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Today’s Agenda

* Homework 2 to be posted by COB today
* Market Survey Results
* Locomotion
* Math Primer:
Rigid Transformations
» Kinematics of Wheeled Vehicles (part 1)
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Locomotion

Autonomous Mobile Robots, Chapter 2

Locomotion Concepts

Concepts
Legged Locomotion
Wheeled Locomotion

"Position"

Global Map

Environment Model
Loca|1I Map

Perception . Real World
Environment
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Autonomous Mobile Robots, Chapter 2

From Manipulators to Mobile Robots

© R. Siegwart, |. Nourbakhsh

Autonomous Mobile Robots, Chapter 2

Locomotion Concepts: Principles Found in Nature

Type of motion Resistance to motion Basic kinematics of motion
Flow in e e %
a Channel Hydrodynamic forces | Eddies
Crawl Friction forees Longitudinal vibration
Sliding Friction forees Transverse vibration
Oscillatory
movement
) } . o of a multi-link
Running Loss of kinetic energy | pendulum
A .
_V/rl' Oscillatory
. movement
= o of a multi-link
Jumping i Loss of kinetic energy | pendulum
"’é\j i Rolling of a
A/ \ polygon
Walking y \ Gravitational forces (see figure 2.2)
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Autonomous Mobile Robots, Chapter 2

Locomotion Concepts

Concepts found in nature
Difficult to imitate technically

Most technical systems use wheels or caterpillars

Rolling is most efficient, but not found in nature
Nature never invented the wheel !

However, the movement of a walking bipedlisse to rolling

© R. Siegwart, |. Nourbakhsh

Mobile Robots with Wheels

Wheels are the most appropriate solution for most egimins
Three wheels are sufficient and to guarantee stability
With more than three wheels a flexible suspensioadsired

Selection of wheels depends on the application

© R. Siegwart, |. Nourbakhsh
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The Four Basic Wheels Types

a) Standard wheel: Two degrees
of freedom,; rotation around the
(motorized) wheel axle and the
contact point

b) Castor wheel: Three degrees of
freedom; rotation around the B
wheel axle, the contact point and
the castor axle

23.1
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The Four Basic Wheels Types

c) Swedish wheel: Three degrees
of freedom; rotation around the
(motorized) wheel axle, around
the rollers and around the contact
point

d) Ball or spherical wheel

swedish 45°

23.1
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Characteristics of Wheeled Robots and Vehicles

Stability of a vehicle is be guaranteed with 3 wheels

Center of gravity is within the triangle with is formed by theugd
contact point of the wheels.

Stability is improved by 4 or more wheels

However, this arrangements are hyperstatic and require a flexible
suspension system.

Larger wheels allow the robot overcome higher obstacle
Require higher torque or reductions in the gear box.

Most arrangements are non-holonomic (see chapter 3)
Require high control effort

Combining actuation and steering on one wheel makes tigndes
complex and adds additional errors for odometry.
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Different Arrangements of Wheels |

Two wheels

= 0

Three wheels

|
® ot
|
|
o
.

Omnidirectional Drive ~ Synchro Drive

© R. Siegwart, |. Nourbakhsh
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Different Arrangements of Wheels Il

Four wheels

© R. Siegwart, |. Nourbakhsh

232
Cye, a Two Wheel Differential Drive Robot

Cye, a commercially available domestic robot thatwacuum and make deliveries
in the home, is built by Probotics, Inc.

© R. Siegwart, |. Nourbakhsh
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Synchro Drive

All wheels are actuated synchronously
by one motor

defines the speed of the vehicle

All wheels steered synchronously by a
second motor

sets the heading of the vehicle

The orientation in space of the robot
frame will always remain the same
It is therefore not possible to
control the orientation of the robot
frame.
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Tribolo, Omnidirectional Drive with 3 Spheric Wheels

© R. Siegwart, |. Nourbakhsh
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Uranus, CMU: Omnidirectional Drive with 4 Wheels

Movement in the plane has 3 DOF

thus only three wheels can be
independently controlled

It might be better to arrange three
swedish wheels in a triangle

© R. Siegwart, |. Nourbakhsh
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Caterpillar

The NANOKHOD II, developed by von Hoerner & Sulger GmbH &fak Planck
Institute, Mainz for European Space Agency (ESA) witlably go to Mars

© R. Siegwart, |. Nourbakhsh
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232
Stepping / Walking with Wheels

SpaceCat, and micro-
rover for Mars,
developed by Mecanex
Sa and EPFL for the
European Space
Agency (ESA)

© R. Siegwart, |. Nourbakhsh
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SHRIMP, a Mobile Robot with Excellent Climbing Abilities

Objective
Passive locomotion
concept for
rough terrain
Results: The Shrimp

6 wheels
o one fixed wheel in the rear
0 two boogies on each side
o one front wheel with spring suspension

robot sizing around 60 cm in length and 20 cm in height
highly stable in rough terrain
overcomes obstacles up to 2 times its wheel diameter

© R. Siegwart, |. Nourbakhsh
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232
The SHRIMP Adapts Optimally to Rough Terrain

© R. Siegwart, I. Nourbakhsh
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The Personal Rover

© R. Siegwart, I. Nourbakhsh
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Coordinate Transformations

CSE397/497 Intro to Mobile Robotics, Lecture 3

Motivation

. Ultimately, we are interested in the motion of theotolith respect to a global
or inertial navigation frame

. Motion of robot component&(g.wheels, sensor heads, etc.) are measured
relative to theobot frame

. What is required then is a means by which we canya&ite robot motions,
the positions of targets, etc. from the robot’s giee frame back to the inertial
frame

. This is readily accomplished through coordinate transitions

12
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CSE397/497 Intro to Mobile Robotics, Lecture 3

Coordinate Transformations

. A Coordinate Transformatiorelates the position vector of any point in
coordinate fram@ to the same point in coordinate frathe

. We are interested iRigid Transformationgvhich reflect the relative position
and orientation of 1 coordinate frame with respect tdhaano

'X="R,*x+'t,

. Here'x denotes the position vector for poias viewed from coordinate frame
i, 'R denotes a rotation matrix which describes the rotatexessary to align
the axis of coordinate frameo j, and'; the translation from the origin of
framei toj

. The rigid transformation necessary to align coordifrai@ei with j has the
oppositeeffect of translating points from franpéo framei

CSE397/497 Intro to Mobile Robotics, Lecture 3

Rotation Matrices

. A rotation matrix Rrotates position vectors in reference fra2r(&2) to
position vectors irF1

. In two dimensions
R coxy - Sing
sing cogy
where corresponds to the relative difference in orientatioR2ofvith
respect td-1
. In this definition,R transforms a position vector ¥2 to how the

corresponding position vector would “appear” in fralrie

13
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CSE397/497 Intro to Mobile Robotics, Lecture 3

Coordinate Transformation from Pure Rotation

y Y

y 1p:1R22p

CSE397/497 Intro to Mobile Robotics, Lecture 3

Coordinate Transformation from Pure Rotation Example

Y

Example: Let's say that a point
in frame F2 is [1,0], and =30°.

y What are the point’s coordinates
in frame F1?
p LW
2X
9. 'p=R2p
X
V31 4B
| = 2 2 1.7
' 2 2 2
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CSE397/497 Intro to Mobile Robotics, Lecture 3

Some Properties of Rotation Matrices

. det(R) =1, R=R? NOTE: Order is important,

. as ABC ACB in general
. R=I denotes no rotation

. The product of 2 rotation matrices is a rotation matrix

. In three dimensions:
1 0 0 cosf 0 sinf
R,= 0 cosg - sing R= 0 1 0
0 sing cosg -sinf 0 cosf

cosy -siny 0O
R,= siny cosy O
0 0 1

wherexyzrotations correspond to roll, pitch, and yaw

CSE397/497 Intro to Mobile Robotics, Lecture 3

Pure Translations

. A pure translation corresponds to a transformation wReh The equation for a
rigid transformation then reduces to

bR, prt, :
1 p:2p+lt2 p

15
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CSE397/497 Intro to Mobile Robotics, Lecture 3

Pure Translations
Example: Let's say that a point
in frame F2 is [4,3], t=[10,5]T
and =0°. What are the point’s )
coordinates in frame F1? P
BY
ltz
Ix
1 — 2
p =1 2x2 p+lt2
. 10 14
p=
5 8
General Rigid Transformation
1.1 2
P= R2 p+lt2 Ry
p

16
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Kinematics

Autonomous Mobile Robots, Chapter 3

Motion Control (wheeled robots)

* Requirements for Motion Control
Kinematic / dynamic model of the robot

Model of the interaction between the
wheel and the ground

Definition of required motion ->
speed control, position control

Control law that satisfies the requirements

| "Position"
Global Map
Environment Model Path
Loca}I Map
Perception Real World

Environment

© R. Siegwart, I. Nourbakhsh
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Autonomous Mobile Robots, Chapter 3

Introduction: Mobile Robot Kinematics

* Aim
Description of mechanical behavior of the robot for
designand control
Similar to robot manipulator kinematics

environment
0 There is no direct way to measure the robot’s position
0 Position must be integrated over time

0 Leads to inaccuracies of the position (motion) estimate
-> One of the primary challenges in mobile robotics

constraintgplaced on the robots mobility

However, mobile robots can move unbound with respect to its

Understanding mobile robot motion starts with understanding wheel

© R. Siegwart, |. Nourbakhsh

Autonomous Mobile Robots, Chapter 3

Introduction: Kinematics Model

* Goal:

robot (configuration coordinates

Forward kinematics %
X

x=y =ty /ab, bnmb, by)
q

Inverse kinematics

Ji . b by, b b =T(xy.9)

Why not X
y =t( /aby, b,) ->notstraight forward

q

Establish the robot spee&d [x y qr as a functitime wheel speeﬁs
steering angle®, , steering speérds and the geometric gi@rarof the

X,

© R. Siegwart, |. Nourbakhsh
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Autonomous Mobile Robots, Chapter 3

Representing Robot Position

* Representing to robot within an arbitrary initiedrhe
Initial frame: {X,.Y;} ¥
Robot frame: {X,Yg}

Robot position: x, =[x y g

Mapping between the two frames

3.2.1

v Xg

XR = R(q))ﬂ = R(CI){X y Clr

cosg sing O

R(g)= - sing cosg O K X
0 0 1
q
Example: Robot aligned with Y = X
X

© R. Siegwart, |. Nourbakhsh

Autonomous Mobile Robots, Chapter 3

Example

3.2.1

© R. Siegwart, |. Nourbakhsh
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Autonomous Mobile Robots, Chapter 3

Forward Kinematic Models

* Presented on blackboard

3.2.2

© R. Siegwart, |. Nourbakhsh

Autonomous Mobile Robots, Chapter 3

Wheel Kinematic Constraints: Assumptions

* Movement on a horizontal plane
* Point contact of the wheels
* Wheels not deformable ‘,\( or

e Pure rolling 1
v

v = 0 at contact point

* No slipping, skidding or sliding \

3.2.3

* No friction for rotation around contact point
* Steering axes orthogonal to the surface
* Wheels connected by rigid frame (chassis)

© R. Siegwart, |. Nourbakhsh
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Autonomous Mobile Robots, Chapter 3

Wheel Kinematic Constraints:

Fixed Standard Wheel

3.2.3

© R. Siegwart, |. Nourbakhsh

Autonomous Mobile Robots, Chapter 3

Example

» Suppose that the wheel A is in position such that
ca=0andb=0

reduces to:

3.2.3

* This would place the contact point of the wheeXpwith the plane of
the wheel oriented parallel 3. If g = 0, then ths sliding constraint

© R. Siegwart, |. Nourbakhsh
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Autonomous Mobile Robots, Chapter 3

Wheel Kinematic Constraints:

Steered Standard Wheel

3.2.3

© R. Siegwart, I. Nourbakhsh
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Wheel Kinematic Constraints:

Castor Wheel

3.2.3

© R. Siegwart, I. Nourbakhsh
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Autonomous Mobile Robots, Chapter 3

Wheel Kinematic Constraints:

Swedish Wheel

3.2.3

© R. Siegwart, I. Nourbakhsh

Autonomous Mobile Robots, Chapter 3

Wheel Kinematic Constraints:

Spherical Wheel

3.2.3

© R. Siegwart, I. Nourbakhsh
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