’ 5S¢y 1=y~ ¢ 175¢) (4_9)
S S

Using a geometric approach, the above problem is easier to solve. Figure 4-8 depicts an
equivalent kinematic diagram of the DAUJ by eliminating the inner universal joint. In the
derivation Z-Y-Z Euler angle description is employed to exploit the characteristic of the

mechanism. According to Z-Y-Z Euler angle representation, the rotation of the joint can be
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A

considered to be performed in the following order: rotation about Z axis by &, rotation about

A A

negative Y axis by B, and rotation about Z' axis by -a.

& K

Figure 4-8 Generalized coordinate frame assignment for DAUJ*

The transformation matrix becomes

Ty =TT, (BT, (-)
=3T(a, B)
cicﬁ +s2 CuCpSa —SaCa  ~CaSp 0
_| Sa€pCa —CaSa sicﬂ +c2 —s,55 0 (4-10)
SpCq SpSg cg L
0 0 0 1
where the reverse rotation - o about Z " axis is due to the characteristics of the proposed
mechanism that restricts rolling, and L, is zero because Zyand X, have the same origin.
Consequently, we have
(e, B)="3T(6,,6,,6,)
The relationships between the variables 6, ,6, andor, B are derived as follows:
_0+8 . (4-11)
93 . 61
B =2 arctan(tan ¢ cos ) 4-12)
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The inverse kinematics can be solved by using (4-11) and (4-12),

6, = a tarccos(cot ¢ tan g) - (4-13a)
6, = a F arccos(cot ¢ tan —’g—) -7 (4-13b)

To derive the required pitch and yaw angles in Figure 4-6, firstly, the orthogonal coordinates
of S given by S (Xs, Ys, Zs), then we have,
X, =Lsin fcosa
Y =Lsin Bsina (4-14)
Z,=Lcosp
From above Equation (14), the pitch ¢ and yaw y become
o =arctan2(X,Z)) (4-152)
y =arctan2(Y,,Z) (4-15b)
For solving inverse kinematics, due to (14) and (15), we have,

o = arctan 2(¥s, Xs)

s o =arctan 2(Ys/ Zs, Xs | Zs)
SO
« = arctan 2(tan y, tan o) (4-16a)
From Equation (4-15a),
p = arctan 2(tan §,cos @) (4-16b)

Equations (4-11) to (4-16) provide the required forward kinematics (from variables 6, and

0, to link output & and ¥ ) and the inverse kinematics or future application.

4.3 DAUJ Wrist Force Analysis and Torque Relationship

For the force control of the mobile manipulator, References [14], [24] and [25] can not
provide a proper force analysis for the application such as door opening task. The toques of pitch

and yaw (7, and z,) should be analyzed.
Differentiating the above Equations (4-11) and (4-12), we have
o= 0‘—*2'—91 (4-17a)
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B =-Qe(6,-6,) (4-17b)
where

sinﬂtan¢
Q= 92_ 5 (4-17¢)
1+cos’ ——‘—i——3—tan2 ]

Thus, the angular velocity relationship becomes,

v =J,-0 (4-18)

B o,
11
J=| 2 2 (4-19)
Q

Force analysis is derived as below. The torque relationship can be expressed by the above
Jacobian between o, andé . From the virtual work principle, we have

T, =J] Top (4-202)

MM
or =J, (4-20D)
1'3 T 8

where 7,, =[7,,7, I" andz,, =[r,,7,]" . Also the inverse torque equation yields,

T, =) 7 (4-21)
The above Equations (4-20) and (4-21) have theoretical meaning. In practice, they should be
extended to the toques of Pitch and Yaw (7;5andz,) acting on the output link of the outer

universal joint.

According to the definition of Jacobian, define the following:
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=J,| (4-22)
/4 B

or w, =J,0, (4-23)

where o, = [5‘,;./]7 and @, =[c.z‘, ﬁ]’ while Jacobian is

9 9
oa 0
J,=| %% 9P (4-24)
or o
o Opf
From Equations (4-15a) and (4-15b), we know,
06 _ —tanfBsina
0a 1+tan® Bcos’« (4-25a)
95 _ sec’ Beosa
0f 1+tan’ Bcos’a (4-25b)
Oy _  tanfcosa
o 1+ tan2 ﬁ Sin2 (94 (4_250)
Oy _ sec’ Bsina
6,8 1+ ta1'12 ﬁ Sin2 o (4-25d)
Thus, Jacobian J, becomes,
—tan fBsina sec’ fcosa
1+tan’ e’ 1+tan? 2
J, = an® fcos” o an” fcos” a (4-26)

tan B cosa sec’ Bsina
1+tan’® Bsin’a’ 1+tan’ Bsin’ a

From Equation (4-23), the torque relationship betweenr,, 7, and the outer universal link

fa || 4-2
|7 |, (4-27)

From Equations (4-20b) and (4-27), we have,

torques 7;andz, becomes,
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7 _ 7T gT Ts -
HEEH

Also the inverse torque equation yields,

K3 T
"} =TI [ '} (4-29)
LTV 7,
Thus, the final result is,
(7 T
‘ﬂ =(J,))'Un? { ' } (4-30)
L% 7,

Equations (4-28) and (4-30) provide the force relationship between the motor torques 7, and
7, and the outer universal link torques 75and7,. They can be directly used in practice.

The typical example is that a force control of manipulator is used for door opening in next
Chapter S.

Figure 4-9 shows the assembled wrist for the final experiment. The compact size is ideal for

the dexterous mobile manipulation and wrist motors & electronics in its link.

Figure 4-9: Assembled DAUJ Wrist
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Chapter 5

Robot Manipulation and Door Opening Case Study

The new designed mobile manipulator aims at the manipulation in an uncontrolled
environment or human being living environment. The above chapters proposed a manipulator
with multiple working modes to tackle with this problem. Different from the industrial
manipulator working in a controlled environment where a task can only be finished in active
mode, the door opening task needs more dexterous manipulation like a human being does. These
challenges need us rethinking them in a different way [1]. In this chapter, door opening task as a
typical example is studied. Using our designed manipulator with multiple modes, a new

manipulation method is provided and researched through simulations.

5.1 Door Opening Task Study

5.1.1 Literature Review and Research Status
In the past decade, this topic about mobile robot for opening a door has been attracting some
researchers in different countries. These research groups include:
1. University of Tsukuba, 1994
The University of Electro-Communications, 1995
Massachusetts Institute of Technology, 1997
Technische Universitdt Miinchen, 1997
Royal Institute of Technology, 2000
Katholieke Universiteit Leuven, 2003

NS kWD

Korea Institute of Science and Technology (two groups), 2004
Mobile robot for opening a door is one of the typical service robots in human being living
environment. Many service robots are now spreading their applications areas to our daily life

[26]. However, the development of robots under the coexistence with people will depend largely
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on the full integration of mobility and manipulation [27]. In the published papers on the door-
opening issue by a mobile manipulator, the conventional approaches to do this task are mainly
dependent upon the combination of position and compliance control. At a start, the robot gripper
holds a door knob or handle, and then the robot arm tracks the pre-defined trajectory for door
opening.

Nagatani and Yuta proposed general approach of the door-opening strategy [28]. It assumed
that the position and radius of the door are known in order to push and open 2 door safely.
Compliance control algorithm was applied by implementing 6 axis force/ torque sensor attached
to the wrist of the manipulator [29]. They applied the concept of action primitives in order to
open a door and move to other place. A vision camera was mounted on the wrist, images were
obtained though it. Hough transformation algorithm calculated the principle axis and shape
information of the knob [30]. The experiment is implemented on a mobile robot “YAMABICO
type-TEN” with a light weight 6 degree of freedom manipulator. The vision camera is used for
confirming the exact position of the knob [31].

Ohwi did research on the algorithm to determine the initial position of the mobile robot in
front of a door and path the planning of the manipulator trajectory for opening a door. They gave
the simulation results of a 5 DOF manipulator on a mobile robot [32].

Niemeyer and Slotine at MIT presented a simple method to follow the path of least
resistance that the trajectory of the door assumes enough smooth above the least curvature. This
approach requires high resolution of velocity on the wrist. If there exit a large amount of
backlash, it is difficult to be implemented [33]. This approach was demonstrated on the four
degree of freedom ‘Whole Arm Manipulator’.

Hanebeck, Fischer and Schmidt presented another door opening performance by a mobile
robot called ROMAN [34], which had a 6 DOF manipulator on a mobile platform and presented
overview of service robot and module representation.

Peterson, Austin and Kragic proposed high-level control of a mobile manipulator by using
compliant motion control [15]. Furthermore, the use of a hybrid dynamic system is proposed for
the complicated tasks such as opening a door. They demonstrated the intelligent control
architecture from finding the doorknob by visual tracking to estimating the parameters to

opening door [35] [36]. The radius and the centre of rotation of the door are estimated online.
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In 2004, Waarsing, Nuttin and Brussel researched the possibilities that the behavior-based
paradigm has to offer when it comes to mobile manipulator. They have implemented a demo
application for opening a door [37]. The robot is called LiAS which is constructed from a Router
commercial platform and a CRS A465 industrial manipulator.

In 2004, two groups in Korea Institute of Science and Technology built two different mobile
robots for opening a door. Rhee designed a multi-fingered robotic hand for the indoor service
robot PSR-1[38]. The robot is a mobile platform and a 6 DOF robotic manipulator equipped with
a multi-fingered hand. There is a CCD mono vision camera mounted on the wrist of the multi-
fingered hand for finding the location of a door handle.

The most recent advance was made by Kim, Kang, Hwang and Park. They developed a
special mobile robot called Hombot for opening a door [39]. Hombot has the following
advantages:

First, the manipulator is a special designed anthropomorphous manipulator, and the
manipulator joint mechanism is double active universal joint (DAUJ) for compact size of the
manipulator [40], which was désigned by other Korea researchers at Sungkyunkwan University,
Korea. .

Second, the vision system for the object recognition is driven by a pair of stereo camera
which is mounted on the locomotion system (not on the manipulator or the hand wrist). The
visual servoing is for the end-effector to grasp the doorknob and aligning the gripper with
doorknob. The visual system is also used for the mobile robot navigation at KIST [41].

Moreover, cheap force sensors are employed for the information of door opening task
instead of expensive JR3 sensor to effectively reduce the cost in robot [16]. They presented a
simple control method for opening a door from the viewpoint of the mobile manipulation. From
three components of applied forces which was directly obtained by the three-axis force sensor
and three components of applied forces which was indirectly estimated by the joint-torque
sensors, all of joint-torques that will exactly balance forces at the end-effector in the static
situation can be found. It is more practical method than using a six-axis force sensor in a wrist .
Experimental results has shown that the opening a door can be more effectively from the
suggested control method of mobile manipulation.

Finally compliant control is used in the door opening process. The mobile platform moves in

the door opening process and needs path planning. Figure 5-1 shows the whole process.
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Figure 5-1: Service robot HomBot for door opening (2004)

Compliant control of the manipulator is important for the door opening task. When the robot
moves on the planned path while pulling the door, position and orientation errors of the robot
may result in large forces in the end-effector. Therefore, we have to control the end-effector
compliantly along the vertical plane axis of the doorknob using the force sensor on the wrist. The

relaxation of the end-effector is performed by the compliant control. The compliant control is
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realized as follows. The force sensor located at the gripper of the manipulator detects force of the
end-effector; the reference position of the end-effector is shifted to detected force direction.

In summary, first, the above publications used position control combined with force
compliant control. The door parameters such as the radius are known [28] or should be estimated
[15]. Compliant control can relax the gripper to shift to the direction of detected force; second,
the manipulators are either industrial commercial manipulator or special designed manipulator.
The vision cameras are used to detect the position for gripper holding the knob [15] [16] [38] or
for robot navigation [41]; third, the mobile platform needs a path planning [16]. Even using a
behavior-based control, the basic idea is still based on normal manipulator plus mobile platform.
When the environment is changed, such as different radius of the door, the position control will

be difficult to get precise points and the compliant force control is limited to a small shift

distance.

5.1.2 Door Opening Requirement and Process Analysis

The basic requirement for door opening is to provide a minimum moment to balance the
friction on the pivot of the door.
J,0,=Fr-M, (5.1)
where J, — The moment of inertia of the door
0, — The rotated angle of the door
r  — The radius of the door between the pivot and the knob
M ; —The minimum moment caused by friction

F — The required force acting on the knob and vertical to the surface

If the door opening process is very slow, the acceleration of the door can be considered as

small or zero. And then the required force is close to a constant value:
F=M,r (5.2)
During the door opening process, the direction of the pulling force F is always changed, and

the gripper of the manipulator is on the circle with radius (7). Consider the gripper length known

as a, the wrist centre is on the bigger circle with radius (v/7* +a* ).

If the position control of the manipulator is used in the door opening, the gripper position

must fellow the circle as the target trace, so the radius must be known for the robot. But online
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estimation of the radius is not an easy job. If the error of the tracing is not small enough, the
caused internal force of the gripper and manipulator will damage the manipulator, so a compliant
force control or a mechanical RCC must be used. The published papers used this method. This
method comes from the manipulation in a controlled environment such as workshop or a
production assembly line. In a controlled environment, the important trace parameters are known
or easy identified by measuring, and then the position controls are successfully used. But for an
uncontrolled environment, the trace parameters become difficult to get, door opening job is still a
challenge [1].

After carefully observing the door opening operation process of human beings, we find that
the whole process can be divided into two stages: First, human beings use vision system to detect
the knob and direction of the trend of the door movement. The visual guided position control of
the manipulator is used to close the knob and hold the knob.

Second, after rotated the knob and holding it, the door is pulled open, the wrist is relaxed
and even the elbow is also relaxed, the compliance is greatly increased, and the trace of the knob
circle does not need to be estimated. Human beings can close their eyes. The vision system does
not work. They can try a force to let the door move. The pulling process should be a force
control of the manipulator.

From the viewpoint of the manipulator, the gripper always suffers a pulling force during the
process. Although the direction is changed in the spatial frame which is attached to the platform
base, but in the tool frame attached on the gripper, the direction is always along the roll axis of
gripper and vertical to the door surface. In the tool frame, the forces and moments around other

axes (yaw axis and pitch axis) can be null. In wrench description, it means F, =[0,F,0,0,0,0].

This will be used in the simulations in the next section.
How to use the force control in our mobile MRR manipulator and how to run the proposed

multiple working modes are in the following section.

5.2 Passive Mode Control and Force Control

Firstly, let us simplify the problem in planar manipulator. The gravity compensation
problem is ignored. But it unveils the nature of the force control. During opening a door, the

manipulator should provide a desired pulling force to replace position control. The parameters of
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the door radii are not necessary to estimate, and then the manipulation can adapt to the
uncontrolled environment. The pulling force can be preset for different doors.

Figure 5-2 shows a planar model of the door opening process. The door opening motion is
assumed to be planar and follow an arc trajectory in the x-y plane with a centre of rotation at (x0,
y0) and a radius r. Assume that the gripper holds the door handle or knob firmly, and the handle
position (x, y) during the door opening process forms the gripper’s trajectory. The following

relation has to hold:

Pt =(e=%0)" + (r=30)’ (5:3)

. (x0, y0)
) - ’
Gripper
Fobot Arm
' Door Haodle Trajectory

Figure 5-2: A planar model of door opening

With only active working mode, the mobile platform needs to move continually in the whole
door opening process while all joints of the manipulator are under active control. The
disadvantages associated with such a door opening approach include: 1) complicated control
techniques such as compliant motion control and predictive control are required [19]; 2) a precise
path or motion planning is required for the mobile platform and all joints of the manipulator,
which involves accurate kinematics models and solving complex matrix equations [20]; and 3)
the door parameters such as the rotation center and the distance between the pivot and the knob
have to be estimated on-line.

Figure 5-3 illustrates the process of opening a door using a three joints planar manipulator.

After the gripper opens the door lock, the second joint and the third joint are switched to passive
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mode, and only the first joint is «till in active mode and under position control. In Figure 5-3, the
three links are assumed rigid. As assumed, the gripper has held the door handle or knob firmly.
At this point, Joint 1 remains in an active control mode, but Joints 2 and 3 are switched to
passive mode. After J oint 1 moves to, the two passive joints will rotate to and move to,
respectively, due to external torques. The door is rotated from the initial OA position to the OA’

position:

e S Opened angle
o(x0,y0)

/o Door ridiust_—ABXY)
knob N Y axis
| “—Gripper
%3] |link3 -
ALY~ PR s, joint#3
¢ ynk2 _—Passive
6, |/ iointé2
| T ~dink -,'.
) chgag e i SR e
Active
| Ry Joint#1—"" | Mobile

Figure 5-3: Door opening procedure with two passive joints and one active joint

During this process, only the trend of the door’s rotation is known to the robot controller.
After the door is opened to a certain angle, the mobile platform moves to next position, and the
manipulator repeats the above process until the door is fully opened. The path planning for the
mobile platform is greatly simplified as there is no need for a continuous path. The mobile
platform needs only to stop at a proper area (not a point), which is similar to what human being
does.

From this simple case study, we can sec that mobile manipulators with the proposed
multiple mode control create behaviors closer to those of human being, leading to substantial

improvement in abilities to adapt to complicated human environments.
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In nature, the passive mode control is one of the situations of force control. The torque
output of the robot joint is zero. When the manipulation is in 3D space, the following force

control of a 6 DOF manipulator will be applied.

5.3 Six DOF Manipulator Door Opening Process

5.3.1 Process Analysis and Force Control
The Figure5-4 shows the mobile manipulator used for door opening process and coordinate

relationship between spatial frame and tool frame.

Tool Frame Tb M
wrist centre

L2

Knob

Doorx Height

Spatial Frame Ts y kY

base cenire ?
\,__Mobile truck

N/ A

/ /]

\ LN Kl

/ f)(( bV4 I(
N

Lo

Z A
S N Ll ¥

— ' safty gap’ I-—

Figure 5-4: Door opening process and coordinate relation

The manipulator model is demonstrated in former chapter 3 and the description of the wrist
model is given in former chapter 4. In this section, the above models especially the torque
relationship of DAUJ wrist and the Jacobian Matrix will be used in the force control of the
proposal manipulator. When using the multi proposal manipulator in door opening process, we
have,

Stage 1: Motion Control

As the mobile robot platform moves in front of the door at a proper position, because the
mobile manipulator needs to hold the knob, all the modular joints are in the active mode and the
control method is motion control (position control), each joint’s rotation angle or position can be
measured while a camera or other method such as a laser sensor, or an indoor GPS can be used

for the feedback signal. All these methods have been studied and published in the past decade.
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Stage 2: Force control

After the mobile manipulator holds the door knob, the position of the end- effecter is fixed
and perpendicular to a door, the control strategy of each modular joint is force control the torque
should be measured.

Stage 3: Passive mode

After the door is opened at an angle such 15~20 degrees, the mobile robot platform begins to
move to the next position. (The position becomes an area but a point, the restrict path planning
does not need.) Each joint of the manipulator such as the waist, the shoulder, the elbow and the
wrist joint should be switched in a passive mode, so the mobile platform can move freely. This
greatly improves the range and makes it easy for the mobile manipulator movement and
operation. A proper posture of the mobile manipulator is easy to find for next manipulation.

From the above analysis, the new designed modular joint has multi-proposal functions,

which greatly enhance the dexterous application in practice.

In the force control, the relationship between static forces and the corresponding joint
torques is defined by the Jacobian matrix. Generally, the transformation of the forces and
torques acting on the end-effector into corresponding each manipulator’s joint torque is

described as follows:
t=J"f (54
where 7 is the vector of joint torques of the manipulator;

f is the vector of force acting on the end-effector; and

J7 is the transpose of Jacobian matrix of the manipulator

The above Equation (5.4) is in the spatial frame. When using the wrench (force) in tool

frame, the relationship is in former section 3.2.1. That is the following:

If B is a coordinate frame attached to a rigid body, then we write F, =( f,,7,) for a wrench
applied at origin of B, with f, and 7, specified with respect to the B coordinate frame. IfCisa
second coordinate frame, then we can write F, = (f,>T,) as an equivalent wrench applied at C:

— T
F,=Addg F, (5.5)
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For a rigid body with configuration g,, F * := F_ is called the spatial wrench and

a

F '’ := F, is called the body wrench.

From Equations (5.4), (5.5) and the Jacobian Matrix Equations (3.63) ~ (3.70), we can get
the torques of each joints. For DUAJ joint, the torques of the 4™ joint and 5™ joint can be
converted to the torques of the two motors in DUAJ wrist though Equations (4-28) and (4-30),

which provide the force relationship between the motor torques 7, and 7, and the outer universal
link torques 75and 7, . They can be directly used in practice.

For the simulation of the whole process, we must firstly solve the inverse kinematics of the
manipulator, and then use the above force relations. In solving the inverse kinematics the origin
of the coordinate is at the intersection of the pivot axis and the ground. The wrist centre and the
gripper (holding the knob) are on a horizontal plane and the traces are two circles.

The above calculations are attached in Appendix B. Inverse kinematics and force control

simulations. File name: elbowink2.m and elbow2.m.

5.3.2 Door Opening Simulation

1. Inverse kinematics MATLAB simulation result (Filename: elbowink2.m)
Simulation Parameters:

Mobile base cart (yellow):

Type: L-LMA (ESI Inc. Toronto)

Length: 700 (mm)

Height: 170 (mm)

Width: 510 (mm)

Manipulator: Modular Multi-proposal Manipulator (blue)
Height: (to 2nd joint axis) LO = 450 (mm)

Length of link: L1 = L2 = 380 (mm)

Length of the gripper: 200 (mm)

Door: Regular office door (red)

Height of the knob: 1010 (mm)

Width of the door: 900 (mm)
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Distance between the door pivot and the knob (Radius): 800 (mm)

The origin of coordinate is at the intersection of the door pivot and the ground. The results

are shown in Figure 5-5, Figure 5-6 and Figure 5-7.

2. Mobile Manipulator Simulation

The origin of above coordinate is on the mobile cart and at the intersection of 1* joint axis
and the ground. Using Force Control to provide a pull force which is along the gripper handle
and always vertical to the door surface. The pull force gives the minimum moment to open a
door. Normally the required pull force is from 20~30 N. And the required moment is about
16~24Nm.

The results are shown in Figure 5-8 and Figure 5-9.

3D Simulaiton for door opening

Z-axis (mm)

800

1000 1200 0 Y-axis (mm)

X-axis (mm)
Figure 5-5: Simulation for door opening process (T1=0)
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Figure 5-6: X-Z Projected Vision (T1=0)
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Figure 5-8: Joint angles in door opening process (T1=0)
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Figure 5-9: Torque output of each joint without gravity compensation (T1=0)



5.4 Initial Position Effects and Gravity Compensation

The gravity and initial positions have effects on the final force control of each joint.

Considering these effects, we have following analysis and results.

5.4.1 Gravity Compensation

&

Figure 5-10: Gravity compensation for the elbow manipulator

In Figure 5-10, the weights of links and joints are considered. For the elbow manipulator,
the origin of the spatial frame is at the intersection of the first joint axis and the ground. The

direction of the gravity is always on the opposite of the Z axis in the spatial frame. The actual

gravity of each component is as:
The weight of the MMR2 link is 0.5 kg (G1)
The weight of the MRR2 joint is 1.5kg (G2)
The weight of the wrist tube is 1.3kg (G3)
The weight of the spherical wrist is 1.2kg (G4)

The equivalent gravity on the third joint centre as,

Gel =0.5%G1+G2 (5.6)

The equivalent gravity on the spherical wrist centre as,
Ge2=G4+G3*(1+0'5*C23/C2) (5.7)

1+C23/C2

where, C23=cos(é,+6,), C2=cosb,.
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Using the equivalent gravity, we can get the torques of joint#2 and joint#3.

7, =-1¢,(G, +G,,) (5.8)

7, =-1l,c,G,, (5.9)

The result is programmed in MATLAB file elbow3e.m.

MATLAB File name: elbow3e.m; elbowink3.m

Compared with Figure 5-9, after gravity compensation, the torque of each joint becomes the

value in Figure 5-11.

Joint Torque Output

15 T T
—&— Torque1
: : —o— Torque2 [
: —&— Torque3
L e $++] —o— Torquea [
Torque5
: —#— Torqueb
B i sim s £ AR B R i S SRR 2 £ R P -

Each joint torque(Nm)

Door pivot angle Rho (degree)

Figure 5-11: Torque output of each joint with gravity compensation (T1=0)

5.4.2 Initial Position Effects
It is not easy for the mobile platform to obtain a proper initial position in front of the door

knob, the effects of different initial position is analyzed here. After comparing the required
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torque of each joint, we would like to find the most reasonable initial potion. The expectation is

its fluctuating value is less than others. The opening movement will be smooth.
The T1 is the initial angle of the first joint angle. It is set to -30 and +30 degrees

MATLAB File name: elbowink3.m (T1 is changed) eblbow3el.m
A. T1=+30: the results are shown in Figure 5-12 ~ Figure 5-16

3D Simulaiton for door opening
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Figure 5-12: Different initial condition and its effect in door opening (T1=+30)
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X-Z 2D projection
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Figure 5-13: X-Z Projected Vision (T1=+30)
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Figure 5-14: X-Y Projected Vision (T1=+30)
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Joint Angle vs Door pivot angle
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Figure 5-15: Joint angles in door opening process (T1=+30)

Joint Torque Output
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Figure 5-16: Torque output of each joint in door opening process (T1=+30)
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-30: the results are shown in Figure 5-17 ~ Figure 5-21.
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X-Y 2D projection
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Joint Angle vs Door pivot angle
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Figure 5-20: Joint angles in door opening process (T1=-30)
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Joint Torque Output
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Figure 5-21: Torque output of each joint in door opening process (T1=-30)

When the torques are compared, the output is the best when T=0. And the output of the B
(T=-30) is better than that of A (T=+30).

When the angles are compared, the result is the best when T=0. And the varied range of the
B (T=-30) is still better tan that of B (T=-30).

So the situation when T=0 is the best. That means the mobile cart should rightly stop in front
of the door knob. Or the mobile cart on the left side of the knob position is better than on the

right side of the knob. The result consists with the door opening action of human beings.
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Chapter 6

Dexterous Manipulation Experiment

The designed manipulator consists of the electronics control system and mechanical system.

The setup of the dexterous manipulation experiment is introduced as follows.
6.1 Experiment Setup

6.1.1 Experiment Setup and Software Platform
The manipulator consists of three MRR joints and a spherical wrist. The three MRR joints

have both position and torque sensors, with the 2™ and 3 MRR joint axes being parallel and
vertical to the 1% joint axis. The wrist has the pitch and the yaw rotation movements, and two

position sensors are installed in the wrist. The experiment manipulator is shown in Figure 6-1.

Lecond

}0?:\1

Figure 6-1: MRR2 module manipulator with spherical wrist
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For the manipulation experiments, a real time operation system QNX is used. The

distributed control platform is RT_LAB. The control algorithm for each DC motor is coded in C.

6.1.2 Experimental Control System
Three DSP Boards are employed to control the three MRR joints, and the communication

among the three joints is accomplished by CAN bus. In Chapter 2, Figure 2-2 and Figure 2-3

provide the architecture. Figure 6-2 shows the facilities of the control system and connection

environment.

Figure 6-2: Experimental System

6.1.3 Sensors and Power System
Each modular joint needs three cables for connection. They are CAN bus cable, sensors

cable and power cable.

The sensors cable has all of the torque sensors, the joint angle sensors and their amplifiers,
and DSP drivers installed in the links or connectors to make it compact and suitable for the
future mobile manipulator.

The power system used in this experiment is able to provide three different powers as 70V,
24V and 5V to meet multiple power requirements for different parts, such as DC motors, relay &

brakes, logic and signal amplifier boards. In the future, rechargeable batteries should be available

for the mobile manipulator.

78



6.2 Position Control Manipulation

In the designed manipulator the position ranges of each joint are as follows:
For the arm,

The 1% waist joint: 0 ~ 360 degrees;

The 2™ elbow joint: -120 ~ +120 degrees;

The 3" elbow joint: -120 ~ + 120 degrees;

For the wrist,

The pitch joint: -30 ~ +30 degrees;

The row joint: -30 ~ +30 degrees;

Figure 6-3 shows the joint angle position of three DOF motion control, and Figure 6-4 is the

demonstration.
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Figure 6-3: The joint angle position in a three DOF motion control
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(7 ®)

Figure 6-4: Three MRR motion control demonstration




6.3 Friction Compensation and Passive Joint Experiment

If the friction of MRR joint is compensated, the MRR joint will become a passive joint

making it easy to rotate.

In Chapter 2, the friction model is provided. In this experiment, the decomposition-based

friction compensation method proposed by Liu [16] is employed. By using this compensation

algorithm, it is not necessary to know the motion trend, which makes it much easier to use in

practice. In Table 6-1, with and without friction compensation, the external torques required to

rotate the MRR joint in the passive mode in two different directions are measured and about 85%

of the friction is reduced.

Table 6-1: External Torque for MRR Joint in Passive Mode with friction model

Rotate Positive Negative
Direction (0~360 deg) (0 ~-360 deg)
Torque without 15.0 Nm 19.6 Nm
compensation(a)
Torque with 1.53 Nm 3.0 Nm
compensation(b)
Ratio (b/a) 10.2 % 15.3 %

In the experiment, when an external torque acts on the MRR joint and the direction of the

external torque is alternatively switched, the torque sensor output is recorded as in Figure 6-5.

Torque sensor output (Nm)

! 1 ! T ] ! ! 1 T
T I E I SR I PR A boeee- -
------- T I s R
e %--- L A T (s i ------ ik -----§ ----------- -

] 1 i 1 i i 1 i 1
0 2 4 6 8 10 12 14 16 13 20

t (second)

Figure 6-5: Torque sensor output in passive joint experiment
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6.4 Door Opening Experiment

In this experiment, only one joint is in active mode, the elbow and wrist joints are in passive
mode. The elbow passive mode is implemented by the friction compensation method.

Figure 6-6 (1) shows a mimic door. The torque to rotate the door can be adjusted to 12Nm
~18Nm. A scale is used for measuring the pulling force. The radius of the door is also adjustable.
Figure 6-6 (2) to (6) shows the door opening process. The door opening video is also recorded.

During the door-opening process, only one joint is actively controlled, which simplifies the
control strategy and reduces the expenses for the sensors and other devices. For the reason that

there is no RCC device or compliance control needed, no torque sensor on the gripper and no

online radius estimation for the calculation.

ey ()

3) “4)
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) (6)

Figure 6-6: Door opening experiment with multiple working modes
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Chapter 7

Conclusions and Future Work

The purpose of this thesis is to develop a modular reconfigurable robot manipulator with
multiple working modes, aiming to meet the challenges of manipulation in uncontrolled
environments. The typical application of the manipulator is to open a door.

The development of an MRR manipulator is a complex task involving the integration of
mechanical design, electronics design, and control system design. MRR has been investigated at
Ryerson University for several years. In order to improve the performance of MRR, new features
to the MRR manipulator are proposed and developed in this research study. A main focus of this
research is to implement multiple working modes for the MRR to work in uncontrolled
environments.

The newly designed MRR manipulator has multiple working modes: active mode and
passive mode. In the active mode, there are two control strategies: position control and force
control. For the force control issue, the model of the whole manipulator and the torque
relationship of the DUAJ wrist are analyzed. All of these are aimed at the manipulation in an
uncontrolled environment. The door opening case is studied as an application.

The main contributions of this thesis include the following:

A passive joint mode using friction compensation is proposed. The new method does not
need a clutch or other added physical device, and the original mechanical structure of the joint
does not need to change. It is a simple and effective method to implement the switch between
active and passive modes. It is implemented through experiment validation and used in the door
opening process. MRR joint with multiple working modes plays an important role in

uncontrolled environments.
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In order to use the force control mode, the MRR manipulator is modelled and analyzed. The
task consists of the forward kinematics analysis, inverse kinematics analysis and Jacobian
matrix. The D-H method is widely used for modeling a traditional industrial manipulator. If the
D-H method is used to get the Jacobian matrix, it is tedious and complicated. In addition, when
the number of robot’s DOF is greater than five, it becomes difficult to obtain an accurate
Jacobian matrix. In this thesis, the twist & wrench method is used instead. The two significant
advantages of this new method are: the first is to avoid the sophisticated differential calculation;
the second is that the correct result can be easily checked.

To build a manipulator, an anthropomorphic wrist is employed. The DAUJ wrist has a
compact size and is suitable for dexterous mobile manipulation. The spherical wrist can rotate in
two movements: pitch and yaw. The output link is prepared for the future roll movement. In
order to use force control, the force analysis must be done for practical use. In this thesis, not
only the position analysis is given, but also the force/torque relationship between the torques of
the pitch & yaw and the torques of the applied two motors is provided. All the above results can
be used for the final force control mode. The design task includes wrist motion simulation,
position kinematics algorithm simulation, concept and subsystem design. The DUAJ wrist is
successfully assembled and tested.

Door opening is a typical manipulation task in an uncontrolled environment. Using the
above results and analyzing the door opening process of human beings, the door opening process
is analyzed and divided into two stages: (A) The gripper searches the door knob and holds it.
This stage needs position control to let the gripper close the door knob. During this position
control, the feedback could be vision signal or others. (B) The gripper holds the knob and pulls
the door open. This stage should be a force control. Most published papers used the position
control in this stage. They need to know the radius of the door or online estimation of the door
radius. Although a compliance control is employed in the process, which still made the control
system design complicated and very difficult to implement. This thesis simulated the
manipulation of a 6-DOF mobile manipulator to open a door in the force control active mode.
The simulations combine the inverse kinematics analysis of the manipulator and the door’s
position analysis. The final force control of each joint of the manipulator is provided. The gravity

compensation and initial position of the mobile platform are considered and discussed in the
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simulation. From this case study, the thesis would like to consider a new path to meet the
challenge in an uncontrolled environment.

In the final experiments, first, the MRR manipulator position control is demonstrated.
Second, the passive mode of an MRR joint is implemented by using a friction compensation
method. Third, a door opening process using multiple working modes is done, where only one
MRR joint is actively controlled, another MRR joint and the spherical wrist are in passive mode.
It successfully shows how to use multiple modes to open a door in a 3D space uncontrolled
environment.

Development of a robot is a long-time task which needs much redesign work and
improvements. The future work will include the following:

For the DUAJ wrist, it is necessary to develop the position kinematics algorithm and install
a torque sensor at the wrist for the pitch and the yaw force control. Friction compensation for the
wrist to implement the passive mode is an issue to be addressed.

For the manipulator, a gripper is needed. A six degree of freedom force sensor should be
mounted onto it and a real time force control would be implemented. For visually guided
position control, a stereo vision system is required.

A mobile platform mounted with the above manipulator is the final solution to perform

mobile dexterous manipulations in an uncontrolled environment.
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Appendix A. Jacobian Matrix Check

The following equation can be used for checking the Jacobian Matrix

(J2,0)" p(8) = p(6) (A1.0)

From Equations (3-69) and (3-70)

where,
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In the Equation (A1.3), we have
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Finally Equation (A1.0) and Equation (3-70) have been checked.

(A1.8)
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Appendix B. Inverse kinematics and force control simulations.

MATLAB File name: elbowink2.m and elbow2.m

% elbowink2.m . . .
é Manipulator Inverse Kinematics for Door Opening

% The 1lst joint revolute an?'le: Phi (i)

% The 2nd and 3rd joint angles: Thetal(i)_and Theta2(i)

% Input door angle Rho(i) and cart initial position Xc_0, Yc_0 and Phi_0
% output: Manipulator joint angles saved in elbowdat.mat for elbow2.m

% Thetale, Theta2e, Theta3e, Thetade, ThetaSe

% reviewed on Feb-6-2008

% By Xiaojia He

ci=15;

for i=1:ci % 1~10 degree
Rho_d(i)=(i-1)*1; % door pivot angle called Rho(i) <<INPUT>>
Rho(i)=Rho_d(i)*pi/180; % Rho(igis in rad unit

Rho_max=(ci-1)*pi/180;

a=800; %the distance between the pivot line 0 to Knob K |OK|

b=900; %door width |OE| door edge to pivot

c=200; %300 %the length of the door handle (knob K to point H)|KH]| NN
d=sqrt(aA2+cA2); %pivot to handle point H (the wrist)

ATEha_0=atan(c/a); %0.1853; %atan(c/a)=0.1853 (new)
%the fixed angle between Pivot Axis with handle/knob
%Assume the handle is horizontal and perpendicular to the door at knob K

============= DesSi gn Parameters ==============
Thetal _0d=63; %54; %Initial Thetal (63 degree) DESIGN PARAMETERS INNRNRREY
Theta2_0d=-45; %20; _%Initial Theta2 (-45 degree) trrennn
Phi_0d=0; %Initial Phi (the 1inks on a revolute base of robot)!!
Thetad4_0d=-10;

Thetal_0=Thetal_0d*pi/180;
Theta2_0=Theta2_0d*pi/180;
Phi_0=Phi_0d*pi/180;

L1=380; %520; %length of Link #1 DESIGN PARAMETERS

L2=380; %480; %length of 1ink #2

H=1010; %height of the door knob

h=620; %170 + 450; %¥height of the base of the mobile cart/ joint position
dH=H-h; %difference between the knob and the 1ink base

B e e e eem

%The center of the revolute axis on mobile robot
%Initial robot arm conditions C(Xxc_0,Yc_0)

LL=L1*cos(Thetal _0) + L2*cos(Thetal 0+Theta2_0); .

%0n the X0y plant, the projection of the length of Link#1, #2
Xc_0=c + LL*cos(Phi_0); %At beginning, the start point is H_0(c,a)
Yc_O=a + LL*sin(Phi_0); % H_O is the hand end point .

% Here the handle is assumed the 1ink #3 which is planned

% (horizontal and perpendicular to the door at knob K)

%For any angle Rho(i) Here, O<= Rho(i) <= 10 degree

%Calculation of the handle point H(Xh, Yh% .
Xh(i)=d*sin(Alpha_0 + Rho(i)); %The handle point H_i(Xh(i),Yh(i))
Yngj%=d*cos(A1pha_0 + Rho(i));

Znh(1)=H;

%For any angle Rho(i), the knob's position
X_knob(i)=a*sin(Rho(i));
Y_knob(i)=a*cos(Rho(i));

Z_knob(i)=H;

numl=yYc_0-Yh(i); % for calculation of Phi
denl=xc_0-xh(i); % triangular relationship .
Phi (i)=atan(numl/denl); % the relvolute angle Phi
Phi_d(i)=Phi(i)*180/pi; % degree (Unit)



num2=denl; % for calculation of angle Thetal and Theta2
den2=cos(Phi (i));
ffl=num2/den2;

K e e calculation of Thetal

num3=L1A2 + Ff1A2 + dHA2 - L2A2;

den3=2*L1*ff1;

ff3=num3/den3; %show the temporary result for programing

b2=dH/ff1; %show the temporary result

% Using symbolic toolbox for equations solving
%%eqsl="cos(Thetal(i))+ b2*sin(Thetal(i))=Fff3
%Thetal(i)=solve(eqsl)

%But it's not a numerical solution

% ——mmmmmm calculation of Thetal using function2
% details see the book <<Foundations of Robotics>> Appendixl pp261

% kl*sin(Theta)+ k2*cos(Theta)=k3
% Theta=atan2(kl,k2)+/- atan2(sqrt(k1A2+k2A2-k3A2),k3)
% Here kl=b2, k2=1, k3=ff3

k2=1;

k3=Fff3;

Thetalp(i)=atan2(kl,k2)+ atan2(sqrt(k1A2+k2A2-k3A2),k3); %the sign is plus
Thetalm(i)=atan2(kl,k2)- atan2(sqrt(k1A2+k2A2-k3A2),k3); %the sign is minus

T1(i)=Thetalp(i)*180/pi; % Select the reasonable result +/- sign

Tlr(1)=T1(i)*pi/180; % T1lr(i) is the rad unit of T1(i)
K e e calculation of Theta2

% Equation Ll*sin(Thetal)+L2*sin(Thetal+Theta2)=dH

% then sin(Thetal+Theta2)=(dH-L1*sin(Thetal))/L2 = ff4

% so the angle Theta2=asin(ff4)-Thetal
num4=dH-L1*sin(T1lr(i));

den4=L2;

ff4(i)=num4/den4;

T2r(i)=asin(ff4(1))-T1r(i); % T2r(i) is the T2(i)in rad unit
T2(1)=T2r(i)*180/pi;

%==== for calculating joint points c(xc,Yc), A(Xa,Ya), B(Xb,Yb), H(xh,Yh)
Xc(i)=Xc_0;
Yc(i)=Yc_0;
zc(i)=0.0;

Xa(i)=Xc(i);
va(i)=Yc(i);
Za(i)=h;

Xb(i)=xa(i)- Ll*cos(T1lr(i))*cos(Phi(i));
Yb(i)=Ya(i)- L1l*cos(Tlr(i))*sin(Phi(i));
zb(i)=h + L1*sin(T1r(i));

%xh(i)=xb(i)- L2*cos(T1lr(i)+T2r(i))*cos(Phi(i)) %!!! These equations are
%vh(i)=Yb(i)- L2*cos(T1lr(i)+T2r(i))*sin(Phi(i)) %only for deriving Thetal
%zh(i)=zb(i)+ L2*sin(T1lr(i)+12r(i)) %and Theta2

%In the above program, xh(i), Yh(i) and zh(i) have been calculated

Xt=[xc(i) Xa(i) Xb(i) xh(i) X_knob(i)]; %show links, joints of robot arm
vt=[Yc(i) Ya(i) Yb(i) Yh(i) Y_knob(i)];
zt=[zc(i) za(i) zb(i) zh(i) z_knob(i)];

xt_1=[xc(1) xa(1l) xb(1) xh(1), 0]; %for 3D plotting /including start point
yt_1=[Yc(1) Ya(l) Yb(1) Yh(1), a]; %plus the knob Initial position K(0,a,H)
zt_1=[zc(1) za(1) zb(1) zh(1), H];

%figure

plot3(xt,Yt,zt, 'linewidth',2); %plotting the 1inks'lines

axis([0,1300,0,1000,0,1000]1);

hold on

plot3(Xc,Yc,zc, " 'yo",Xa,Ya,za, 'go',xb,Yb,zb, "'ro*,xh,vh,zh, 'bo", "1inewidth',2);
%plotting the joints

title("'3D Ssimulaiton for door opening');

x1q3e1('x—axis (mm) ') ,ylabel('vY-axis (mm)"'),zlabel('z-axis (mm)')

grid;

xd_0=[0,0,0,0]1;Yd_0=[b,b,0,0];zd_0=[0,H,H,0] ;%door edges (Initial)
plot3(xd_0,vd_0,zd_0,"'r-', 'linewidth',2) %3D 1ine plotting
xk_0=[0,c];Yk_0=[a,aj;zk_0=[H,H]; %Knob's position
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plot3(xk_0,Yk_0,zk_0, 'ko-", 'Tinewidth',2) %color k means black

%---for plotting the front position of the cart

length_cart=700; % cart ﬁarameters total length

Tength_| base—620 % length of the truck base

width_base=510; % width of the truck base

Xf_r=Xc_| 0 (1ength cart-length_base/2); % front right X axis dimensions
Xf_1=xf % front left X axis dimensions

Yf_r=yc 0+undth_base/2; %front right v axis dim
Yf_l=Yc_0-width_base/2; %front left Y dim

zf_1=0; %front left z

zf_r=0; %front right z

Xr_1=Xc_0+1ength_base/2; % rear left X dim

Xr_r=xr_1; % rear right X dim

yr_1=yf_1; % rear left v

Yr_r=yf_r; % rear right v

zr_1=0; % rear left z

Zr_r=0; % rear right z
X_cart=[xr_1,xf_1,xf_r,xXr_r,xr_11; % plotting the cart area

Y_cart=[yr_1, Yf 1, Yf r,yr_r,yr_1];
Z_cart=[zr_1, zf 1, zf r,zr_r,zr_1];
p1ot3(x_cart Y_ cart Z_cart, 'yo-', "1inewidth’ +2);

éfor watching the collision with the above front position of the cart
X_door=b*sin(Rho_max); %calculation of the door ed?e at final pivot angle
Y_goor=8*cos(kho_max); %poor edges' position (Final)

Z_door=0;

plot3(X_door,Y_door,Z_door, 'r*','linewidth',2); % on XoYy plant

X_dr(i)=b*sin(Rho(i));

Y_dr(i)=b*cos(Rho(i));

Z_dr(i)=0;

%p1ot3(x_dr(1) Y_dr(i),z_dr(i), "r*','linewidth',2); the continuing point

%xd_ f—[x_drE 3,X_dr(1) 0, 0] % show the whole door opening process
%vd_f=[y_dr Y_dr(i),0

%zd_f=[0,H,H,0];

%p1ot3(xd_f,vd_f.zd_f,'r—'.'1inewidth',2);

Xd_f=[X_door,X_door,0,0]; %door edges' 3D lines at final position
vd_f=[Y_door,Y_door,0,0];

zd_f=[0,H,H,0];

p10t3(xd f Yd f zd_f,"'r-',"'"Tinewidth',2);

Xk_f=a*sin(Rhomax); % The Final Knob point KI(xk_f,vk_f)
Yt:§=a*cos(Rho_max);
z =H;

Xh_f=d*sin(Alpha_0 + Rho_maxg %The final handle point H1(Xh_f,Yh_f)
Yh ;—d*cos(A1pha_0 + Rho_max
_H,

Xhh_f=[xk_f, Xh_f];Yhh f-[Yk_f Yh_f];zhh_f=[H,H]; ¥ the handle line KiH1
p1ot3(xhh f Yhh_f,zhh_f, ro-" '11new1dth' y2)3 %k means black color

Ty for payload or force calculation ===========Feb 4,2007
G1=10;

G2=30;

G3=10;

Mj=35;

Ls1=L1/1000;

Ls2=L2/1000;

Ma—Gl*(le/Z)*cos(Tlr(1))+GZ*L52*cos(Tlr(1))

M%(;)-Ma +(G§*LsZ*cos(T1r(1)+T2r(1))/2 + GS*le*cos(Tlr(1)),
M(i)=Mj-M

denm-Lgl*cos(Tlr(1))+ Ls2*cos(T1r(i)+ T2r(i));
G(i)=M(i)/denm;

Thetale(i)=Phi_d(i);
Theta2e(i)=-T1(i);
Theta3e(i)=-1T2(1);
Thetad4e(i)=-(Phi d(1)+Rho d@i));
Theta5e(i)=(T1(i)+12());

end
T1r;
T2r;
M1;
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M;
G;
o

Rho; %show the temporary results

Xk_f=a*sin(Rho_max); % The final knob point K1(xk_f,Yk_f)
vk_f=a*cos(Rho_max) ;

zk_f=H;

xt_ci=[Xc(ci) xa(ci) xb(ci) xh(ci), xk_f] %for 3D plotting
vt_ci=[yc(ci) Ya(ci) Yb(ci) Yh(ci), Y f],

zt_ci=[zc(ci) za(ci) zb(ci) zh(ci), H];

Phi_d; % The revolute ang1e(de ree)
T1=-90+T1; % Thetal ( egreeg new the axis is the phi center
T2; % Theta2 (de ree)

T3——90+T1 T2; %-(T1+T2);

T4=-(Phi_d + "Rho _d); "% NEW

dphi=Phi_d-Phi_0d;
dT1=T1-Thetal _0d;
dT2=T2-Theta2_0d;
dT3=T3+(Thetal_0d + Theta2_0d);
dT4=T4 + Phi_0d; ¥NEwW

%xh, Yh; % for temporary results
%Xa, Yaj;
%xb, Yb;
%XCc, YCj;

%= 2D graphic XoY --------
figure;
plot(xc,Yc,'yo',Xa,Ya, 'go’,xb,Yb,"ro", xh,Yh, 'bo",Xk_f,Yk_f,'ro");
axis([0,1300,0, 1000])
x1gge1( x-axis (mm)'),ylabel('Y-axis (mm)"');
rid;
old on
1ot(xt Yt); title('X-Y 2D projection')

E1ot(Xt 1,y 1,'k");
old on
plot(xt_ci,Yt_ci,'r");

K== 2D graphic X0z --------

figure;

plot(xc,2zc,'yo',Xa,za, 'go"’,xb,zb, 'ro',xh,zh, 'bo" ,xk_f,zk_f,"'ro");
axis([0,1560,0, 1200])

xlabel('x-axis (mm)'),ylabel('z-axis (mm)"');

rid;
old on
1$§(Xt ,Zt); title('X-z 2D projection');
0
Tot(xt_1,zt_1,'k");
old on
plot(Xt_ci,zt_ci,'r");
%-————-- 2D graphic Yoz --------
figure;

plot(yc,zc,'yo',Ya,za,"'go’,Yb,zb,"'ro"',Yh,zh, 'bo",Yk_f,zk_f,'ro*);
axis([0,1560,0, 1200]),
xlabel ("’ Y-axis (mm)*),ylabel('z-axis (mm)"');

rid;
old on
Tot(Yt,zt); title('Y-z 2D projection');
old on
Tot(yt_1,zt_1,'k");
old on
plot(yt_ci,zt_ci,'r"');
K== 3D graphic XYZ ——===m=—-
figure;

plot3(xc,Yc,zc,'yo',Xa,Ya,za, 'go',xb,Yb,zb, " 'ro",xh,Yh,zh, "bo" ,xk_f,vk_f,zk_f, 'r+');

ax1s([0 1560 0, 1200 0, 1200]),
title('3D S1mu1at1on for door open1ng s
x1age1( X-axis (mm)'), ylabel('y-axis (mm) ), zlabel('z-axis (mm)');
rid;
old on
Tot3(Xt,Yt,Zt);
old on
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Tot3(xt_1,vt_1,zt_1,'k");

old on
plot3(Xt_ci,Yt_ci,zt_ci,'r');
% END
save elbowdata Phi_d T1 T2 T3 T4 %% for force control
figure;
%subplot(2,1,1),

q1ot(Rho_d,Phi_d,'ro-',Rho_d,Tl,'ko—',Rho_d,TZ,'bo—',Rho_d,T3,'go—', Rho_d, T4, 'yo-"');
egend('Phi', 'Thetal', 'Theta2', 'Theta3', 'Theta4');

title('Joint Angles vs_Door pivot angle Rho'); grid; axis([0,ci,-100,50]);
x1abel('Door pivot angle Rho (degreeg');y1abe1( Phi,Thetal and Theta2(degree)');

figure;

%subplot(2,1,2),
?1ot(Rho_d,dPhi,'y*-',Rho_d,dTl,'k*—',Rho_d,dTZ,'b*-',Rho_d,dTS,'r*—',Rho_d,dT4,'g*—'):
egend('drhi', 'dTl", 'dT2', 'dT3"', 'dT4"');

title('dphi, dT1l, dT2, dT3 Vvs Rho'); grid; axis([0,ci,-100,501);

x1abel('Door pivot angle Rho (degree)');ylabel('dTl,dT2,dT3(degree)"');

figure;

Tot(2,1,1),plot(Rho_d,M, " 'r*'), title('Rho--M(Nm)"');
xlabel('Rho(degree)');ylabel('Torque M(Nm)');grid;
subplot(2,1,2),plot(Rho_d,G, 'ko"), title('Rho--G(N)");
x1abel (*Rho(de ree)');x1abe1('Pay1oad force G(N)');grid;
%subplot(3,1,3),plot(Rho_d,T1,'r-",Rho_d,T2, 'k-"), title('Rho--Thetal,Theta2');
%x1abel('Rho(degree) ') ;ylabel('T1,T2(degree)');grid;

ELbow manipulator kinematics

Forward Kinematics and Jacobian Matrix

Force control using Jacobian

By Xiaojia HE

Feb-6-2008

file name: elbow2.m

%Thetal,...,Theta6, come from inverse kinematiccs
%Input angle parameters Thetal to Theta6

%¥Load Data from other inverse kinematics result

load elbowdata %created by elbowink.m
for i=1:1:15

L0=0.620; % Link parameters
L1=0.380; % length of the 2nd 1ink
L2=0.380;

% Initial Conditions or INPUT of each joint angle

Thetal=Thetale(i)*pi/180; %the initial position

Theta2=Theta2e(i)*pi/180; %the sign is correct!!! Feb5 2:30pm
Theta3=Theta3e(i)*pi/180; %the sign is correct!!!

Thetad4=Thetade(i)*pi/180;

Theta5=Theta5e(i)*pi/180;

Theta6=0; %for S5DOF manipulator

Ft=[0, 40, 0, 0, 0, 0]' %For door opening Always a constant force 3kg=30N not zero
%¥For Ft: [1,0,0,0,0,0]' means Fx4=1,Fy4=Fz4=0,Mx4=My5=Mz5=0

TThetal(i 3=Theta1*180/ pi; TTheta2(i)=Theta2*180/pi; TTheta3(i)=Theta3*180/pi;
TTheta4 (i)=Theta4*180/pi; TTheta5(i)=Theta5*%180/pi; TTheta6(i)=Theta6*180/pi;
% calculation of each revoluted joint

c1=cos(Theta13;
sl=sin(Thetal);
c2=cos(Theta2);
s2=sin(Theta2);
c3=cos(Theta3);
s3=sin(Theta3);
c4=cos(Thetad);
s4=sin(Thetad);
c5=cos(Theta5);
s5=sin(Theta5);
c6=cos(Thetab);
s6=sin(Thetab);

c23=cos(Theta2+Theta3);
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s23=sin(Theta2+Theta3);
%*** For orientaion matrix R and position vector P **¥

ql=cl*c4-sl*s4*c23;
2-sl*c5*523+sS*(cl*s4+sl*c4*c23)
r11-c6*q1+56* 2; %% For EQq(39)
q3-c1*s4+sl*c4*c23
rl12=-c5*q3+s1l*s5*s23;
rl3=s6*ql-c6*q2;

q7=s1*c4+cl*s4*c23;

q8=cl*c5*s23+s5*(-s1*s4+cl*c4*c23);
r2l=c6*q7-s6*q8;

q9=—sl*s4+c1*c4*c23
r22=c5*q9-cl*s5%s23;
r23=s6*q7+c6*q8;

q10=(c5*c23-c4*s5*%s23);
r3l=-s4*c6*s23-s6*ql0;
r32=-s5*c23-c4*c5%s23;
r33=-s4*c6*s23+c6*ql0;

qll=L1*c2+L2*c23;

pl=-sl*qll; %% For wrist centre position
p2=cl*qll;

p3=L0- L1*s2- L2*s23;

Position=[pl,p2, 3]' % Wirst centre vector

ppl(i)=pl; pp2(1 =p2; pp3(i)=p3; %save for 3D plotting

R=[rll rl2 ri13; r21 r22 r23; r31 r32 r33]; % oOrientation matrix
pcap=[0 -p3 pZ p3 0 -pl; -p2 pl 0];

PcapR=pcap*R

Adg=[rll, rl2, rl3, pcapr(l,1l), PcapR(1,2), PcapR(

1,3);
r2l, r22, r23, pcapr(2,1), PcapR(2,2), PcaprR(2,3);
r31, r32, r33, pcapr(3,1), Pcapr(3,2), Pcapr(3,3);

, 0, 0, ri1, rl2, ri3;
o, 0, 0, r2i1, r22, r23;
o, 0, O, r3i, r3z2, r33 1;
% The followings are used for verifing the inv(Adg) function
RT=R'; % Transpose

MRTpcap=-RT*pcap; % MinusRTpcap

InvAdg=[RrRT(1,1), RT(1,2),RT(1,3),MRTpcap(1l,1),MRTpcap(l,2),MRTpcap(l,3);
RT(2,1), RT(2,2),RT(2,3),MRTpcap(2,1),MRTpcap(2,2),MRTpcap(2,3);
RT(3,1), RT(3,2),RT(3,3),MRTpcap(3,1), MRTgcap(3 »2),MRTpcap(3,3);

0, o, 0,  RT(,1), RT(1,2),RT(1

o, o, 0, RT(2,1), RT(2,2).RT(2.3)}

o, o, 0, RT(3,1), RT(3,2),RT(3,3) 1;
%compare_inv(Adg)
%inv(Adg) observe this result and the above InvAdg

%********** Jacob-ia" Matr-ix etk hhhid
Ksi_1=[0, 0, O, O, O, 1]"'; %!!! corrected
ks21=L0*s1;
ks22=-L1*cl;
Ksi_2=[ks21, ks22, 0, -cl1, -s1, 0]';

ks31=s1*(LO-L1*s2);
ks32=-c1*(LO-L1*s2);
ks33=L1*c2;

Ksi_3=[ks31, ks32 ks33, -cl1, -s1, 0]';

ks41=-c1*s23*L0+(cl*s2*s23+cl*c2*c23)*L1+cl*L2; ¥new correct!
ks42=-s1*s23*L0+(s1*c2*c23+s1*s2*s23) *L1+s1*L2;
ks43=0;
ks44=-s1%s23;
ks45=cl*s23;
ks46=c23;
Ksi_4=[ks41l, ks42, ks43, ks44, ks45, ks46]';

ksSl=(sl*c4+c1*s4*c23)*LO—(sl*sz*c4+c1*52*s4*c23—c1*c2*s4*sZ3)*L1?sl*c4*523*L2;

ks52=-(cl*c4-s1*s4*c23) *L0+(cl*s2*c4-s1*s2*s4*c23+s1*c2*s4*s23) *L1+cl*c4*s23*L2;

ks53=c2*c4*L1+c4*c23*L2;
ks54=-cl*c4+sl*s4*c23; % correct
ks55=-s1*c4-cl*s4*c23; % correct
ks56=s4*s23;
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Ksi_5=[ks51, ks52, ks53, ks54, ks55, ks56]';
ks61l=-(cl*c4*c5*%c23-s1*s4*c5-cl*s5%s23)*L0-(cl*s5+s1*s4*C5%s23)*L2;

k561=ks61—(cl*cZ*c4*c5*523—c1*sZ*c4*c5*c23+sl*sZ*s4*c5+c1*c2*s5*c2§+c1*sZ*sS*c23)*L1;

ks62=-(s1*c4*c5*c23+cl*s4*c5-s1*s5%s23)*L0-(s1*s5-cl*s4*c5%s23) *L2;

k562=k562—(sl*c2*c4*c5*sZ3—sl*sZ*c4*c5*c23+c1*sZ*s4*c5+sl*c2*s5*c23—sl*sZ*sS*sZ3)*L1;

ks63=c2*s4*c5*%L1+s4*c5*%c23*L2;

ks64=-cl*s4*c5-s1*c4*c5*c23+s1*s5*s23;
ks65=-s1*s4*c5+cl*c4*c5*c23-cl*s5*s23;
ks66=-c4*c5*s23-s5%c23;

Ksi_6=[ks61, ks62, ks63, ks64, ks65, ks66]';

JstT[Ksi_l, Ksi_2, Ksi_3, Ksi_4, Ksi_5, Ksi_6]; %% Jacobian Matrix
Jst’;

Fsg=[0, O, -30, O, O, 0]' %¥%Gravity Compensation 2kg=20N %% Spatial frame
%Ft=Adg"' *Fs %% Body frame
%*********************************************************************

% Input the Ft and verify the Fs
%Ft=?0, i, o, 0, 0, 0]' %[1,0,0,0,0,0]' means Fx4=1,Fy4=Fz4=0,Mx4=My5=Mz5=0

Adg_T=Adg"';

InvAdg_T=i5v(Adg_T);

Fs=InvAdg_T*Ft % verified It's oK
%IBst=inv(Adg)*Ist;
%JBst2=InvAdg*Jst
%IBst';
%Torque=JBst'*Ft;

Fss=Fs+Fsg ¥wWith Gravity Compensation!!!
Torque=Jst'*Fss; %¥%Torque of each joint

Tq6(i)=Torque(6);
Angle(i)=i;

end
Tql

Tq6 % used for test or verifing

figure;

Tot(Angle,Tql, "ro-',Angle,Tq2, 'ko-',Angle,Tq3, 'bo-*,Angle, Tq4, 'go-",Angle, Tq5, "yo-
4 g, ro-

yAngle,Tq6, );
Tegend('Torquel','TorqueZ','Torque3','T9r ue4', 'Torque5’, 'Torque6');
title('Joint Torque output'); grid; %axis([0, 15, -3,3]);
x1abel('Door pivot angle Rho (degree)');ylabel('Each joint torque(Nm)');

figure;

p!otB(ppl.p?Z.pp3,'*j);
title('3D plot of wrist center');
grid on ;

axis square; %([0,1,-0.5,0.5,0,1]);
xlabel('pl(m)');ylabel(*p2(m)');zlabel('p3(m)*);

figure;

plot(Angle,TThetal, 'ro-',Angle,TTheta2, 'ko-',Angle,TTheta3, 'bo-',Angle,TTheta4, 'go-

' ,Angle,TTheta5, "'yo-"',Angle,TThetab, 'b*-');
Tegend('Thetal', 'Theta2', 'Theta3', 'Theta4', 'Theta5', 'Theta6');

title('Joint Angle vs Door pivot angle'); grid; .

xlabel('Door pivot angle Rho (degree)');ylabel('Each joint angle (degree)');
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