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CHAPTER 1

Introduction

1.1 BACKGROUND
1.2 THE MECHANICS AND CONTROL OF MECHANICAL MANIPULATORS
1.3 NOTATION

1.1 BACKGROUND

The history of industrial automation is characterized by periods of rapid change in
popular methods. Either as a cause or, perhaps, an effect, such periods of change
in automation techniques seem closely tied to world economics. Use of the indus-
trial robot, which became identifiable as a unique device in the 1960s [1], along with
computer-aided design (CAD) systems and computer-aided manufacturing (CAM)
systems, characterizes the latest trends in the automation of the manufacturing pro-
cess. These technologies are leading industrial automation through another transi-
tion, the scope of which is still unknown [2].

In North America, there was much adoption of robotic equipment in the early
1980s, followed by a brief pull-back in the late 1980s. Since that time, the market
has been growing (see Fig. 1.1), although it is subject to economic swings, as are all
markets.

Figure 1.2 shows the number of robots being installed per year worldwide.
A major reason for the growth in the use of industrial robots is their declining cost
and increasing abilities. By 2025 it is estimated that the average manufacturing
employer will save 16% on labor by replacing human workers with robots. In some
countries or regions, it is even more favorable to employ robots (see Fig. 1.3).
As robots become more cost effective at their jobs, and as human flabor continues
to becomemore expensive, more and more industriai jobs become candidates for
robotic automation. This is the single most important trend propelling growth of the
industrial robot market. A secondary trend is that, economics aside, as robots become
more capable, they become able to do more and more tasks that might be dangerous
or impossible for human workers to perform.

This book focuses on the mechanics and control of the most important form
of the industrial robot, the mechanical manipulator. Exactly what constitutes an
industrial robot is sometimes debated. Devices such as that shown in Fig. 1.4 are
always included, while numerically controlled (NC) milling machines usually are not.
The distinction lies somewhere in the sophistication of the programmability of the
device; if a mechanical device can be programmed to perform a wide variety of
applications, it is probably an industrial robot. Machines which are for the most part
limited to one class of task are considered fixed automation. For the purposes of this
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Sales of Robots in North America in Millions of USD
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FIGURE 1.1: Sales of industrial robots in North America in millions of U.S.
dollars. Source: Robotic Industries Association.
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FIGURE 1.2: Yearly installations of multipurpose industrial robots. Source: World
Robotics 2016.

text, the distinctions need not be debated; most material is of a basic nature that
applies to a wide variety of programmable machines.

By and large, the study of the mechanics and control of manipulators is
not a new science, but merely a collection of topics taken from “classical” fields.
Mechanical engineering contributes methodologies for the study of machines in
static and dynamic situations. Mathematics supplies tools for describing spatial
motions and other attributes of manipulators. Control theory provides tools for
designing and evaluating algorithms to realize desired motions or force applications.
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Labor Cost Savings from Adoption of Industrial Robots
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FIGURE 1.3: Labor cost savings from adoption of industrial robots. Estimated as a
percentage in 2025. Source: The Boston Consulting Group.

FIGURE 1.4: A modern 7 degree-of-freedom robot. Image courtesy KUKA Roboter

GmbH.
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Electrical-engineering techniques are brought to bear in the design of sensors
and interfaces for industrial robots, and computer science contributes a basis for
programming these devices to perform a desired task.

1.2 THE MECHANICS AND CONTROL OF MECHANICAL MANIPULATORS

The following sections will introduce some terminology, and briefly preview each of
the topics that will be covered in the text.

Description of Position and Orientation

In the study of robotics, we are constantly concerned with the location of objects in
three-dimensional space. These objects are the links of the manipulator, the parts
and tools with which it deals, and other objects in the manipulator’s environment.
At a crude but important level, these objects are described by just two attributes:
position and orientation. Naturally, one topic of immediate interest is the manner in
which we represent these quantities and manipulate them mathematically.

In order to describe the position and orientation of a body in space, we will
always attach a coordinate system, or frame, rigidly to the object. We will then pro-
ceed to describe the position and orientation of this frame with respect to some
reference coordinate system (see Fig. 1.5).

Any frame can serve as a reference system within which to express the posi-
tion and orientation of a body, so we often think of transforming or changing the
description of these attributes of a body from one frame to another. Chapter 2 will
discuss conventions and methodologies for dealing with the description of position
and orientation, and the mathematics of manipulating these quantities with respect
to various coordinate systems.

Z
Y
X
7
Z
Z
A X
Yy ¥
<t
X Y
X

FIGURE 1.5: Coordinate systems or “frames” are attached to the manipulator and to
objects in the environment.
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Developing good skills concerning the description of position and rotation of
rigid bodies is highly useful even in fields outside of robotics.

Forward Kinematics of Manipulators

Kinematics is the science of motion that treats motion without regard to the forces
which cause it. Within the science of kinematics, one studies position, velocity,
acceleration, and all higher order derivatives of the position variables (with respect
to time or any other variable(s)). Hence, the study of the kinematics of manipulators
refers to all the geometrical and time-based properties of the motion.

Manipulators consist of nearly rigid links, which are connected by joints that
allow relative motion of neighboring links. These joints are usually instrumented
with position sensors, which allow the relative position of neighboring links to be
measured. In the case of rotary or revelute joints, these displacements are called joint
angles. Some manipulators contain sliding (or prismatic) joints, in which the relative
displacement between links is a translation, sometimes called the joint offset.

The number of degrees of freedom that a manipulator possesses is the num-
ber of independent position variables that would have to be specified in order to
locate all parts of the mechanism. This is a general term used for any mechanism.
For example, a four-bar linkage has only one degree of freedom (even though there
are three moving members). In the case of typical industrial robots, because a manip-
ulator is usually an open kinematic chain, and because each joint position is usually
defined with a single variable, the number of joints equals the number of degrees
of freedom.

At the free end of the chain of links that make up the manipulator is the end-
effector. Depending on the intended application of the robot, the end-effector could
be a gripper, a welding torch, an electromagnet, or another device. We generally
describe the position of the manipulator by giving a description of the tool frame,
which is attached to the end-effector, relative to the base frame, which is attached to
the nonmoving base of the manipulator (see Fig. 1.6).

A very basic problem in the study of mechanical manipulation is called for-
ward kinematics. This is the static geometrical problem of computing the position
and orientation of the end-effector of the manipulator. Specifically, given a set of
joint angles, the forward kinematic problem is to compute the position and orien-
tation of the tool frame relative to the base frame. Sometimes, we think of this as
changing the representation of manipulator position from a joint space description
into a Cartesian space description.! This problem will be explored in Chapter 3.

Inverse Kinematics of Manipulators

In Chapter 4, we will consider the problem of inverse kinematics. This problem is
posed as follows: Given the position and orientation of the end-effector of the manip-
ulator, calculate all possible sets of joint angles that could be used to attain this given
position and orientation (see Fig. 1.7). This is a fundamental problem in the practical
use of manipulators.

1By Cartesian space, we mean the space in which the position of a point is given with three numbers,
and in which the orientation of a body is given with three numbers. It is sometimes called task space or
operational space.
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[Base)

FIGURE 1.6: Kinematic equations describe the tool frame relative to the base frame
as a function of the joint variables.

|Base}

FIGURE 1.7: For a given position and orientation of the tool frame, values for the joint
variables can be calculated via the inverse kinematics.
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This is a rather complicated geometrical problem that is routinely solved thou-
sands of times daily in human and other biological systems. In the case of an artificial
system like a robot, we will need to create an algorithm in the control computer that
can make this calculation. In some ways, solution of this problem is the most impor-
tant element in a manipulator system.

We can think of this problem as a mapping of “locations™ in 3-D Cartesian
space to “locations™ in the robot’s internal joint space. This need naturally arises any-
time a goal is specified in external 3-D space coordinates. Some early robots lacked
this algorithm —they were simply moved (sometimes by hand) to desired locations,
which were then recorded as a set of joint values (i.e., as a location in joint space)
for later playback. Obviously, if the robot is used purely in the mode of recording
and playback of joint locations and motions, no algorithm relating joint space to
Cartesian space is needed. These days, however, it is rare to find an industrial robot
that lacks this basic inverse kinematic algorithm.

The inverse kinematics problem is not as simple as the forward kinematics one.
Because the kinematic equations are nonlinear, their solution is not always easy (or
even possible) in a closed form. Also, questions about the existence of a solution and
about multiple solutions arise.

Study of these issues gives one an appreciation for what the human mind and
nervous system are accomplishing when we, seemingly without conscious thought,
move and manipulate objects with our arms and hands.

The existence or nonexistence of a kinematic solution defines the workspace
of a given manipulator. The lack of a solution means that the manipulator cannot
attain the desired position and orientation, because it lies outside of the manipula-
tor’s workspace.

Velocities, Static Forces, Singularities

In addition to dealing with static positioning problems, we may wish to analyze
manipulators in motion. Often, in performing velocity analysis of a mechanism, it is
convenient to define a matrix quantity called the Jacobian of the manipulator. The
Jacobian specifies a mapping from velocities in joint space to velocities in Cartesian
space (see Fig. 1.8). The nature of this mapping changes as the configuration of
the manipulator varies. At certain points, called singularities, this mapping is not
invertible. An understanding of the phenomenon is important to designers and
users of manipulators.

Consider the rear gunner in a World War [-vintage biplane fighter plane (illus-
trated in Fig. 1.9). While the pilot flies the plane from the front cockpit, the rear
gunner’s job is to shoot at enemy aircraft. To perform this task, his gun is mounted
in a mechanism that rotates about two axes, the motions being called azimuth and
elevation. Using these two motions (two degrees of freedom), the gunner can direct
his stream of bullets in any direction he desires in the upper hemisphere.

An enemy plane is spotted at azimuth one o’clock and elevation 25 degrees!
The gunner trains his stream of bullets on the enemy plane and tracks its motion so
as to hit it with a continuous stream of bullets for as long as possible. He succeeds
and thereby downs the enemy aircraft.

A second enemy plane is seen at azimuth one o'clock and elevation 70 degrees!
The gunner orients his gun and begins firing. The enemy plane is moving so as to
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FIGURE 1.8: The geometrical relationship between joint rates and velocity of the end-
effector can be described in a matrix called the Jacobian.

Elevation

FIGURE 1.9: A World War I biplane with a pilot and a rear gunner. The rear-gunner
mechanism is subject to the problem of singular positions.
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obtain a higher and higher elevation relative to the gunner’s plane. Soon the enemy
plane is passing nearly overhead. What’s this? The gunner is no longer able to keep
his stream of bullets trained on the enemy plane! He found that, as the enemy plane
flew overhead, he was required to change his azimuth at a very high rate. He was not
able to swing his gun in azimuth quickly enough, and the enemy plane escaped!

In the latter scenario, the lucky enemy pilot was saved by a singularity! The
gun’s orienting mechanism, while working well over most of its operating range,
becomes less than ideal when the gun is directed straight upwards or nearly so.
To track targets that pass through the position directly overhead, a very fast motion
around the azimuth axis is required. The closer the target passes to the point directly
overhead, the faster the gunner must turn the azimuth axis to track the target. If the
target flies directly over the gunner’s head, he would have to spin the gun on its
azimuth axis at infinite speed!

Should the gunner complain to the mechanism designer about this problem?
Could a better mechanism be designed to avoid this problem? It turns out that you
really can’t avoid the problem very easily. In fact, any two-degree-of-freedom ori-
enting mechanism that has exactly two rotational joints cannot avoid having this
problem. In the case of this mechanism, with the stream of bullets directed straight
up, their direction aligns with the axis of rotation of the azimuth rotation. This means
that, at exactly this point, the azimuth rotation does not cause a change in the direc-
tion of the stream of bullets. We know we need two degrees of freedom to orient the
stream of bullets, but, at this point, we have lost the effective use of one of the joints.
Our mechanism has become locally degenerate at this location, and behaves as if it
only has one degree of freedom (the elevation direction).

This kind of phenomenon is caused by what is called a singularity of the mech-
anism. All mechanisms are prone to these difficulties, including robots. Just as with
the rear gunner’s mechanism, these singularity conditions do not prevent a robot arm
from positioning anywhere within its workspace. However, they can cause problems
with motions of the arm in their neighborhood.

Manipulators do not always move through space; sometimes they are also
required to touch a workpiece or work surface and apply a static force. In this
case, the problem arises: Given a desired contact force and moment, what set of
joint torques is required to generate them? Once again, the Jacobian matrix of the
manipulator arises quite naturally in the solution of this problem.

Dynamics

Dynamics is a huge field of study devoted to studying the forces required to cause
motion. In order to accelerate a manipulator from rest, glide at a constant end-
effector velocity, and finally decelerate to a stop, a complex set of torque functions
must be applied by the joint actuators.> The exact form of the required functions of
actuator torque depend on the spatial and temporal attributes of the path taken by
the end-effector and on the mass properties of the links and payload, friction in the
joints, and so on. One method of controlling a manipulator to follow a desired path
involves calculating these actuator torque functions by using the dynamic equations
of motion of the manipulator.

2We use joint actuators as the generic term for devices that power a manipulator —for example, electric
motors, hydraulic and pneumatic actuators, and muscles.



