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Chapter 1

Preview

As an academic discipline, robotics is a relatively young field with highly am-
bitious goals, the ultimate one being the creation of machines that behave and
think like humans. This attempt to create intelligent machines naturally leads
us to first examine ourselves—to ask, for example, why our bodies are designed
the way they are, how our limbs are coordinated, and how we learn and re-
fine complex motions. The sense that the fundamental questions in robotics
are ultimately questions about ourselves is part of what makes robotics such a
fascinating and engaging endeavor.

In contrast to the lofty goals set by robotics researchers, the aims of this
textbook are more modest. Our focus will be on the mechanics, planning and
control of robot mechanisms. Robot arms are one familiar example. So are
wheeled platforms, as are robot arms mounted on wheeled platforms. Basically,
a mechanism is constructed by connecting rigid bodies, called links, together
with joints, so that relative motion between adjacent links becomes possible.
Actuation of the joints, typically by electric motors, then causes the robot to
move and exert forces in desired ways.

The links of a robot mechanism can be arranged in serial fashion, like the
familiar serial-chain arm shown in Figure 1.1(a). Robot mechanisms can also
have closed loops, such as the Stewart-Gough platform shown in Figure 1.1(b).
In the case of a serial chain, all of the joints are actuated, while in the case of
mechanisms with closed loops only a subset of the joints may be actuated.

Let us examine more closely the current technology behind robot mecha-
nisms. The links are moved by actuators, which are typically electrically driven
(e.g., DC or AC servo motors, stepper motors, even shape memory alloys), or
by pneumatic or hydraulic cylinders, or even by internal combustion engines. In
the case of rotating electric motors, they should ideally be lightweight, operate
at relatively low rotational speeds (e.g., in the range of hundreds of RPM) and
be able to generate large forces and torques. Since most currently available mo-
tors operate in the range of thousands of RPM, speed reduction devices with low
slippage and backlash are often required. Belts, sprockets, and spur gears are
usually not well-suited for this purpose; instead, specially designed low backlash



9 Preview

gears, harmonic drives, and ball screws are used to simultaneously reduce speed
and amplify the delivered torque. Brakes may also be attached to quickly stop
the robot or to maintain a stationary posture.

Robots are also equipped with sensors to measure the position and velocity at
the joints. For both revolute and prismatic joints, optical encoders measure the
displacement, while tachometers measure their velocity. Forces at the links or at
the tip can be measured using various types of force-torque sensors. Additional
sensors may be used depending on the nature of the task, e.g., cameras, sonar
and laser range finders to locate and measure the position and orientation of
objects.

This textbook is about the mechanics, motion planning, and control of such
robots. We now provide a preview of the later chapters.

Chapter 2: Configuration Space

(a) An open chain industrial manipulator. (b) Stewart-Gough platform.

Figure 1.1: Open chain and closed chain robot mechanisms.

At its most basic level, a robot consists of rigid bodies connected by joints,
with the joints driven by actuators. In practice the links may not be completely
rigid, and the joints may be affected by factors such as elasticity, backlash,
friction, and hysteresis. In this book we ignore these effects and assume all links
are rigid. The most commonly found joints are revolute joints (allowing for
rotation about the joint axis) and prismatic joints (allowing for linear translation
along the joint axis). Revolute and prismatic joints have one degree of freedom
(either rotation or translation); other joints, such as the spherical joint (also
called the ball-in-socket joint), have higher degrees of freedom.

In the case of a serial chain robot such as the industrial manipulator of Fig-
ure 1.1(a), all of the joints are independently actuated. This is the essential idea



behind the degrees of freedom of a robot: it is the sum of all the indepen-
dently actuated degrees of freedom of the joints. For serial chains the degrees of
freedom is obtained simply by adding up all the degrees of freedom associated
with the joints.

For closed chains like the Stewart-Gough platform shown in Figure 1.1(b),
the situation is somewhat more complicated. First, joints with multiple degrees
of freedom like the spherical joint are quite common. Second, it is usually
not possible to independently actuate all of the joints—fixing a certain set of
joints to prescribed values automatically determines the values of the remaining
joints. For even more complicated closed chains with multiple loops and different
joint types, determining the degrees of freedom may not be straightforward or
intuitive.

A more abstract but equivalent definition of the degrees of freedom of a robot
begins with the notion of its configuration space: a robot’s configuration
is a complete specification of the positions and orientations of each link of a
robot, and its configuration space is the set of all possible configurations of the
robot. The degrees of freedom, then, is the minimum number of independent
parameters required to specify the position and orientation of each of the links.
Based on this definition we obtain a formula—Griibler’s formula—that relates
the number of links and joints (including the degrees of freedom of each joint)
comprising a robot with its degrees of freedom.

Robot motion planning and control both begin by choosing coordinates that
parametrize the robot’s configuration space. Often the coordinates of choice
are the joint variables, and the configuration space can be parametrized either
explicitly or implicitly in terms of these joint variables. Also, to grasp and
manipulate objects, a robot is typically equipped with an end-effector, e.g., a
mechanical hand or gripper. The task space, also called the workspace, is the
configuration space of a frame attached to the end-effector. In this chapter we
study the various ways in which the configuration and task spaces of a robot
can be parametrized.

Chapter 3: Rigid-Body Motions

This chapter addresses the problem of how to mathematically describe the mo-
tion of a rigid body moving in three-dimensional physical space. One convenient
way is to attach a reference frame to the rigid body, and to develop a way to
quantitatively describe the frame’s position and orientation as it moves. As
a first step, we cover some preliminaries on the analysis of velocities and ac-
celerations of particles with respect to moving frames. We then introduce the
3 x 3 matrix representation for describing a frame’s orientation; such a matrix
is referred to as a rotation matrix. Two well-known three-parameter repre-
sentations for rotation matrices, the Euler angles and roll-pitch-yaw angles, are
described.

We then introduce the exponential representation for rotations. This rep-
resentation, which can also be identified with the familiar angle-axis represen-
tation for rotations, is derived in a somewhat roundabout way as the solution
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to a certain linear vector differential equation. Doing so allows us to, among
other things, proceed directly to the exponential description of general rigid
body motions, which forms the cornerstone for our later kinematic analysis of
serial chains.

The exponential description of rigid body motions can also be identified with
classical screw theory. In addition to the basic rules for the matrix representa-
tion and manipulation of rigid body motions, we also cover in detail the linear
algebraic constructs of screw theory, including the unified description of linear
and angular velocities as six-dimensional spatial velocities. Analogously, it
is also natural to combine three-dimensional forces and moments into a six-
dimensional spatial force.

Chapter 4: Forward Kinematics

For an open chain, the position and orientation of the end-effector are uniquely
determined from the joint positions. This is precisely the forward kinematics
problem for a robot: given a set of input joint values, find the output position
and orientation of the reference frame attached to the end-effector. In this chap-
ter we study two methods for describing the forward kinematics of open chains:
the Denavit-Hartenberg (D-H) representation and the product-of-exponentials
(PoE) formula. The D-H representation uses a fewer number of parameters,
but requires that reference frames be attached to each link. The PoE formula
requires more parameters, but there is no need to attach reference frames to
each link. Instead it relies solely on information about the location of each joint
axis—essentially, a line in space—making this the preferred forward kinematic
representation for our subsequent analysis in the later chapters.

Chapter 5: Velocity Kinematics and Statics

Velocity kinematics refers to the relationship between joint rates and the linear
and angular velocities of the end-effector frame. Central to velocity kinematics is
the Jacobian of the forward kinematics. By multiplying the vector of joint rates
by this matrix, the linear and angular velocities of the end-effector frame can be
obtained for any given robot configuration. Kinematic singularities, which
are configurations in which the end-effector frame loses the ability to move or
rotate in one or more directions—imagine, for example, a two-link planar chain
with its two links folded over each other—correspond to those configurations at
which the Jacobian matrix fails to have maximal rank. The closely related and
more general notion of the manipulability ellipsoid, whose shape indicates
the ease with which the robot can move in various directions, is also derived
from the Jacobian.

Finally, the Jacobian is also central to static force analysis. In static equilib-
rium settings, the Jacobian is used to determine what forces and torques need
to be exerted at the input joints in order for the end-effector to apply a certain
force or moment. In this chapter we show how to obtain the Jacobian for general
serial chains, and its many practical uses in the above and other settings.



Chapter 6: Inverse Kinematics

The inverse kinematics problem is to determine the set of joint positions
that achieves a desired end-effector configuration. For serial chain robots, the
inverse kinematics is in general more involved than the forward kinematics: for
a given set of joint values there usually exists a unique end-effector position and
orientation, but for a particular end-effector position and orientation, there may
exist multiple solutions, or even none at all.

In this chapter we first examine a special class of six-dof serial chain struc-
tures whose inverse kinematics admits a closed-form analytic solution. Iterative
numerical algorithms are then derived for solving the inverse kinematics of gen-
eral six-dof serial chains. We also examine the inverse kinematics of redundant
serial chains (that is, those with more than seven degrees of freedom) in the con-
text of tracking a desired end-effector trajectory. For this problem, we present
a solution for obtaining the corresponding input joint rates that relies on the
generalized inverse of the forward kinematics Jacobian.

Chapter 7: Kinematics of Closed Chains

While serial chains have unique forward kinematics solutions, closed chains often
have multiple forward kinematics solutions. Also, because closed chains possess
both actuated and passive joints, the kinematic singularity analysis of closed
chains presents unusual subtleties not encountered in serial chains. In this
chapter we study the basic concepts and tools for the kinematic analysis of
closed chains. We begin with a detailed case study of mechanisms like the
planar five-bar linkage and the Stewart-Gough Platform. These results are then
generalized into a systematic methodology for the kinematic analysis of more
general closed chains.

Chapter 8: Dynamics of Open Chains

This chapter derives the dynamic equations for serial chains. As a first step, the
dynamic equations for a single rigid body are derived in terms of spatial veloc-
ities, accelerations, and forces. The dynamics for a serial chain robot are then
derived by applying the single body equation to each link of the robot. Analo-
gous to the notions of forward and inverse kinematics, the forward dynamics
problem involves determining the resulting joint trajectory for a given input joint
torque profile. Similarly, the inverse dynamics problem is concerned with de-
termining the input joint torque profile for a desired joint trajectory. The main
result of this chapter is a set of recursive algorithms for the forward and inverse
dynamics problem. Unlike traditional methods that rely on a separate analysis
of the linear and angular components of the dynamic equations, our algorithms
are formulated entirely in terms of six-dimensional spatial quantities, and rely
upon the product-of-exponentials formula to model the kinematics.
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Chapter 9: Trajectory Generation

What sets a robot apart from an automated machine is that it should be easily
reprogrammable for different tasks. Different tasks require different motions,
and it would be unreasonable to expect the user to specify the entire time-history
of each joint for every task; clearly it would be desirable for the computer to
“fill in the details” from a small set of task input data.

This chapter is concerned with the automatic generation of joint trajectories
from this set of task input data. Often this input data is given in the form of an
ordered set of joint values, called control points, together with a corresponding
set of control times. Based on this data the trajectory generation algorithm
produces a smooth trajectory for each joint that satisfies various user-supplied
conditions.

We study some popular algorithms for trajectory generation that were orig-
inally developed for computer-aided curve design applications. Algorithms that
are of particular interest are cubic splines and Bézier curves. Versions of these
algorithms are offered for the generation of trajectories in both joint space and
end-effector space. In the latter case, algorithms are presented for interpolating
through an ordered set of end-effector reference frames.

Chapter 10: Motion Planning

This chapter addresses the problem of finding a collision-free path for a robot
through a cluttered workspace. The most intuitive approach is to work in config-
uration space, which because of the workspace obstacles have forbidden regions.
We begin with the most basic of planning algorithms involving grid search. A
convenient way to navigate through such cluttered regions is through the use
of artificial potential fields. Briefly, in these methods the obstacles generate
artificial forces that repel the robot should it venture too near. When they
work, these methods have the advantage of being able to generate collision-
free trajectories in real-time. There are a number of subtleties associated with
these methods, however, e.g., the possibility of getting “stuck” in local equi-
libria without reaching the goal configuration, and we discuss some methods
to overcome these difficulties. We also cover a basic randomized algorithm for
planning collision-free paths, based on rapidly-exploring random trees.

Chapter 11: Robot Control

A robot arm can exhibit a number of different behaviors depending on the task
and its environment. It can act as a source of programmed motions for tasks
such as moving an object from one place to another, or tracing a trajectory for
manufacturing applications. It can act as a source of forces, for example when
grinding or polishing a workpiece. In tasks such as writing on a chalkboard, it
must control forces in some directions (the force pressing the chalk against the
board) and motions in others (motion in the plane of the board). In certain
applications, e.g., haptic displays, we may want the robot to act like a spring,



damper, or mass, controlling its position, velocity, or acceleration in response
to forces applied to it.

In each of these cases, it is the job of the robot controller to convert the
task specification to forces and torques at the actuators. Control strategies
to achieve the behaviors described above are known as motion (or position)
control, force control, hybrid motion-force control, and impedance con-
trol. Which of these behaviors is appropriate depends on both the task and
the environment. For example, a force control goal makes sense when the end-
effector is in contact with something, but not when it is moving in free space. We
also have a fundamental constraint imposed by mechanics, irrespective of the
environment: the robot cannot independently control both motions and forces
in the same direction. If the robot imposes a motion, then the environment
determines the force, and vice versa.

Most robots are driven by actuators that apply a force or torque to each
joint. Hence, to precisely control a robot would require an understanding of
the relationship between joint forces and torques and the motion of the robot;
this is the domain of dynamics. Even for simple robots, however, the dynamic
equations are usually very complex, Also, to accurately derive the dynamics
requires, among other things, precise knowledge of the mass and inertia of each
link, which may not be readily available. Even if they were, the dynamic equa-
tions would still not reflect physical phenomena like friction, elasticity, backlash,
and hysteresis.

Most practical control schemes compensate for these errors by using feed-
back. One effective method of industrial robot control is to neglect the robot’s
dynamics, and instead model each actuator as a scalar second-order linear sys-
tem. As such we first introduce basic concepts from linear control, and show
how they can be used to effectively control complex multi-dof robots.

This chapter also introduces some basic robot control techniques that as-
sume a dynamic model of the robot is available; such feedforward control
techniques use the dynamic model of the robot and its environment to deter-
mine actuator control inputs that achieve the desired task. Because of modeling
and other errors, feedforward control is rarely used by itself, but is often used
in conjunction with feedback control. After considering feedback and forward
strategies for model-based motion control, we then examine force control, hybrid
motion-force control, and impedance control.

Chapter 12: Grasping and Manipulation

The focus of the previous chapters has been mostly on the internal characteriza-
tion of the robot—its kinematics and dynamics, as well as methods for motion
planning and control. In this chapter we now explicitly consider physical inter-
actions between the robot and its environment. The first order of business is to
characterize the nature of contacts between the robot and objects, or more gen-
erally, contact constraints between rigid bodies. As such it becomes necessary
to consider friction, which we considered earlier in the chapter on force closure,
at least in the case for point contacts. We examine the equations of motion for
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rigid body mechanics with friction, formulate the general problem of manipula-
tion plannning and grasping, and examine simplifications and assumptions that
lead to certain basic solutions.

Chapter 13: Wheeled Mobile Robots

This chapter addresses the kinematics, motion planning, and control of wheeled
robots that are subject to no-slip rolling constraints. Such constraints are funda-
mentally different from the loop closure constraints found in closed chains—the
former are holonomic, the latter nonholonomic—and as such we begin with
a discussion of nonholonomic constraints. We then examine the kinematics
of some popular wheeled robots: car-like, differential drive, Dubins, and om-
nidirectional robots. The controllability problem of determining whether a
wheeled robot is able to move from a given initial configuration to an arbitrary
final configuration is then examined. The chapter concludes with a discussion
of motion planning and control algorithms for wheeled robots, including the
problem of characterizing and finding optimal paths, and feedback control of
wheeled robots.



Chapter 2

Configuration Space

A typical robot is mechanically constructed from several bodies, or links, that
are connected by various types of joints. The robot moves when actuators
(such as electric motors) deliver forces or torques to the joints. Usually an end-
effector, such as a gripper or hand for grasping and manipulating objects, is
attached to some link of the robot. All of the robots considered in this book
have links that can be modeled as rigid bodies.

Given a particular robot, perhaps the most fundamental question one can
ask is “where is the robot?”! The answer to this question is the robot’s con-
figuration—a specification of the positions of all points of the robot. Since
the robot’s links are rigid and of known shape, only a few numbers are needed
to represent the configuration.? For example, to represent the configuration of
a door, we need only one number, the angle # that the door rotates about its
hinge. The configuration of a point on a plane can be described by two coordi-
nates, (z,y). To represent the configuration of a coin lying heads up on a flat
table, we need three coordinates: two specifying the location (x,y) on the table
of a particular point on the coin, and one specifying the coin’s orientation, 6.
(See Figure 2.1.)

The minimum number of real-valued coordinates needed to represent the
configuration is the number of degrees of freedom (dof) of the robot. Thus
a coin (viewed as a robot) lying on a table has three degrees of freedom. If the
coin could lie heads up or tails up, the configuration space still has only three
degrees of freedom, since the fourth variable, representing which side of the coin
is up, can only take values in the discrete set {heads, tails}; it does not take a
continuous range of real values as required by our definition.

Definition 2.1. The configuration of a robot is a complete specification of
the positions of every point of the robot. The minimum number n of real-valued
coordinates needed to represent the configuration is the number of degrees of
freedom (dof) of the robot. The n-dimensional space containing all possible

In the sense of “where are the links of the robot situated?”
2Compare with trying to represent the configuration of a pillow.
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Figure 2.1: (a) The configuration of a door is described by its angle 6. (b) The
configuration of a point in a plane is described by coordinates (z,y). (c) The
configuration of a coin on a table is described by (z,y, ).

configurations of the robot is called the configuration space (or C-space for
short).

In this chapter we study the C-space and degrees of freedom of general
robots. Since our robots are constructed of rigid bodies, we first examine the
degrees of freedom of a rigid body. We then examine the number of degrees
of freedom of general robots. Next we discuss the shape of curved C-spaces
and general issues in representing these spaces. The chapter concludes with a
discussion of the C-space of a robot’s end-effector, or its task space. In the
next chapter we study in more detail the various mathematical representations
for the C-space of rigid bodies.

2.1 Degrees of Freedom of a Rigid Body

Continuing with the example of the coin lying on the table, choose three points
A, B, and C fixed to the coin (Figure 2.2(a)). Once we attach a coordinate
frame x-y to the plane, the positions of these points in the plane are written
(za,y4), (xB,yB), and (x¢,yc). If these points could be placed independently
anywhere in the plane, the coin would have have six degrees of freedom—two
for each of the three points. However, according to the definition of a rigid
body, the distance between point A and point B, denoted d(A4, B), is always
constant regardless of the configuration of the coin; similarly, the distances
d(B,C) and d(A,C) must be constant. The following equality constraints are
therefore imposed on the coordinates (z4,y4), (5,y5), and (z¢, yo):

d(A,B) =+/(za —25)>+ (ya — yB)? = das
d(B,C) =+/(zp — xc)? + (ys — yc)? = dpc
d(A,C) = /(x4 —20)? + (ya — yo)? = dac-

To determine the number of degrees of freedom of the coin, we first choose
the position of point A in the plane (Figure 2.2(b)). We may choose it to be
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Figure 2.2: (a) Choosing three points fixed to the penny. (b) Once the location
of A is chosen, B must lie on a circle of radius dsp centered at A. Once the
location of B is chosen, C' must lie at the intersection of circles centered at
A and B. Only one of these two intersections corresponds to the “heads up”
configuration. (c) The configuration of a penny in three-dimensional space is
given by the three coordinates of A, two angles to the point B on the sphere of
radius d4p centered at A, and one angle to the point C' on the circle defined by
the intersection of the a sphere centered at A and a sphere centered at B.

anything we want, so we have two degrees of freedom to specify, (z4,y4). Once
this is specified, however, the constraint d(A, B) = dap restricts the choice of
(zB,yB) to those points on the circle of radius dap centered at A. A point on
this circle can be specified by a single parameter, e.g., the angle specifying the
location of B on the circle centered at A; let’s call this angle ¢ 45, and define it
to be the angle that the vector ﬁ makes with the %x-axis.

Finally, once we have chosen the location of point B, there are only two
possible locations of C: at the intersections of the circle of radius d4¢ centered
at A and the circle of radius dpc centered at B (Figure 2.2(b)). These two
solutions correspond to heads or tails. In other words, once we have placed
A and B and chosen heads or tails, the two constraints d(A,C) = dac and
d(B,C) = dpc¢ eliminate the two apparent freedoms provided by (z¢, yc), and
the location of C' is fixed. The coin has exactly three degrees of freedom in the
plane, which can be specified by (za,ya,PaB).

Suppose we were to choose an additional point on the coin, D, thus in-
troducing three additional constraints: d(A, D) = dap, d(B,D) = dpp, and
d(C,D) = dcp. One of these constraints is redundant, and adds no new
information—only two of the three constraints are independent. The two free-
doms apparently introduced by the coordinates (zp,yp) are immediately elim-
inated by the two independent constraints. The same would hold for any other
point on the coin, so there is no need to consider additional points.

We have been applying the following general rule for determining the number
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of degrees of freedom of a system:

Degrees of freedom = (Sum of freedoms of the points) —

(Number of independent constraints). (2.1)

This rule can also be expressed in terms of the number of variables and inde-
pendent equations that describe the system:

Degrees of freedom = (Number of variables) —

(Number of independent equations). (2.2)

We can use this general rule to determine the number of freedoms of a rigid
body in three dimensions as well. For example, assume our coin is no longer
confined to the table (Figure 2.2(c)). The three points A, B, and C are now
defined by (za,ya,24), (zB,yB,28B), and (z¢,yc, zc). Point A can be placed
freely (three degrees of freedom). The location of point B is subject to the
constraint d(A, B) = dap, meaning it must lie on the sphere of radius dap
centered at A. Thus we have 3 — 1 = 2 freedoms to specify, which can be
expressed as the latitude and longitude for the point on the sphere. Finally, the
location of point C' must lie at the intersection of spheres centered at A and B
of radius d4¢ and dp¢, respectively. The intersection of two spheres is a circle,
and thus the location of point C' can be described by an angle that parametrizes
this circle. Point C' therefore adds 3—2 = 1 freedom. Once the position of point
C' is chosen, the coin is fixed in space.

In summary, a rigid body in three-dimensional space has six freedoms, which
can be described by the three coordinates parametrizing point A, the two an-
gles parametrizing point B, and one angle parametrizing point C. Other six-
parameter representations for the six freedoms of a rigid body are discussed in
Chapter 3.

We have just established that a rigid body moving in three-dimensional
space, which we call a spatial rigid body, has six degrees of freedom. Similarly,
a rigid body moving in a two-dimensional plane, which we henceforth call a
planar rigid body, has three degrees of freedom. This latter result can also
be obtained by considering the planar rigid body to be a spatial rigid body with
six degrees of freedom, but with the three independent constraints z4 = zp =
zZc = 0.

Since our robots are constructed of rigid bodies, we express Equation (2.1)
as follows:

Degrees of freedom = (Sum of freedoms of the bodies) —

(Number of independent constraints). (2.3)

Equation (2.3) forms the basis for determining the degrees of freedom of general
robots, which is the topic of the next section.
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2.2 Degrees of Freedom of a Robot

Consider once again the door example of Figure 2.1(a), consisting of a single
rigid body connected to the wall by a hinge joint. From the previous section we
know that the door has only one degree of freedom, conveniently represented
by the hinge joint angle §. Without the hinge joint, the door is free to move in
three-dimensional space and has six degrees of freedom. By connecting the door
to the wall via the hinge joint, five independent constraints are imposed on the
motion of the door, leaving only one independent coordinate (6). Alternatively,
we can view the door from above and regard it as a planar body, which has three
degrees of freedom. The hinge joint then imposes two independent constraints,
again leaving only one indepedent coordinate (). Its C-space is represented by
some range in the interval [0,27) over which 6 is allowed to vary.

In both cases we see that joints have the effect of constraining the motion
of the rigid body, and thus reducing the overall degrees of freedom. It seems
plausible that a formula can be obtained for determining the degrees of freedom
of a robot, simply by counting the number of rigid bodies and joints. This is in
fact the case, and in this section we derive Griibler’s formula for determining
the degrees of freedom of planar and spatial robots.

2.2.1 Degrees of Freedom of a Robot
Robot Joints

Figure 2.3 illustrates the basic joints found in typical robots. Every joint con-
nects exactly two links; we do not allow joints that simultaneously connect three
or more links. The revolute joint (R), also called a hinge joint, allows for ro-
tational motion about the joint axis. The prismatic joint (P), also called a
sliding or linear joint, allows for translational (or rectilinear) motion along the
direction of the joint axis. The screw joint (H), also called a helical joint, allows
simultaneous rotation and translation about a screw axis. Revolute, prismatic,
and screw joints all have one degree of freedom.

Joints can also have multiple degrees of freedom. The cylindrical joint
(C) is a two-dof joint that allows for independent translations and rotations
about a single fixed joint axis. The universal joint (U) is another two-dof
joint constructed by serially connecting a pair of revolute joints so that their
joint axes are orthogonal. The spherical joint (S), also called a ball-and-socket
joint, has three degrees of freedom and functions much like our shoulder joint.

A joint can be viewed as providing freedoms to allow one rigid body to move
relative to another, or it can be viewed as providing constraints on the possible
motions of the two rigid bodies it connects. For example, a revolute joint can
be viewed as allowing one freedom of motion between two rigid bodies in space,
or it can be viewed as providing five constraints on the motion of one rigid body
relative to the other. Generalizing, the number of degrees of freedom of a rigid
body (three for planar bodies and six for spatial bodies) minus the number of
constraints provided by a joint must equal the number of freedoms provided by
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Figure 2.3: Typical robot joints.
constraints constraints
between two | between two
joint type | dof planar spatial
rigid bodies | rigid bodies
revolute (R) | 1 2 5
prismatic (P) | 1 2 5
screw (H) | 1 N/A 5
cylindrical (C) | 2 N/A 4
universal (U) | 2 N/A 4
spherical (S) | 3 N/A 3

Table 2.1: The number of degrees of freedom and constraints provided by com-

mon joints.

the joint.

The freedoms and constraints provided by the various joint types are sum-

marized in Table 2.1.

Griibler's Formula

The number of degrees of freedom of a mechanism with links and joints can be
calculated using Griibler’s formula, an expression of Equation (2.3).

Proposition 2.1. Consider a robot consisting of N links, where ground is also
regarded as a link. Let J be the number of joints, m be the number of degrees
of freedom of a rigid body (three for planar mechanisms and sixz for spatial
mechanisms), f; be the number of freedoms provided by joint i, and ¢; be the
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Figure 2.4: (a) Four-bar linkage. (b) Slider-crank mechanism.

number of constraints provided by joint i (where f; + ¢; = m). Then Gribler’s
formula for the number of degrees of freedom (dof) of the robot is

J
dof = m(N-1) - E ¢
rigid body freedoms i=1

joint constraints
J
= )= _(m—=f)
i=1
=m(N—-1-J Jerz (2.4)

This formula only holds if all joint constraints are independent. If they may
not be independent, then the formula provides a lower bound on the number of
degrees of freedom.

Below we apply Griibler’s formula to several planar and spatial mechanisms.
We distinguish two types of mechanisms: open-chain mechanisms (also
known as serial mechanisms) and closed-chain mechanims (also known
as parallel mechanisms). A closed-chain mechanism is any mechanism that
has a closed loop; an example is the closed loop from the ground, to your right
leg, to your waist, to your left leg, to the ground when you are standing with
both feet on the ground. An open-chain mechanism is any mechanism without
a closed loop; an example is your arm when your hand is in free space.

Example 2.1. Four-bar linkage and slider-crank mechanism
Consider the four-bar linkage shown in Figure 2.4(a). This planar closed-chain
mechanism consists of four links—one of them ground—connected in a single
closed loop by four revolute joints. Since the mechanism and the rigid bodies
are planar, m = 3. Subsituting N =4, J =4, and f; = 1,4 = 1,...,4, into
Griibler’s formula, it can be determined that the four-bar linkage has one degree
of freedom.

The slider-crank closed-chain mechanism of Figure 2.4(b) can be analyzed in
two ways: (i) the mechanism consists of three revolute joints and one prismatic
joint (J = 4, and each f; = 1) and four links (N = 4, including the ground
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(a) (b)

(c) (d)

Figure 2.5: (a) k-link planar serial chain. (b) Five-bar planar linkage. (c)
Stephenson six-bar linkage. (d) Watt six-bar linkage.

link), or (ii) the mechanism consists of two revolute joints (f; = 1) and one RP
joint (the RP joint is a concatenation of a revolute and prismatic joint, so that
fi = 2) and three links (N = 3; remember that each joint connects precisely
two bodies). In both cases the mechanism has one degree of freedom.

Example 2.2. Some classical planar mechanisms
Let us now apply Griibler’s formula to several classical planar mechanisms. The
k-link planar serial chain of revolute joints in Figure 2.5(a) (called a kR robot
for its k revolute joints) has N = k + 1 (k links plus ground) and J = k, and
since all the joints are revolute, each f; = 1. Therefore,

dof =3((k+1)—1—k)+k=k

as expected. For the five-bar linkage of Figure 2.5(b), N = 5 (four links plus
ground), J = 5, and since all joints are revolute, each f; = 1. Therefore,

dof =3(5—-1—-5)+5=2.

For the Stephenson six-bar linkage of Figure 2.5(c), we have N = 6, J =7, and
fi =1 for all 7, so that

dof =3(6—1—7)+7=1.
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Figure 2.6: A planar mechanism with two overlapping joints.

Finally, for the Watt six-bar linkage of Figure 2.5(d), we have N = 6, J = 7,
and f; =1 for all ¢, so that like the Stephenson six-bar linkage,

dof =3(6—-1—-7)+7=1.

Example 2.3. A planar mechanism with overlapping joints

Consider the planar mechanism illustrated in Figure 2.6. Again, there is more
than one way to derive the number of degrees of freedom using Griibler’s for-
mula. If all the joints are regarded as either revolute or prismatic, then the
mechanism consists of eight links (N = 8), eight revolute joints, and one pris-
matic joint. (Note that three bodies meet at a single point on the right. Recall-
ing that a joint connects exactly two links, the joint at this intersection point
should not be regarded as a single revolute joint. Rather, it should be correctly
interpreted as two revolute joints overlapping each other.) Substituting into
Griibler’s formula,

dof=3(8—-1-9)+9(1) =3.

Alternatively, the revolute-prismatic pair connected to the body can be regarded
as a single two-dof joint. In this case the number of links is N = 7, with seven
revolute joints and a single two-dof revolute-prismatic pair. For this interpreta-
tion, Griibler’s formula yields

dof = 3(7 —1—8) +7(1) + 1(2) = 3.

Example 2.4. Griibler’s formula and singularities

Consider the parallelogram linkage of Figure 2.7(a). Here N =5, J = 6, and f;=
1 for each link, and from Griibler’s formula, the number of degrees of freedom
is given by 3(5 —1—6) + 6 = 0. A mechanism with zero degrees of freedom
is by definition a rigid structure. However, if the three parallel links are of the
same length and the two horizontal rows of joints are collinear as implied by the
figure, the mechanism can in fact move, with one degree of freedom. Any one
of the three parallel links is redundant with the other two.
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Figure 2.7: (a) A parallelogram linkage; (b) The five-bar linkage in a regular
and singular configuration.

Figure 2.8: The Stewart-Gough Platform.

A similar situation occurs for the five-bar linkage of Figure 2.7(b). If the two
joints connected to ground are fixed, then the five-bar linkage should become
a rigid structure, given that the mechanism has two degrees of freedom by
Griibler’s formula. Note, however, that if the two middle links overlap each
other as shown in the figure, then these links are able to rotate freely about the
two overlapping joints. Of course, the link lengths need to be chosen in such a
way that this configuration is feasible. If a different pair of joints is fixed, then
the mechanism does become a rigid structure as expected.

Griibler’s formula provides a lower bound for the number of degrees of free-
dom for singular cases like those just described. Configuration space singu-
larities arising in closed chains are discussed in detail in the later chapter on
closed-chain kinematics.

Example 2.5. Stewart-Gough Platform
The Stewart-Gough platform of Figure 2.8 consists of two platforms—the lower
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Figure 2.9: The 3 x UPU platform.

one stationary, the upper one mobile—connected by six legs. Each leg consists
of a universal-prismatic-spherical (UPS) joint arrangement. The total number
of links (including the fixed lower platform, which is regarded as the ground link)
in this closed-chain mechanism is 14 (N = 14). There are six universal joints
(each with two degrees of freedom, f; = 2), six prismatic joints (each with
a single degree of freedom, f; = 1), and six spherical joints (each with three
degrees of freedom, f; = 3). The total number of joints is 18. Substituting
these values into Griibler’s formula with m = 6,

dof = 6(14 — 1 — 18) + 6(1) + 6(2) + 6(3) = 6.

In some versions of the Stewart-Gough platform the six universal joints are
replaced by spherical joints. Griibler’s formula then indicates that this mecha-
nism has twelve degrees of freedom. This result may seem surprising but it is
in fact correct; replacing each universal joint by a spherical joint introduces an
extra degree of freedom in each leg, allowing torsional rotations about the leg
axis. Note however that this torsional rotation has no effect on the motion of
the mobile platform.

Example 2.6. 3 x UPU platform

The next example, shown in Figure 2.9, is also a closed-chain platform structure,
in which the two platforms are connected by three U PU legs. The total number
of links is N = 8. There are six universal joints and three prismatic joints,
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making for a total of J = 9 joints. Substituting these values into Griibler’s
formula leads to
dof =6(8—-1-9)+3(1) +6(2) = 3.

The 3 x UPU mechanism has three degrees of freedom according to Griibler’s
formula, but constructed prototypes of this mechanism reveal extra degrees of
freedom not predicted by Griibler’s formula. These and other subtle aspects of
the 3 x UPU platform are further discussed in Chapter 7.

2.3 Configuration Space: Topology and Represen-
tation

2.3.1 Configuration Space Topology

Until now we have been focusing on one important aspect of a robot’s C-space—
its dimension, or the number of degrees of freedom. However, the shape of the
space is also important.

Consider a point moving on the surface of a sphere. The point’s C-space is
two-dimensional, as the configuration can be described by two coordinates, e.g.,
latitude and longitude. As another example, a point moving on a plane also
has a two-dimensional C-space, with coordinates (z,y). While both a plane and
the surface of a sphere are two-dimensional, clearly they do not have the same
shape—the plane extends infinitely while the sphere wraps around.

On the other hand, a larger sphere has the same shape as the original sphere,
in that it wraps around in the same way. Only its size is different. For that mat-
ter, an oval-shaped American football also wraps around similarly to a sphere.
The only difference between a football and a sphere is that the football has been
stretched in one direction.

The idea that the two-dimensional surfaces of a small sphere, a large sphere,
and a football all have the same kind of shape, which is different from the shape
of a plane, is expressed by the topology of the surfaces. We do not attempt a
rigorous treatment?, but we say that two spaces are topologically equivalent
if one can be continuously deformed into the other without cutting or gluing.
A sphere can be deformed into a football simply by stretching, without cutting
or gluing, so those two spaces are topologically equivalent. You cannot turn a
sphere into a plane without cutting it, however, so a sphere and a plane are
not topologically equivalent. The topology of a space is independent of how we
choose to represent the space.

Topologically distinct one-dimensional spaces include the line, a closed in-
terval of the line, and a circle. The line can be written E or E!, indicating a
one-dimensional Euclidean “flat” space. Since a point in E! is so commonly
represented by a real number (after choosing an origin and a length scale), it is

3For those familiar with concepts in topology, all spaces we consider can be viewed as
embedded in a higher-dimensional Euclidean space, inheriting the Euclidean topology of that
space.
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Figure 2.10: An open interval of the real line, denoted (a,b), can be deformed
to an open semicircle. This open semicircle can then be deformed to the real
line by the mapping illustrated: beginning from a point at the center of the
semicircle, draw a ray that intersects the semicircle and then a line above the
semicircle. These rays show that every point of the semicircle can be stretched
to exactly one point on the line, and vice-versa. Thus an open interval can be
continuously deformed to a line, so an open interval and a line are topologically
equivalent.

B

often written R or R! instead. A closed interval of the line, which contains its
endpoints, can be written [a,b] C R!. (An open interval (a,b) does not include
the endpoints a and b and is topologically equivalent to a line, since the open
interval can be stretched to a line, as shown in Figure 2.10. A closed interval is
not topologically equivalent to a line, since a line does not contain endpoints.)
The circle is written S or S*.

In higher dimensions, R is the n-dimensional Euclidean space and S™ is the
n-dimensional surface of a sphere in (n + 1)-dimensional space. For example,
52 is the two-dimensional surface of a sphere in three-dimensional space.

Some C-spaces can be expressed as the Cartesian product of lower-dimensional
spaces, meaning that points in the C-space can be represented as the union of
the representation of points in the lower-dimensional spaces. For example:

e The C-space of a rigid body in the plane can be written as R? x S?,
since the configuration can be represented as the concatenation of the
coordinates (z,y) € R? and 0 € S*.

e The C-space of a PR robot arm can be written R x S1. (Typically we will
not worry about joint limits when expressing the topology of the C-space.)

e The C-space of a 2R robot arm can be written as S' x S' = T2, where
T™ is the n-dimensional surface of a torus in an (n+ 1)-dimensional space.
(See Table 2.2.) Note that S x S x ... x S! (n copies of S') is equal to
T", not S™; for example, a sphere S? is not topologically equivalent to a
torus 72

e The C-space of a planar rigid body (e.g., the chassis of a mobile robot)
with a 2R robot arm can be written as R? x S x T? = R? x T3,

e As we saw in Section 2.1 when we counted the degrees of freedom of a
rigid body in three dimensions, the configuration of a rigid body can be
described by a point in R2, plus a point on a two-dimensional sphere
52, plus a point on a one-dimensional circle S*, for a total C-space of
R3 x §2 x S*.
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system C-space sample representation
—
N y ?
T
point on a plane E? R?
latitude
90°
A A
longitude
-90°
-180° 180°
tip of spherical pendulum 2-sphere S? [—180°,180°) x [—90°,90°]
62
2
A A
OO 2n 0,
2R robot arm 2-torus 7% = St x S? [0,27) x [0, 27)
0
271 >
G= |
I— T =
rotating sliding knob cylinder R! x S* R x [0, 27)

Table 2.2: Four topologically different two-dimensional C-spaces and exam-
ple coordinate representations. In the latitude-longitude representation of the
sphere, the latitudes —90° and 90° each correspond to a single point (the South
Pole and the North Pole, respectively), and the longitude parameter wraps
around at 180° and —180°: the edges with the arrows are glued together. Sim-
ilarly, the coordinate representations of the torus and cylinder wrap around at
the edges marked with identical arrows. To turn the torus into its coordinate
representation (a subset of R?), the torus can be cut along the small circle
shown (representing the range of angles 65 of the second joint while §; = 0) and
straightened out to make a cylinder, then cut along the length of the cylinder
(representing the range of angles of the first joint while 6, = 0) and flattened.

2.3.2 Configuration Space Representation

To perform computations, we must have a numerical representation of the space,
consisting of a set of real numbers. We are familiar with this idea from linear
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algebra—a vector is a natural way to represent a point in a Euclidean space.
It is important to keep in mind that the representation of a space involves a
choice, and therefore it is not as fundamental as the topology of the space itself,
which is independent of the representation. For example, the same point in a
3D space can have different coordinate representations depending on the choice
of the reference frame (the origin and the direction of the coordinate axes) and
the choice of length scale, but the topology of the underlying space is the same
regardless of our choice.

While it is natural to choose a reference frame and length scale and use
a vector to represent points in a Euclidean space, representing a point on a
curved space, like a sphere, is less obvious. One solution for a sphere is to use
latitude and longitude coordinates. A choice of n coordinates, or parameters,
to represent an n-dimensional space is called an explicit parametrization of
the space. The explicit parametrization is valid for a particular range of the
parameters (e.g., [—90°,90°] for latitude and [—180°,180°) for longitude for a
sphere, where, on Earth, negative values correspond to “South” and “West,”
respectively).

The latitude-longitude representatation of a sphere is dissatisfying if you
are walking near the North Pole (latitude equals 90°) or South Pole (latitude
equals —90°), where taking a very small step can result in a large change in the
coordinates. The North and South Poles are singularities of the representation,
and the existence of singularities is a result of the fact that a sphere does not have
the same topology as a plane. The location of these singularities has nothing to
do with the space itself (which looks the same everywhere), and everything to
do with the chosen representation of it. Singularities of the parametrization are
particularly problematic when representing velocities as the time rate of change
of coordinates, since these representations may tend to infinity near singularities
even if the point on the sphere is moving at constant speed.

If you assume that the configuration never approaches a singularity of the
representation, you can ignore this issue. If you cannot make this assumption,
there are two ways to overcome the problem:

e Define more than one coordinate chart on the space, where each co-
ordinate chart is an explicit parametrization covering only a portion of
the space. Within each chart, there is no singularity. For example,
we could define two coordinate charts on the sphere: the usual latitude
¢ € [—90°,90°] and longitude ¢ € [—180°,180°), and alternative coordi-
nates (¢',1’) in a rotated coordinate frame, where the alternative latitude
@' is 90° at the “East Pole” and —90° at the “West Pole.” Then the
first coordinate chart can be used when —90° + ¢ < ¢ < 90° — ¢, for
some small € > 0, and the second coordinate chart can be used when
—90° + e < ¢ <90° —e.

If we define a set of singularity-free coordinate charts that overlap each
other and cover the entire space, like the two charts above, the charts are
said to form an atlas of the space, much like an atlas of the Earth consists
of several maps that together cover the Earth. An advantage of using
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an atlas of coordinate charts is that the representation always uses the
minimum number of numbers. A disadvantage is the extra bookkeeping
required to switch the representation between coordinate charts to avoid
singularities. (Note that Euclidean spaces can be covered by a single
coordinate chart without singularities.)

Instead of using an explicit parametrization, use an implicit represen-
tation of the space. An implicit representation views the n-dimensional
space as embedded in a Euclidean space of more than n dimensions, just
like a one-dimensional unit circle can be viewed as a curve embedded
in a two-dimensional Euclidean space. An implicit representation uses
the coordinates of the higher-dimensional space (e.g., (x,y) in the two-
dimensional space), but subjects these coordinates to constraints that re-
duce the number of degrees of freedom (e.g., 2 + y? = 1 for the unit
circle).

A disadvantage of this approach is that the representation has more num-
bers than the number of degrees of freedom. An advantage is that there are
no singularities in the representation—a point moving smoothly around
the circle is represented by a smoothly changing (z,y), a single represen-
tation over the whole circle.

Another advantage is that while it may be very difficult to construct an
explicit parametrization, or atlas, for a closed-chain mechanism, it is easy
to find an implicit representation: the set of all joint coordinates subject
to the loop-closure equations that define the closed loops (Section 2.4).
C-spaces of closed-chain mechanisms can have complex geometry and may
not even have constant dimension. An example is the mechanism of Fig-
ure 2.7(b), which gains a degree of freedom at the singularity shown.

We use implicit representations throughout the book, beginning in the
next chapter. In particular, we use nine numbers, subject to six con-
straints, to represent the three orientation freedoms of a rigid body in
space. This is called a rotation matriz. In addition to being singularity-free
(unlike three-parameter representations such as roll-pitch-yaw angles?),
the rotation matrix representation has the benefit of allowing us to use
linear algebra to perform computations such as (1) rotating a rigid body
or (2) changing the reference frame in which the orientation of a rigid
body is expressed.’

In summary, the non-Euclidean shape of many C-spaces motivates the use

of implicit representations of C-space throughout this book. We return to this
topic in the next chapter.

4Roll-pitch-yaw angles and Fuler angles use three parameters for the space of rotations

52 x 81 (two for S? and one for S!), and therefore are subject to singularities as discussed

above.
5 Another singularity-free implicit representation of orientations, the unit quaternion, uses

only four numbers subject to the constraint that the four-vector be unit length. In fact, this
representation is a double covering of the set of orientations: for every orientation, there are
two unit quaternions.
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Figure 2.11: The four-bar linkage.

2.4 Configuration and Velocity Constraints

For robots containing one or more closed loops, usually an implicit represen-
tation is more easily obtained than an explicit parametrization. For example,
consider the planar four-bar linkage of Figure 2.11, which has one degree of free-
dom. The fact that the four links always form a closed loop can be expressed
in the form of the following three equations:

Licosby + Lacos(01 +62)+ ...+ Lycos(br +...+64) = 0
Ll sin01 —|—L2 sin(91 +92) + ... —|—L4sin(91 + ... —|—94) =0
01 +60s+603+0,—2r = 0.

These equations are obtained by viewing the four-bar linkage as a serial chain
with four revolute joints, in which (i) the tip of link L, always coincides with
the origin and (ii) the orientation of link L, is always horizontal.

These equations are sometimes referred to as loop-closure equations. For
the four-bar linkage they are given by a set of three equations in four unknowns.
The set of all solutions forms a curve in the four-dimensional joint space and
constitutes the C-space.

For general robots containing one or more closed loops, the configuration
space can be implicitly represented by 6 = (6,...,6,) € R™ and loop-closure
equations of the form

91(917 e ,Qn)
9(0) = : =0, (2.5)
gk(el, e ,9,1)

where g : R” — RF is a set of k independent equations, with & < n. Such
constraints are known as holonomic constraints, constraints that reduce the
dimension of the C-space, such as the rigid-body constraints discussed earlier
when deriving the degrees of freedom of a rigid body. The C-space can be
viewed as a surface of dimension n—k (assuming all constraints are independent)
embedded in R™.
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Figure 2.12: A coin rolling on a plane without slipping.

Suppose a closed-chain robot with loop-closure equations g(6) =0, g : R™ —
R*, is in motion, following the time trajectory #(t). Differentiating both sides
of g(0(t)) = 0 with respect to ¢, we obtain

d
Z90) = 0
S9L(0)0y + ...+ 99-(0)6,, ]
: =0
S9E(0)01 + ... + 22=(0)0, |
a5 (0) ROREEA
2= (0) ()] On |
ag, . -
- = . 2.
5000 0 (2.6)

Here 6; denotes the time derivative of 6; with respect to time ¢, g—g(@) € Rkxn,

and 9,9 € R™. From the above we see that the joint velocity vector 6 € R"
cannot be arbitrary, but must always satisfy
9g
00

These constraints can be written in the form

()6 = 0. (2.7)

A(0)6 =0, (2.8)

where A(#) € R**™. Velocity constraints of this form are called Pfaffian con-
straints. For the case of A(f) = 2—5(0), one could regard g() as being the
“Integral” of A(#); for this reason, holonomic constraints of the form g(f) = 0
are also called integrable constraints—the velocity constraints that they im-
ply can be integrated to give equivalent configuration constraints.
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We now consider another class of Pfaffian constraints that is fundamentally
different from the holonomic type. To illustrate with a concrete example, con-
sider an upright coin of radius r rolling on the plane as shown in Figure 2.12.
The configuration of the coin is given by the contact point (x,y) on the plane,
the steering angle ¢, and the angle of rotation (see Figure 2.12). The C-space of
the coin is therefore RZx T2, where T2 is the two-dimensional torus parametrized
by the angles ¢ and 6. This C-space is four-dimensional.

Let us now express, in mathematical form, the fact that the coin rolls without
slipping. The coin must always roll in the direction indicated by (cos ¢, sin ¢),

with forward speed r6:
| ;| cos¢
HEIE as)

Collecting the four C-space coordinates into a single vector ¢ = (q1, g2, 43, q4) =
(2,9, $,0) € R? x T?, the above no-slip rolling constraint can then be expressed

in the form
1 0 0 —rcosqs | .
{ 0 1 0 —rsings } ¢=0 (2.10)

These are Pfaffian constraints of the form A(q)¢ = 0, A(q) € R**4.

These constraints are not integrable; that is, for the A(g) given in (2.10),
there does not exist any differentiable ¢ : R* — R? such that 873 = A(q). To see
why, there would have to exist a differentiable g;1(q) that satisfied the following
four equalities:

g%i = 1 — g1(q) = @1 + h1(q2,93,q4)
% =0 — 91(q) = h2(q1,43,q4)
%Z; =0 —  91(q) = hs(q1, 92, 94)
g%i = —rcosqs — ¢1(q) = —rqscosqs + ha(qi,q2,93),
for some h;, i = 1,...,4, differentiable in each of its variables. By inspection

it should be clear that no such g;1(gq) exists. Similarly, it can be shown that
92(q) does not exist, so that the constraint (2.10) is nonintegrable. A Pfaffian
constraint that is nonintegrable is called a nonholonomic constraint. Such
constraints reduce the dimension of the feasible velocities of the system, but
do not reduce the dimension of the reachable C-space. The rolling coin can
reach any point in its four-dimensional C-space despite the two constraints on
its velocity.5

Nonholonomic constraints arise in a number of robotics contexts that involve
conservation of momentum and rolling without slipping, e.g., wheeled vehicle
kinematics and grasp contact kinematics. We examine nonholonomic constraints
in greater detail in the later chapter on wheeled robots.

6Some texts define the number of degrees of freedom of a system to be the dimension of
the feasible velocities, e.g., two for the rolling coin. We uniformly refer to the dimension of
the C-space as the number of degrees of freedom.



28 Configuration Space
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Figure 2.13: Examples of task spaces for various robots: (a) a planar 2R open
chain; (b) a planar 3R open chain; (c¢) a spherical 2R open chain; (d) a 3R
orienting mechanism.

2.5 Workspace and Task Space

We introduce two more concepts relating to the configuration of a robot: the
task space and the workspace. Both relate to the configuration of the end-
effector of the robot, not the configuration of the entire robot.

The task space is a space in which the robot’s task can be naturally ex-
pressed. For example, if the robot’s task is to plot with a pen on a piece of paper,
the task space would be R?. If the task is to manipulate rigid bodies, a natural
representation of the task space is the C-space of a rigid body, representing the
position and orientation of a frame attached to the robot’s end-effector. This is
the default representation of task space. The decision of how to define the task
space is driven by the task, independent of the robot.

The workspace is a specification of the configurations the end-effector of
the robot can reach. The definition of the workspace is primarily driven by the
robot’s structure, independent of the task.

Both the task space and the workspace involve a choice by the user; in
particular, the user may decide that some freedoms of the end-effector (e.g., its
orientation) do not need to be represented.
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The task space and the workspace are distinct from the robot’s C-space. A
point in the task space or the workspace may be achievable by more than one
robot configuration, meaning that the point is not a full specification of the
robot’s configuration. For example, for an open-chain robot with seven joints,
the six-dof position and orientation of its end-effector cannot fully specify the
robot’s configuration.

Some points in task space may not be reachable at all by the robot, e.g., a
point on a chalkboard that the robot cannot reach. By definition, all points in
the workspace are reachable by at least one configuration of the robot.

Two mechanisms with different C-spaces may have the same workspace. For
example, considering the end-effector to be the Cartesian tip of the robot (e.g.,
the location of a plotting pen) and ignoring orientations, the planar 2R open
chain with links of equal length three (Figure 2.13(a)) and the planar 3R open
chain with links of equal length two (Figure 2.13(b)) have the same workspace
despite having different C-spaces.

Two mechanisms with the same C-space may also have different workspaces.
For example, taking the end-effector to be the Cartesian tip of the robot and
ignoring orientations, the 2R open chain of Figure 2.13(a) has a planar disk as
its workspace, while the 2R open chain of Figure 2.13(c) has the surface of a
sphere as its workspace.

Attaching a coordinate frame to the tip of the tool of the 3R open chain
“wrist” mechanism of Figure 2.13(d), we see that the frame can achieve any
orientation by rotating the joints, but the Cartesian position of the tip is always
fixed. This can be seen by noting that the three joint axes always intersect at
the tip. For this mechanism, we would likely define the workspace to be the
three-dof space of orientations of the frame, S? x S, which is different from the
C-space T2. The task space depends on the task; if the job is to point a laser
pointer, then rotations about the axis of the laser beam are immaterial, and the
task space would be S2, the set of directions the laser can point.

Example 2.7. The SCARA robot of Figure 2.14 is an RRRP open chain that
is widely used for tabletop pick-and-place tasks. The end-effector configuration
is completely described by the four parameters (x,y, z, ¢), where (z,y,z) de-
notes the Cartesian position of the end-effector center point, and ¢ denotes the
orientation of the end-effector in the z-y plane. Its task space would typically be
defined as R3 x S, and its workspace would typically be defined as the reachable
points in (z,y, z) Cartesian space, since all orientations ¢ € S* can be achieved
at all reachable points.

Example 2.8. A standard 6R industrial manipulator can be adapted to spray-
painting applications as shown in Figure 2.15. The paint spray nozzle attached
to the tip can be regarded as the end-effector. What is important to the task
is the Cartesian position of the spray nozzle, together with the direction in
which the spray nozzle is pointing; rotations about the nozzle axis (which points
in the direction in which paint is being sprayed) do not matter. The nozzle
configuration can therefore be described by five coordinates: (z,y,z) for the
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Figure 2.14: SCARA robot.

Figure 2.15: A spray-painting robot.

Cartesian position of the nozzle and spherical coordinates (6, ¢) to describe
the direction in which the nozzle is pointing. The task space can be written
as R? x §2. The workspace could be the reachable points in R? x S2, or, to
simplify visualization, the user could define the workspace to be the subset of
R? corresponding to the reachable Cartesian positions of the nozzle.



2.6. Summary 31

2.6 Summary

e A robot is mechanically constructed from links that are connected by
various types of joints. The links are usually modeled as rigid bodies.
An end-effector such as a gripper is attached to some link of the robot.
Actuators deliver forces and torques to the joints, thereby causing motion
of the robot.

e The most widely used one-dof joints are the revolute joint, which allows
for rotation about the joint axis, and the prismatic joint, which allows
for translation in the direction of the joint axis. Some common two-dof
joints include the cylindrical joint, which is constructed by serially con-
necting a revolute and prismatic joint, and the universal joint, which is
constructed by orthogonally connecting two revolute joints. The spheri-
cal joint, also known as ball-in-socket joint, is a three-dof joint whose
function is similar to the human shoulder joint.

e The configuration of a rigid body is a specification of the location of all
of its points. For a rigid body moving in the plane, three independent
parameters are needed to specify the configuration. For a rigid body
moving in three-dimensional space, six independent parameters are needed
to specify the configuration.

e The configuration of a robot is a specification of the configuration of all of
its links. The robot’s configuration space is the set of all possible robot
configurations. The dimension of the C-space is the number of degrees
of freedom of a robot.

e The number of degrees of freedom of a robot can be calculated using
Griibler’s formula,

J
dof =m(N —1—J) +Zfi,
i=1

where m is three for planar mechanisms or six for spatial mechanisms,
N is the number of links (including the ground link), J is the number of
joints, and f; is the number of degrees of freedom of joint i.

e A robot’s C-space can be parametrized explicitly or represented implicitly.
For a robot with n degrees of freedom, an explicit parametrization uses
n coordinates, the minimum necessary. An implicit representation
involves m coordinates with m > n, with the m coordinates subject to
m — n constraint equations. With the implicit parametrization, a robot’s
C-space can be viewed as a surface of dimension n embedded in a space
of higher dimension m.

e The C-space of an n-dof robot whose structure contains one or more closed
loops can be implicitly represented using k£ loop-closure equations of
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the form g(§) = 0, where § € R™ and g : R™ — RF. Such constraint
equations are called holonomic constraints. Assuming 0(t) varies with
time ¢, the holonomic constraints g(6(t)) = 0 can be differentiated with
respect to ¢ to yield
99
00
9g

where 5%(0) is a k x m matrix.

(6)0 =0,
A robot’s motion can also be subject to velocity constraints of the form

where A(6) is a k X m matrix that cannot be expressed as the differential
of some function g(#), i.e., there does not exist any g(6),g : R™ — R¥,
such that

_ 9

A(6) = 52(6).

Such constraints are said to be nonholonomic constraints, or nonin-
tegrable constraints. These constraints reduce the feasible velocities
of the system but do not reduce the dimension of the reachable C-space.
Nonholonomic constraints arise in robot systems subject to conservation
of momentum or rolling without slipping.

A robot’s task space is the C-space of its end-effector, or a subspace of
the C-space as needed for the particular task.

Notes and References

In the classical kinematics literature, structures that consist of links connected
by joints are called mechanisms or linkages. The degrees of freedom of mech-
anisms is treated in most texts on mechanism analysis and design, e.g., [9]. In
general, a robot’s kinematic configuration space has the mathematical struc-
ture of a differentiable manifold. Some accessible introductions to differential
geometry are [22], [8]. Configuration spaces are further examined in a motion
planning context in [14], [5].
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2.7 Exercises

1. Use the planar version of Griibler’s formula to determine the mobility of the
mechanisms shown in Figure 2.16.

Figure 2.16: A collection of planar mechanisms.

2. (a) Use an appropriate version of Griibler’s formula to determine the mobility
of the 6 x RUS platform of Figure 2.17.

(b) What happens to the mobility if the universal joints are replaced by spherical
joints?
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Revolute joint

Figure 2.17: 6 x RUS platform.

3. Use Griibler’s formula to determine the mobility of the six parallel mecha-
nisms shown in Figure 2.18.

4. Three identical open chain SRS arms are grasping an object as shown in
Figure 2.19.

(a) Find the mobility of this system of cooperating robots.

(b) Suppose there are now a total of n 7-dof open chain arms grasping the
object. What is the mobility of this system of robots?

(c) Suppose the spherical wrist joint in each of the n seven degree of freedom
open chains is replaced by a universal joint. What is the mobility of the overall
system?

5. Determine the mobility of the chain formed by the human arm and robot
arm as shown in Figure 2.20.

6. Consider a spatial parallel mechanism consisting of a moving plate connected
to the fixed plate by n identical open chains. In order for the moving plate to
have mobility six, how many kinematic degrees of freedom should each leg have,
as a function of n? For example, if n = 3, then the moving plate and fixed
plate are connected by three open chains; how many degrees of freedom should
each open chain have in order for the moving plate to move with six degrees of
freedom? Solve the above for arbitrary n.

7. Consider the parallel mechanism shown in Figure 2.21, in which six legs
of identical length are connected to a fixed and moving platform via spherical
joints. Determine the mobility of this mechanism using Griibler’s formula, and
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Figure 2.18: A collection of spatial parallel mechanisms.

illustrate all possible motion types of the upper platform.

35

8. The mobile manipulator of Figure 2.22 consists of a 6 R arm and multifin-
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Figure 2.19: Three cooperating open chain arms grasping a common object.
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Figure 2.20: Human-robot cooperating device.

gered hand mounted on a mobile base with a single-wheel. The wheel rotates
without slip, and its axis of rotation is always parallel to the ground.

(a) Ignoring the multifingered hand, describe the configuration space of the
mobile manipulator.

(b) Now suppose the robot hand rigidly grasps the refrigerator door handle, and
opens the door using only its arm. Assume the wheel is locked in place, so that
the mobile base does not move. After the door has been opened, what is the
mobility of the mechanism formed by the arm and open door?

(¢) A second identical mobile manipulator comes along, and after parking its
mobile base, also rigidly grasps the refrigerator door handle. What is the mo-
bility of the mechanism formed by the two arms and the open referigerator
door?

9. In this exercise we consider the configuration space of the four-bar linkage
of Figure 2.23, this time projected onto the space of the two joints attached to
the ground link. Label the joints and link lengths, and attach a fixed reference
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Figure 2.21: A 6 x SS platform.

o

Figure 2.22: Mobile manipulator for Exercise 9.

frame as shown in the figure. It follows that

A(B) = (acosb, asinf)T
B(y) = (g+bcost), bsine)”

From [|A() — B(v)||? = h? for all values of # and 9, we get
b? 4 g% + 2gbcos ) + a? — 2(acos (g + bcos ) + absinfsiny) = h?

Grouping the coefficients of cos ¢ and sin v, the above equation can be expressed
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(2) (v)
Figure 2.23: Planar four-bar linkage.

in the form

a(0) cos & + B(6) sin ) = 7(6),

where
a(d) = 2gb—2abcosb
B(6) = —2absind
v(0) = h*—g*—b*—a®+ 2agcosh.

We wish to obtain ¢ as a function of . To do so, first divide both sides of
Equation 9 by /a2 + 32 to obtain

a B oo Y
i Nt S e T Vi

Now, referring to Figure 2.23-(b), the angle ¢ is given by ¢ = tan’l(g), and
Equation 9 becomes
~y

Ja i B

_ —1é -1 v
1) = tan (a):lzcos (\/W)

(a) Note that a solution exists only if 2 < a? + 2. What are the physical
implications if this constraint is not satisfied?

(b) Note that for each value of input angle 8, there exists two possible values of
the output angle . What do these two solutions look like?

(c) Draw the configuration space of the mechanism in 6-1 space for the following
link length values: a =b=g=h=1.

(d) Repeat (c) for the following link length values: a = 1, b =2, h = /5, g = 2.
(e) Repeat (c) for the following link length values: a =1, b=1, h =1, g = /3.

cos(yp — @) =

Therefore,
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Figure 2.24: The 3 x PUP platform.

10. Figure 2.24 shows a 3 x PU P platform, in which three identical PUP legs
connect a fixed base to a moving platform. The P joints on both the fixed
base and moving platform are arranged symmetrically as shown. Recalling that
the U joint consists of two revolute joints connected orthogonally, each R joint
connected to the moving platform has its joint axis aligned in the same direction
as the platform P joint. The R joint connected to the fixed base has its joint
axis orthogonal to the base P joint.

(a) Use an appropriate version of Griibler’s formula to find the mobility.

(b) Reasoning intuitively, determine whether the mobility you obtained in part
(a) is correct. If not, try to explain the discrepancy without resorting to a
detailed kinematic analysis.

11. Figure 2.25 shows a spherical four-bar linkage, in which four links (one
of the links is the ground link) are connected by four revolute joints to form a
single loop closed chain. The four revolute joints are arranged so that they lie
on a sphere, and such that their joint axes intersect at a common point.

(a) Use appropriate version of Griibler’s formula to find the mobility.

(b) Describe the configuration space.

(c) Assuming a reference frame is attached to the center link, describe its task
space.

12. Consider the two-link planar open chain of Figure 2.26, whose tip coordi-
nates are given by

x = 2cos by + cos(01 + 62)
y = 2sin 6 + sin(6; + 62).
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Figure 2.26: Two-link planar RR open chain.

(a) What is its configuration space?

(b) What is the set of all points the tip can reach?

(c) Suppose there is an infinitely long wall at x = 1 and # = —1. What is its
free space?

13. Consider the slider-crank mechanism of Figure ??. A rotational motion at
the revolute joint fixed to ground (the “crank”) causes a translational motion
at the prismatic joint (the “slider”). Suppose the two links connected to the
crank and slider are of equal length. Determine the configuration space of this
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mechanism, and draw its projected version on the space defined by the crank
and slider joint variables.

14. (a) Consider a planar 3R open chain with link lengths (starting from the
fixed base joint) 5, 2, and 1, respectively. Considering only the Cartesian point
of the tip, draw its task space.

(b) Now consider a planar 3R open chain with link lengths (starting from the
fixed base joint) 1, 2, and 5, respectively. Considering only the Cartesian point
of the tip, draw its task space. Which of these two chains has a larger task
space?

(¢) A not so clever designer claims that he can make the task space of any planar
open chain larger simply by increasing the length of the last link. Explain the
fallacy behind this claim.

15. Determine if the following differential constraints are holonomic or non-
holonomic:

(a)

(1+cosqi)g1 + (1 + cosga)ga + (cos g1 + cos gz + 4)g3 = 0.
(b)

—q1 €08 q2 + g3 sin(q1 + q2) — dacos(q1 + q2)

gzsing; —qscosqy =

16. (a) Determine the task space for a robot arm writing on a blackboard.
(b) Determine the task space for a robot arm twirling a baton.
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Chapter 3

Rigid-Body Motions

In the previous chapter, we saw that a minimum of six numbers are needed
to specify the position and orientation of a rigid body in three-dimensional
physical space. We established this by selecting three points on a rigid body,
and arguing that the distances between any pair of these three points must
always be preserved regardless of where the rigid body is located. This led
to three constraints, which when imposed on the nine Cartesian coordinates—
(z,y, z) coordinates for each of the three points—led us to conclude that only
six of these nine coordinates could be independently chosen.

In this chapter we develop a more systematic way to describe the position
and orientation of a rigid body. Rather than choosing three points on a body,
we instead attach a reference frame to the body, and represent the configuration
of this frame with respect to a fixed reference frame as a 4 x 4 matrix. This
is an example of an implicit representation of the C-space, as discussed in the
previous chapter: the actual six-dimensional space of rigid-body configurations
is obtained by applying ten constraints to the sixteen-dimensional space of 4 x 4
real matrices.

Such a matrix not only represents the configuration of a frame, but it also
can be used to (1) translate and rotate a vector or a frame or (2) change the
representation of a vector or a frame from coordinates in one frame (e.g., {a})
to coordinates in another frame (e.g., {b}). These operations can be performed
by simple linear algebra, which is a major reason we choose to represent a
configuration as a 4 x 4 matrix.

The non-Euclidean (non-“flat”) nature of the C-space of position and orien-
tations leads us to use the matrix representation. A velocity, however, can be
represented simply as a point in R®: three angular velocities and three linear
velocities, which together we call a spatial velocity. To see that the feasible ve-
locities at any configuration form a Euclidean space, even though the C-space is
non-Euclidean, consider motions on the sphere S2: although the C-space is not
flat, the velocity at any configuration can be represented by two real numbers
(an element of R?), such as the rate of change of the latitude and the longitude.
At any point on the sphere, you can think of the space of velocities as the plane

43
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(a Euclidean space) tangent to that point on the sphere.

Any rigid-body configuration can be achieved by starting from the fixed
(home) reference frame and integrating a constant spatial velocity for a specified
time. Such a motion resembles the motion of a screw, rotating about and
translating along the same fixed axis. The observation that all configurations
can be achieved by a screw motion motivates a six-parameter representation of
the configuration called the exponential coordinates. The six parameters can be
divided into parameters to describe the direction of the screw axis and a scalar
to indicate how far the screw motion must be followed to achieve the desired
configuration.

This chapter concludes with a discussion of forces. Just as angular and linear
velocities are packaged together into a single vector in R, moments (torques)
and forces are packaged together into a six-vector called a spatial force.

To illustrate the concepts and to provide a synopsis of the chapter, we begin
with a motivating planar example. Before doing so, we make some remarks
about vector notation.

A Word about Vectors and Reference Frames

A free vector is a geometric quantity with a length and a direction. Think
of it as an arrow in R™. It is called “free” because it is not necessarily rooted
anywhere; only its length and direction matter. A linear velocity can be viewed
as a free vector: the length of the arrow is the speed and the direction of the
arrow is the direction of the velocity. A free vector is denoted by a regular text
symbol, e.g., v.

If a reference frame and length scale have been chosen for the underlying
space in which v lies, then this free vector can be moved so the base of the arrow
is at the origin, without changing the orientation. The free vector v can then be
represented as a column vector in the coordinates of the reference frame. This
vector is written in italics, v € R™, where v is at the “head” of the arrow in the
frame’s coordinates. If a different reference frame and length scale are chosen,
then v will change, but the underlying free vector v is unchanged.

In other words, we say that v is coordinate free; it refers to a physical quantity
in the underlying space, and it does not care how we represent it. On the other
hand, v is a representation of v that depends on a choice of a coordinate frame.

A point p in physical space can also be represented as a vector. Given a
choice of reference frame and length scale for physical space, the point p can
be represented as a vector from the reference frame origin to p; its column
vector representation is denoted in italics by p € R™. Here, as before, a different
choice of reference frame and length scale for physical space leads to a different
column vector representation p € R™ for the same point p in physical space. See
Figure 3.1.

In the rest of this book, a choice of length scale will always be assumed, but
we will be dealing with reference frames at different positions and orientations.
A reference frame can be placed anywhere in space, and any reference frame
leads to an equally valid representation of the underlying space and objects
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{1} %1

Figure 3.1: The point p exists in physical space, and it does not care how we
represent it. If we fix a reference frame {1}, with unit coordinate axes X1 and ¥,
we can represent p as p; = (1,2). If we fix a reference frame {2} at a different
location, a different orientation, and a different length scale, we can represent p
as p2 = (4,-2).

in it. However, we always assume that exactly one stationary fixed frame, or
space frame, denoted {s} (for “stationary” or “space”), has been defined. This
might be attached to a corner of a room, for example. Similarly, we assume that
at least one moving frame, or body frame, denoted {b}, has been attached
to some moving rigid body, such as the body of a quadrotor flying in the room.
While it is common to attach the origin of the {b} frame to some important
point on the body, such as its center of mass, this is not required. The origin
of the {b} frame might not even be on the physical body itself, as long as
its location relative to the body, viewed from an observer on the body that is
stationary relative to the body, is constant.

3.1 A Motivating Example

Consider the planar body of Figure 3.2, whose motion is confined to the plane.
Suppose a length scale and a fixed reference frame have been chosen as shown.
We call the fixed reference frame the fixed frame, or the space frame, denoted
{s}, and label its unit axes X5 and y,. (Throughout this book, the " notation
indicates a unit vector.) Similarly, we attach a reference frame with unit axes
%y and ¥}, to the planar body. Because this frame moves with the body, it is
called the moving frame, or body frame, and is denoted {b}.

To describe the configuration of the planar body, only the position and ori-
entation of the body frame with respect to the fixed frame needs to be specified.
The body frame origin p can be expressed in terms of the coordinate axes of
{s} as

P = PaXs + Py (3.1)

You are probably more accustomed to writing this vector as simply p = (p, py);
this is fine when there is no possibility of ambiguity about reference frames, but
writing p as in Equation (3.1) clearly indicates the reference frame with respect
to which (py,py) is defined.
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Figure 3.2: The body frame {b} in fixed-frame coordinates {s} is represented
by the vector p and the direction of the unit axes %y, and y,, expressed in {s}.
In this example, p = (2,1)7 and 6 = 60°, so %, = (cosd,sin#)” = (0.5,1/v/2)T
and ¥, = (—sin®,cos )T = (-1/1/2,0.5)7.

The simplest way to describe the orientation of the body frame {b} relative
to the fixed frame {s} is by specifying the angle 6 as shown in Figure 3.2.
Another (admittedly less simple) way is to specify the directions of the unit
axes X, and §,, of {b} relative to {s}, in the form

Xp = cosfXs+sinfy, (3.2)
¥, = —sinfxs+cosfy,. (3.3)

At first sight this seems a rather inefficient way to represent the body frame
orientation. However, imagine the body were to move arbitrarily in three-
dimensional space; a single angle 6 alone clearly would not suffice to describe
the orientation of the displaced reference frame. We would in fact need three
angles, but it is not yet clear how to define an appropriate set of three angles.
On the other hand, expressing the directions of the coordinate axes of {b} in
terms of coefficients of the coordinate axes of {s}, as we have done above for
the planar case, is straightforward.

Assuming we agree to express everything in terms of {s}, then just as the
point p can be represented as a column vector p € R? of the form

p=[p””], (3.4)

Py

the two vectors X, and y,, can also be written as column vectors and packaged
into the following 2 x 2 matrix P,

cosf —sinéb ]

sin 6 cos (3-5)

Pl )= |

The matrix P is an example of a rotation matrix. Although P is constructed
of four numbers, they are subject to three constraints, and the one remaining
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Figure 3.3: The frame {b} in {s} is given by (P,p), and the frame {c} in {b}
is given by (@, q). From these we can derive the frame {c} in {s}, described by
(R, 7). The numerical values of the vectors p, ¢, and r, and the coordinate axis
directions of the three frames, are evident from the grid of unit squares.

degree of freedom is parametrized by 6. Together, the pair (P,p) provides a
description of the orientation and position of {b} relative to {s}.

Now refer to the three frames in Figure 3.3. Repeating the above approach,
and expressing {c} in {s} as the pair (R,r), we can write

=] =g e (3.6)

Ty sin ¢ cos ¢

We could also describe the frame {c} relative to {b} (that is, pretend {b} is
now the fixed frame). Letting ¢ denote the vector from the origin of {b} to the
origin of {c} expressed in {b} coordinates, and letting @ denote the orientation
of {c} relative to {b}, we can write {c} relative to {b} as the pair (Q, q), where

| | cosyp —siny
1= [ qy }  @= [ sin ¢ cos ] ' (3.7)
If we know (@, q) (the configuration of {c} relative to {b}) and (P, p) (the

configuration of {b} relative to {s}), we can compute the configuration of {c}
relative to {s} as follows:

R = PQ (convert @ to the {s} frame) (3.8)
r = Pq+p (convert q to the {s} frame and vector sum with p). (3.9)

Thus (P, p) not only represents a configuration of {b} in {s}; it can also be used
to convert the representation of a point or frame from {b} coordinates to {s}
coordinates.
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Figure 3.4: (a) The frame {d}, fixed to an elliptical rigid body and initially coin-
cident with {s}, is displaced to {d’} (coincident with the stationary frame {b}),
by first rotating according to P then translating according to p, where (P, p) is
the representation of {b} in {s}. The same transformation takes the frame {c},
also attached to the rigid body, to {¢'}. The transformation marked @ rigidly
rotates {c} about the origin of {s}, and then transformation @) translates the
frame by p expressed in {s}. (b) Instead of viewing this displacement as a rota-
tion followed by a translation, both rotation and translation can be performed
simultaneously. The displacement can be viewed as a rotation of f = 90° about
a fixed point s.

Now consider a rigid body with two frames attached to it, {d} and {c}.
The frame {d} is initially coincident with {s}, and {c} is initially described by
(R,7) in {s} (Figure 3.4(a)). Then the body is moved so that {d} moves to {d'},
coincident with the stationary frame {b} described by (P, p) in {s}. Where does
{c} end up after this motion? Denoting (R’,r’) as the configuration of the new
frame {c’}, you can verify that

R' = PR (3.10)
r" = Pr+p, (3.11)
very similar to Equations (3.8) and (3.9). The difference is that (P,p) is ex-
pressed in the same frame as (R,r) (unlike (Q,q)), so the equations are not
viewed as a change of coordinates, but instead as a rigid-body displacement

(also known as a rigid-body motion) that (1) rotates {c} according to P and
(2) translates it by p in {s}. See Figure 3.4(a).
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Figure 3.5: Mathematical description of position and orientation.

Thus we see that a rotation matrix-vector pair such as (P, p) can be used to
do three things:

(i) Represent a configuration of a rigid body in {s} (Figure 3.2).

(ii) Change the reference frame in which a vector or frame is represented
(Figure 3.3).

(iii) Displace a vector or a frame (Figure 3.4(a)).

We make one final observation. Referring to Figure 3.4(b), note that the
rigid-body motion illustrated in Figure 3.4(a), expressed as a rotation followed
by a translation, can be obtained by simply rotating the body about a fixed
point s by an angle 8. This is a planar example of a screw motion.! The
displacement can therefore be parametrized by the three coordinates (8, s, sy),
where (s, s,) denote the coordinates for the point s (i.e., the screw axis) in the
fixed-frame {s}.

In the remainder of this chapter we generalize the concepts above to three-
dimensional rigid-body motions. For this purpose consider a rigid body occu-
pying three-dimensional physical space as shown in Figure 3.5. Assume that a
length scale for physical space has been chosen, and that both the fixed frame
{s} and body frame {b} have been chosen as shown. Throughout this book
all reference frames are right-handed, i.e., the unit axes {%, 7,2} always satisfy
X X ¥ = 2. Denote the unit axes of the fixed frame by {Xs, ¥, 2s} and the unit
axes of the body frame by {Xy,3,,%}. Let p denote the vector from the fixed
frame origin to the body frame origin. In terms of the fixed frame coordinates,
p can be expressed as

P = P1Xs + P2¥ + P3Zs. (3.12)

LIf the displacement is a pure translation without rotation, then s lies at infinity.
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The axes of the body frame can also be expressed as

)A(b = Tll)A(S + 7"21}75 =+ Tglis (313)
Vo = T12Xs + T2, + T3%s (3.14)
72, = T13%Xs + 7’233’8 + 7r33%. (315)

Defining p € R? and R € R?**3 as

b1 11 T2 T13
p=|Dp2 |, R=[Xn ¥y, Zb)=| 721 722 723 |, (3.16)
D3 31 T32 T33

the twelve parameters given by (R, p) then provide a description of the position
and orientation of the rigid body relative to the fixed frame.

Since a minimum of six parameters are required to describe the configuration
of a rigid body, if we agree to keep the three parameters in p as they are, then
of the nine parameters in R, only three can be chosen independently. As with
the exponential coordinates of planar rigid-body motion, the three exponential
coordinates of spatial rotation can describe any orientation by an axis of rotation
and the distance rotated about that axis from the home orientation. We leave
other popular representations of orientations (three-parameter Euler angles
and roll-pitch-yaw angles, and the unit quaternions that use four variables
subject to one constraint) to an appendix.

We then examine six-parameter exponential coordinates for the configuration
of a rigid body that arise from integrating a six-dimensional spatial velocity
consisting of the body’s angular and linear velocity. This representation follows
from the Chasles-Mozzi theorem that states that every rigid-body displacement
can be described as a finite rotation and translation about a fixed screw axis.

We conclude with a discussion of forces and moments. Rather than treat
these as separate three-dimensional quantities, we merge the moment and force
vectors into a six-dimensional spatial force. The spatial velocity and spatial
force, and rules for manipulating them, form the basis for the kinematic and
dynamic analyses in the subsequent chapters.

3.2 Rotations and Angular Velocities

3.2.1 Rotation Matrices

We argued earlier that of the nine entries in the rotation matrix R, only three can
be chosen independently. We begin by deriving a set of six explicit constraints
on the entries of R. Recall that the three columns of R correspond to the
body frame’s unit axes {Xp, ¥, Zp - The following conditions must therefore be
satisfied:
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(i) Unit norm condition: Xy, ¥, and 2, are all of unit norm, or

s s = 1
Ml iyt = 1 (3.17)
s+ ity = L

(ii) Orthogonality condition: Xy, - ¥, = Xb - 2b = ¥y, - 2 = 0 (here - denotes the
inner product), or

711712 + 21722 + 731732
T12713 + T22T93 + 732733 = 0 (3.18)

711713 + 21723 + 731733 =

These six constraints can be expressed more compactly as a single constraint
on the matrix R:
RTR=1, (3.19)

where RT denotes the transpose of R and I denotes the identity matrix.

There is still the matter of accounting for the fact that the frame is right-
handed (i.e., X, X ¥, = Zp, where X denotes the cross-product) rather than
left-handed (i.e., Xy, X ¥, = —%p); our six equality constraints above do not dis-
tinguish between right- and left-handed frames. We recall the following formula
for evaluating the determinant of a 3 x 3 matrix M: denoting the three columns
of M by a, b, and ¢, respectively, its determinant is given by

det M = aT(bx ¢) = c"'(a x b) = b (c x a). (3.20)
Substituting the columns for R into this formula then leads to the constraint
det R = 1. (3.21)

Note that if the frame had been left-handed, we would have det R = —1. In
summary, the six equality constraints represented by (3.19) imply that det R =
+1; imposing the additional constraint det R = 1 means that only right-handed
frames are allowed. The constraint det R = 1 does not change the number of
independent continuous variables needed to parametrize R.

The set of 3 x 3 rotation matrices forms the Special Orthogonal Group
SO(3), which we now formally define:

Definition 3.1. The Special Orthogonal Group SO(3), also known as the
group of rotation matrices, is the set of all 3 x 3 real matrices R that satisfy (i)
RTR =T and (ii) det R = 1.

The set of 2 X 2 rotation matrices is a subgroup of SO(3), and is denoted
SO(2).

Definition 3.2. The Special Orthogonal Group SO(2) is the set of all 2 x 2
real matrices R that satisfy (i) RTR = I and (ii) det R = 1.
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From the definition it follows that every R € SO(2) can be viewed as the
top-left 2 x 2 submatrix of an element of SO(3) and can be written

R— [ r11 T12 } _ [ cosf) —sinf }7

91  Tog sin @ cosf

where 6 € [0, 2m).

3.2.1.1 Properties of Rotation Matrices

We now list some basic properties of rotation matrices. First, the identity I is
a trivial example of a rotation matrix. The inverse of a rotation matrix is also
a rotation matrix:

Proposition 3.1. The inverse of a rotation matriz R € SO(3) is also a rotation
matriz, and it is equal to the transpose of R, i.e., R~ = RT.

Proof. The condition RTR = I implies that R~! = R” and RRT = I. Since
det R” = det R =1, R” is also a rotation matrix. O

Proposition 3.2. The product of two rotation matrices is a rotation matriz.

Proof. Given Ry, Ry € SO(3), their product Ry R, satisfies (RyR2)T (R Ry) =
RTYRT R Ry = RT Ry = I. Further, det Ry Ry = det Ry -det Ry = 1. Thus R R»
satisfies the conditions for a rotation matrix. O

Proposition 3.3. Multiplication of rotation matrices is associative, (R1 Ro)Rs =
R1(R2R3), but generally not commutative, R1Ra # RoRy. For the special case
of rotation matrices in SO(2), rotations commute.

Proof. Associativity and non-commutativity follows from properties of matrix
multiplication in linear algebra. Commutativity for planar rotations follows
from a direct calculation. O

Proposition 3.4. For any vector x € R3 and R € SO(3), the vector y = Rx
1s of the same length as x.

Proof. This follows from |y||? = yTy = (Rz)"Rx = 2T RTRx = 2Tz = ||z|]2.
O

3.2.1.2 Uses of Rotation Matrices

Analogous to Section 3.1, there are three major uses for a rotation matrix R:
(i) Represent an orientation.
(ii) Change the reference frame in which a vector or a frame is represented.

(iii) Rotate a vector or a frame.
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Figure 3.6: The same space and the same point p represented in three different
frames with different orientations.

In the first use, R is thought of as representing a frame; in the second and third
uses, R is thought of as an operator that acts on a vector or frame (changing
its reference frame or rotating it).

To illustrate these uses, we refer to Figure 3.6, which shows three different
coordinate frames—{a}, {b}, and {c}—representing the same space.? These
frames have the same origin, since we are only representing orientations, but
to make the axes clear, the figure shows the same space drawn three times. A
point p in the space is also shown. Not shown is a fixed space frame, which is
aligned with {a}. The orientations of the three frames can be written

100 0 -1 0 0 -1 0
Ro=|0 10|, R=|1 00|, Re=|0 0 -1]1,
00 1 0 0 1 1 0 0

and the location of the point p in these frames can be written

1 1 0
pa= |11, pob=| 1], po=| -1
0 0 -1

Note that {b} is obtained by rotating {a} about 7, by 90°, and {c} is obtained
by rotating {b} about ¥, by —90°.

Representing an orientation. When we write R, we are implicitly referring
to the orientation of frame {c} relative to the fixed frame {s}. We can be more
explicit about this by writing it as Rs.: we are representing the frame of the
second subscript, {c}, relative to the frame of the first subscript, {s}. This
notation allows us to express a frame relative to a frame that is not {s}; for
example, Ry, is the orientation of {c} relative to {b}.

If there is no possibility of confusion regarding the frames involved, we may
simply write R.

2In the rest of the book, all coordinate frames will use the same length scale; only their
position and orientation may be different.
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Inspecting Figure 3.6, we see that

0 -1 0 0 01
Roye=]10 0 =1 |, Ra=| —1 0 0
1 0 0 0 -1 0

A simple calculation shows that R,.Req = I, i.e., Rse = R}, or, equivalently,

from Proposition 3.1, R,. = RL,. In fact, for any two frames {d} and {e},
R4 = R} = RY,.

You can prove this for two arbitrary frames, or you can test this fact using any
two frames in Figure 3.6.

Changing the reference frame. The rotation matrix R, represents the
orientation of {b} in {a}, and Ry, represents the orientation of {c} in {b}.
A straightforward calculation shows that the orientation of {c} in {a} can be
computed as

Ryc = Rap Ry

In the previous equation, Ry, can be viewed as a representation of an orientation,
while R, can be viewed as a mathematical operator that changes the reference
frame from {b} to {a}, i.e.,

Ruc = RapRpe = change reference_frame_from_{b}_to_{a} (Rp.).

A subscript cancellation rule helps to remember this property. When multi-
plying two rotation matrices, if the second subscript of the first matrix matches
the first subscript of the second matrix, the two subscripts cancel and a change
of reference frame is achieved:

RopRyc = Ry Ry, = Roc.

A rotation matrix is just a collection of three unit vectors, so the reference
frame of a vector can also be changed by a rotation matrix using a modified
version of the subscript cancellation rule:

Ravpy = R ypy = Pa-

Verify these properties using the frames and points in Figure 3.6.

Rotating a vector or a frame. The last use of a rotation matrix is to
rotate a vector or a frame. Figure 3.7 shows an {X,§y,2} frame that is rotated
about a unit axis & (expressed in the {X,¥,2} coordinates) by an amount 6.
(The direction of positive rotation about an axis, § > 0, is determined by the
direction the fingers of your right hand curl about the axis when you point the
thumb of your right hand along the axis.) The resulting frame {&',3y",%2'} is
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Figure 3.7: (a) A coordinate frame with axes {%,7,2} is rotated an amount 6
about a unit axis @ (which is aligned with —y in this figure). The orientation
of the final frame, with axes {%',§,2'}, is written as R relative to the original
frame.

expressed as R relative to {%X,¥,2}. Emphasizing our view of R as a rotation
operator, instead of as an orientation, we can write

R = Rot(&, 0).

As we will see in Section 3.2.3, any R € SO(3) can be obtained by rotating by
some 6 about some @.

Now say Rsp represents {b} relative to {s}, and we want to rotate it by
a given R = Rot(®,0). To be clear about what we mean, we have to specify
whether the axis of rotation & is expressed in {s} coordinates or {b} coordi-
nates. Depending on our choice, the same numerical @ (and therefore the same
numerical R) corresponds to different rotation axes in the underlying space un-
less the {s} and {b} frames are aligned. Letting {b’} be the new frame after
rotating by 6 about ws = & (the rotation axis & is considered to be in the fixed
{s} frame), and {b”} be the new frame after rotating by 6 about &, = & (the
rotation axis w is considered to be in the body {b} frame), representations of
these new frames can be calculated as

Ry = rotate_by_R_in_{s} frame (Rg,) = RR (3.22)
Ry = rotate_by_R_in_{b}_frame (Rs;) = RspR. (3.23)

In other words, premultiplying by R yields a rotation about w in the fixed frame
and postmultiplying by R yields a rotation about w in the body frame.
Rotating by R in the {s} frame and the {b} frame is illustrated in Figure 3.8.
To rotate a vector v, note that there is only one frame involved, the frame
that v is represented in, and therefore @ must be interpreted in this frame. The
rotated vector v/, in that same frame, is

v’ = Rw.

3.2.1.3 Other Representations of Rotations

Other popular representations of rotations include Euler angles, roll-pitch-yaw
angles, and unit quaternions. These representations, and their relation to rota-
tion matrices, are discussed in Appendix B.
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Figure 3.8: (Top) A rotation operator R defined as R = Rot(2,90°), the orienta-
tion of the right frame in the left frame. (Bottom) On the left are shown a fixed
frame {s} and a body frame {b}, expressed as Rs,. The quantity RRg, rotates
{b} to {b'} by rotating by 90° about the fixed frame axis 2. The quantity R, R
rotates {b} to {b”} by rotating by 90° about the body frame axis 2.

3.2.2 Angular Velocity

Referring to Figure 3.9(a), suppose a body frame with unit axes {X,y,2} is
attached to a rotating body. Let us determine the time derivatives of these unit
axes. Beginning with %, first note that % is of unit length; only the direction
of X can vary with time (the same goes for § and Z). If we examine the body
frame at times t and ¢t + At—since what’s relevant for us is the orientation of
the body frame, for better visualization we draw the frame at the two instants
with coinciding origins—the change in frame orientation from ¢ to ¢t + At can be
described as a rotation of angle Af about some unit axis W passing through the
origin. The axis W is coordinate free; it is not yet represented in any particular
reference frame.

In the limit as At approaches zero, the ratio A‘g becomes the rate of rotation
0, and W can similarly be regarded as the instantaneous axis of rotation. In fact,
W and 6 can be put together to define the angular velocity w as follows:

w = wh. (3.24)
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Figure 3.9: (Left) The instantaneous angular velocity vector. (Right) Calculat-
ing X.

Referring to Figure 3.9(b), it should be evident that

% w X % (3.25)
y o= wx§ (3.26)
7 = wxi. (3.27)

To express these equations in coordinates, we have to choose a reference
frame in which to represent w. We can choose any reference frame, but two
natural choices are the fixed frame {s} and the body frame {b}. Let us start
with fixed frame {s} coordinates. Let R(t) be the rotation matrix describing
the orientation of the body frame with respect to the fixed frame at time t; R(t)
is its time rate of change. The first column of R(t), denoted 71 (t), describes %
in fixed frame coordinates; similarly, ro(t) and r3(t) respectively describe ¥ and
7 in fixed frame coordinates. At a specific time ¢, let w, € R? be the angular
velocity w expressed in fixed frame coordinates. Then Equations (3.25)—(3.27)
can be expressed in fixed frame coordinates as

T =ws X1y, 1=1,2,3.

These three equations can be rearranged into the following single 3 x 3 matrix
equation: _
R=|ws Xr|wsXrs|ws Xrs] =ws X R. (3.28)

To eliminate the cross product in Equation (3.28), we introduce some new
notation and rewrite ws X R as [ws]R, where [ws] is a 3 x 3 skew-symmetric
matrix representation of w, € R3:

Definition 3.3. Given a vector x = (z1,22,73)7 € R?, define

0 —x3 o
[x] = x3 0 —z1 |. (3.29)
—X2 X1 0



58 Rigid-Body Motions

The matrix [z] is a 3 x 3 skew-symmetric matrix representation of x; that is,

The set of all 3 x 3 real skew-symmetric matrices is called so(3).

A useful property involving rotations and skew-symmetric matrices is the
following:

Proposition 3.5. Given any w € R3 and R € SO(3), the following always
holds:
R[w]RT = [Ruw]. (3.30)

Proof. Letting r!" be the ith row of R,

rF(wxr) rF(wxry) rf(wxrs)
R[w]RT = rf(wxr) rl(wxry) rd(wxrs)
rfwxr) rf(wxry) ri(wxrs)
0 —riw  riw (3.31)
= rTw 0 —rTw
—rfw  rTw 0

- [Rw]a

where the second line makes use of the determinant formula for 3 x 3 matrices,
i.e., if M is a 3 x 3 matrix with columns {a,b,c}, then det M = a™(b x ¢) =
c'(axb) =b"(cxa). O

With the skew-symmetric notation, we can rewrite Equation (3.28) as
[ws]R = R. (3.32)
We can post-multiply both sides of Equation (3.32) by R~! to get
[ws] = RR™L. (3.33)

Now let wp, be w expressed in body frame coordinates. To see how to obtain
wp from ws and vice versa, we explicitly write R as Rg. Then ws and wy are
two different vector representations of the same angular velocity w, and by our
subscript cancellation rule, ws = Rgywp. Therefore

wp = R;blws =R 'w, = RTw,. (3.34)
Let us now express this relation in skew-symmetric matrix form:
ws] = [RTwy]
= RT[w,R (by Proposition 3.5) 3 35
= RT(RR")R (3.35)
RTR=R'R.

In summary, we have the following two equations that relate R and R to the
angular velocity w:
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Proposition 3.6. Let R(t) denote the orientation of the rotating frame as seen
from the fixed frame. Denote by w the angular velocity of the rotating frame.
Then

RR™Y = |w (3.36)
R'R = [w), (3.37)

where ws € R3 is the fired frame vector representation of w and [ws] € so(3)
is its 3 x 3 matriz representation, and w, € R? is the moving frame vector
representation of w and [wp] € so(3) is its 3 x 3 matriz representation.

It is important to note that w, is not the angular velocity of the moving
frame relative to the moving frame; that must be zero, since the moving frame
is always coincident with itself! Instead, wy, is the angular velocity relative to a
stationary frame that is coincident with {b}.

It is also important to note that the fixed-frame angular velocity w, does not
depend on the choice of the body frame. Similarly, the body-frame angular veloc-
ity wy does not depend on the choice of the fized frame. While Equations (3.36)
and (3.37) may appear to depend on both frames (since R and R individually
depend on both {s} and {b}), the product RR~" is independent of {b} and the
product R~ R is independent of {s}.

Finally, an angular velocity expressed in an arbitrary frame {d} can be
represented in another frame {c} if we know the rotation that takes {c} to {d}:

We = Rcdwd.

3.2.3 Exponential Coordinate Representation of Rotation

We now introduce a three-parameter representation for rotations, the expo-
nential coordinates for rotation. The exponential coordinates parametrize
a rotation matrix in terms of a rotation axis (represented by a vector & of unit
length), together with an angle of rotation @ about that axis; the vector @f € R3
then serves as the three-parameter exponential coordinate representation of the
rotation. This representation is also called the axis-angle representation of a
rotation, but we prefer to use the term “exponential coordinates” to emphasize
the connection to the upcoming exponential coordinates for rigid-body trans-
formations.

The exponential coordinates for a rotation can be viewed as a rotation axis
w rotated about by an angle 0, or they can be viewed equivalently as an angular
velocity @ (in rad/s) that is integrated for one second. This latter view, that
a rotation is the integral of an angular velocity for one second, suggests that
we view exponential coordinates in the setting of linear differential equations.
Below we briefly review some key results from linear differential equations.

3.2.3.1 Essential Results from Linear Differential Equations

Let us begin with the simple scalar linear differential equation

#(t) = az(t), (3.38)
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where z(t) € R, a € R is constant, and the initial condition z(0) = z is assumed
given. Equation (3.38) has solution

x(t) = e xo.
It is also useful to remember the series expansion of the exponential function:

at)? at)?
(2!) +(3!)

e =1+at+ +...

Now consider the vector linear differential equation
z(t) = Ax(t) (3.39)

where z(t) € R", A € R™*™ is constant, and the initial condition x(0) = x¢ is
given. From the earlier scalar result, one can conjecture a solution of the form

z(t) = e (3.40)

where the matrix exponential e4* now needs to be defined in a meaningful way.
Again mimicking the scalar case, we define the matrix exponential to be

(40”40 (3.41)

At _
et =T+ At + 51 3

The first question to be addressed is under what conditions this series converges,
so that the matrix exponential is well-defined. It can be shown that if A is
constant and finite, this series is always guaranteed to converge to a finite limit;
the proof can be found in most texts on ordinary linear differential equations
and is not covered here.

The second question is whether Equation (3.40), using Equation (3.41), is

indeed a solution to Equation (3.39). Taking the time derivative of z(t) = eAtxg,

d
() o

d A2 A3

a(t)

dt 2! 3!
342
- (A + A%t + A; +.. > To (3.42)
= AeAtxo
= Ax(t),
A

which proves that z(t) = e?'zy is indeed a solution. That this is a unique
solution follows from the basic existence and uniqueness result for linear ordinary
differential equations, which we invoke here without proof.
While AB # BA for arbitrary square matrices A and B, it is always true
that
Aett = e A (3.43)
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for any square A and scalar t. You can verify this directly using the series
expansion for the matrix exponential. Therefore, in line four of Equation (3.42),
A could also have been factored to the right, i.e.,

i(t) = e Ax.
While the matrix exponential e? is defined as an infinite series, closed-
form expressions are often available. For example, if A can be expressed as
A = PDP~! for some D € R"*" and invertible P € R™*", then

At)?
et = T4+ At+ ( 2') + ...
t2
= I+ (PDP Ht+ (PDP*l)(PDP*)5 +...
Dt)?
= P(I+Dt+ ( 2') +.. )Pt (3.44)
= Ppelipt. '
If moreover D is diagonal, i.e., D = diag{d;,ds,...,d,}, then its matrix expo-
nential is particularly simple to evaluate:
edit 0 . 0
0 edat . 0
ePt=1 | o . (3.45)
0 0 - et

We summarize the above results in the following proposition.

Proposition 3.7. The linear differential equation x(t) = Ax(t) with initial
condition x(0) = o, where A € R™*™ is constant and x(t) € R™, has solution

z(t) = e (3.46)
where
t? t3
eAt:I+tA+§A2+§A3+.... (3.47)
The matriz exponential et further satisifies the following properties:

(i) LeAt = Aeft = eAtA.

(ii) If A = PDP~! for some D € R" "™ and invertible P € R"*", then
et = pePtp1,

(iii) If AB = BA, then e?eB = A+B,
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The third property can be established by expanding the exponentials and
comparing terms. The fourth property follows by setting B = —A in the third
property.

A final linear algebraic result useful in finding closed-form expressions for

et is the Cayley-Hamilton Theorem, which we state here without proof:

Proposition 3.8. Let A € R™ ™ be constant, with characteristic polynomial
p(s) =det(sl —A) = 5" +c,_ 18" 4...+c15+ o,
and define p(A) as
p(A) = A" + Cn1 A" 4+ A+ ol

Then p(A) = 0.

3.2.3.2 Exponential Coordinates of Rotations

The exponential coordinates of a rotation can be viewed equivalently as (1) a
unit axis of rotation & (w € R3, [|w|| = 1) together with a rotation angle about
the axis # € R, or (2) as the three-vector obtained by multiplying the two
together, @0 € R3. When we represent the motion of a robot joint in the next
chapter, the first view has the advantage of separating the joint axis from the
motion # about the axis.

Referring to Figure 3.10, suppose a three-dimensional vector p(0) is rotated
by 6 about & to p(f); here we assume all quantities are expressed in fixed frame
coordinates. This rotation can be achieved by imagining that p(0) is rotating
at a constant rate of 1 rad/s (since & is unit), from time t = 0 to ¢t = 6. Let
p(t) denote this path. The velocity of p(t), denoted p, is then given by

=& xp. (3.48)

To see why this is true, let ¢ be the angle between p(¢) and &. Observe that p
traces a circle of radius [|p|| sin ¢ about the w-axis. Then p = & X p is tangent
to the path with magnitude ||p||sin ¢, which is exactly Equation (3.48).

The differential equation (3.48) can be expressed as

p=[Glp (3.49)

with initial condition p(0). This is a linear differential equation of the form
& = Ax that we studied earlier; its solution is given by

Since t and § are interchangeable as a result of assuming that p(t) rotates at a
constant rate of 1 rad/s (after t seconds, p(t) will have rotated ¢ radians), the
equation above can also be written

p(6) = e¥p(0).
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Figure 3.10: The vector p(0) is rotated by an angle § about the axis @, to p(6).

We now derive a closed-form expression for el“. Here we make use of the
Cayley-Hamilton Theorem. First, the characteristic polynomial associated with
the 3 x 3 matrix [w] is given by

p(s) = det(sI — [@]) = % + s.
The Cayley-Hamilton Theorem then implies [@]® + [] = 0, or

Let us now expand the matrix exponential e/®l? in series form. Replacing [@]?

by —[@], [@]* by —[@]?, [@]® by —[@]® = [©], and so on, we obtain

. 02
el — I+[@]0+[¢b]2§+[cb]3—+...

05 0° (02 et 8 o
1+(0—3!+5!—-~->[w]+<2!—4!+6!—~-->[w}.

Now recall the series expansions for sinf and cos 6:

) 6 6

Sln9 = 9_5"‘5_
0> ot

COS9 = 1_54‘1_

The exponential e/*! therefore simplifies to the following:

Proposition 3.9. Given a vector 08 € R3, such that 6 is any scalar and & € R3
18 a unit vector,

e = T 4+ sin6 [@] + (1 — cos0)[@])* € SO(3). (3.50)

This formula provides the matriz exponential of [0]0 € so(3).
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This formula is also known as Rodrigues’ formula for rotations.

We have shown how to use the matrix exponential to construct a rotation
matrix from a rotation axis & and an angle . Further, the quantity e[*1%p
amounts to rotating p € R3 about the fixed-frame axis @ by an angle #. Sim-
ilarly, considering that a rotation matrix R consists of three column vectors,
the rotation matrix R’ = el*?R is the orientation achieved by rotating R by 6
about the axis w in the fixed frame. Reversing the order of matrix multiplica-
tion, R” = Rel®!? is the orientation achieved by rotating R by 6 about & in the
body frame.

Example 3.1. The frame {b} in Figure 3.11 is obtained by rotating from
an initial orientation aligned with the fixed frame {s} about a unit axis & =
(0,0.866,0.5)” by an angle of § = 30° = 0.524 rad. The rotation matrix repre-
sentation of {b} can be calculated as

R = ¢l
= I +sinf[@] + (1 — cosd)[@]?
0 —-0.5 0.866 0 —05 0.866 1°
= I+05 0.5 0 0| +0.134 0.5 0 0
—0.866 0 0 —0.866 0 0

0.866 —0.250 0.433
= 0.250 0.967 0.058
—0.433 0.058 0.900

The frame {b} can be represented by R or by its exponential coordinates & =
(0,0.866,0.5)T and 6 = 0.524 rad, i.e., @6 = (0,0.453,0.262)7 .

If {b} is then rotated by —0 = —0.524 rad about the same fixed-frame axis
w, i.e.,

R = e ¥R

then we would find R’ = I, as expected; the frame has rotated back to the
identity (aligned with the {s} frame). On the other hand, if {b} were to be
rotated by —6 about @ in the body frame (this axis is different from & in the
fixed frame), the new orientation would not be aligned with {s}:

R" = Re W0 £ 1.

Our next task is to show that for any rotation matrix R € SO(3), one can
always find a unit vector & and scalar 6 such that R = el®l?.

3.2.3.3 Matrix Logarithm of Rotations

If &8 € R3 represents the exponential coordinates of a rotation matrix R, then
the skew-symmetric matrix [0f] = [@]6 is the matrix logarithm of the rotation
R. The matrix logarithm is the inverse of the matrix exponential. Just as the
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{b} I

Xb

Figure 3.11: The frame {b} is obtained by rotating from {s} by 6 = 30° about
& = (0,0.866,0.5)7 .

matrix exponential “integrates” the matrix representation of an angular velocity
[@]0 € so(3) for one second to give an orientation R € SO(3), the matrix
logarithm “differentiates” an R € SO(3) to find the matrix representation of
a constant angular velocity [@]0 € so(3) which, if integrated for one second,
rotates a frame from [ to R. In other words,

exp: [w]f €s0(3) — ReSO(3)
log: ReSOB) — [w]0€ so(3)

To derive the matrix logarithm, let us expand each of the entries for e[®1? in
Equation (3.50):

co + Lt}%(l — Cg) (1110:22(1 - Cg) — W3Sg (1)1(2)3(1 — Ce) + Wasy
031(2}2(1 — Ce) + W3Sy co + Qg(l — Ce) (212(2)3(1 — Cg) — W1Sy , (3.51)
@1@3(1 — Cg) — WoSy @2@3(1 — Ce) + Wisy co + @32)(1 — Ca)

where @ = (1,@9,03)T, and we use the shorthand notation sy = sinf and
cg = cosf. Setting the above equal to the given R € SO(3) and subtracting the
transpose from both sides leads to the following:

sy —To3 = 2(2)1 sin 0
13 —T31 = 2(222 sin 0
ro1 —T12 = 2(;)3 sin 6.

Therefore, as long as sinf # 0 (or equivalently, 6 is not an integer multiple of
), we can write

: —( )
wp = ——(r3a—r

! 2sinf 32 #
. 1
w2 = 2sin0(T13 ~7s1)
. 1
w3z = m(ﬁl - 7”12)'

The above equations can also be expressed in skew-symmetric matrix form as
0 —w3 wo

Gl=| @ 0 - | =

. . 2sin 6
—Wwo w1 0

(R—R"). (3.52)
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Recall that @ represents the axis of rotation for the given R. Because of the
sin§ term in the denominator, [©] is not well defined if 6 is an integer multiple
of .3 We address this situation next, but for now let us assume this is not
the case and find an expression for . Setting R equal to (3.51) and taking the
trace of both sides (recall that the trace of a matrix is the sum of its diagonal
entries),

tr R=1711 + 793 + 133 =1+ 2cosf. (3.53)

The above follows since &% + @35 + @3 = 1. For any 6 satisfying 1 +2cosf = tr R
such that 6 is not an integer multiple of 7w, R can be expressed as the exponential
el#1? with [] as given in Equation (3.52).

Let us now return to the case § = km, where k is some integer. When k
is an even integer (corresponding to 6 = 0,£2m,+4m,...) we have tr R = 3,
or equivalently R = I, and it follows straightforwardly that # = 0 is the only
possible solution. When k is an odd integer (corresponding to § = +7,+3m,. . .,
which in turn implies tr R = —1), the exponential formula (3.50) simplifies to

R=elm = 14202 (3.54)

The three diagonal terms of Equation (3.54) can be manipulated to

11
@:idﬁgai:LZ& (3.55)

These may not always lead to a feasible unit-norm solution w. The off-diagonal
terms lead to the following three equations:

2012 = T2
2(2)2{.:)3 = T23 (356)
20103 = 7113,

From Equation (3.54) we also know that R must be symmetric: 719 = 7o1,
To3 = T3a, 13 = r31. Both Equations (3.55) and (3.56) may be necessary to
obtain a feasible solution. Once a solution & has been found, then R = e[®IF7,
k==xm,+3m,....

From the above it can be seen that solutions for 6 exist at 27 intervals. If
we restrict 6 to the interval [0, 7], then the following algorithm can be used to
compute the matrix logarithm of the rotation matrix R € SO(3):

Algorithm: Given R € SO(3), find a 6§ € [0,7] and a unit rotation axis
& € R%[|& = 1|, such that el = R. The vector @ € R? comprises the
exponential coordinates for R and the skew-symmetric matrix [0]0 € so(3) is a

matrix logarithm of R.

(i) If R =1, then § = 0 and & is undefined.

3A singularity such as this is unavoidable for any three-parameter representation of rota-
tion. Euler angles and roll-pitch-yaw angles suffer similar singularities.
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Y

Figure 3.12: SO(3) as a solid ball of radius 7.

(ii) If tr R = —1, then € = 7, and set @ to any of the following three vectors
that is a feasible solution:

1 T13
= | 1y (3.57)
2(1 + T33) 1 + r33
or _ _
1 T12
b=—o | 147y (3.58)
2(1 + 7“22) T'39
or
1 1 + T11
= 21 . (359)
2(1 + 7“11) a1

(iii) Otherwise § = cos™! (tr 1;_1) € [0,7) and

1
"~ 2ginf

@] (R— RT). (3.60)

Since every R € SO(3) satisfies one of the three cases in the algorithm, for
every R there exists a set of exponential coordinates w8.

The formula for the logarithm suggests a picture of the rotation group SO(3)
as a solid ball of radius 7 (see Figure 3.12): given a point r € R? in this solid
ball, let & = r/||r|| be the unit axis in the direction from the origin to r and
and 0 = ||r|| be the distance from the origin to r, so that r = @f. The rotation
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matrix corresponding to r can then be regarded as a rotation about the axis @
by an angle §. For any R € SO(3) such that tr R # —1, there exists a unique r
in the interior of the solid ball such that el”) = R. In the event that tr R = —1,
log R is given by two antipodal points on the surface of this solid ball. That
is, if there exists some r such that R = el then ||r|| = 7, and R = el="] also
holds; both r and —r correspond to the same rotation R.

3.3 Rigid-Body Motions and Spatial Velocities

In this section we derive representations for rigid-body configurations and ve-
locities that extend, but otherwise are analogous to, those in Section 3.2 for
rotations and angular velocities. In particular, the homogeneous transforma-
tion matrix 7" is analogous to R; a screw axis S is analogous to a rotation axis
w; a spatial velocity V can be expressed as S and is analogous to an angular
velocity w = &8; and exponential coordinates SO € RS for rigid-body motions
are analogous to exponential coordinates W € R? for rotations.

3.3.1 Homogeneous Transformation Matrices

We now consider representations for the combined orientation and position of
a rigid body. A natural choice would be to use a rotation matrix R € SO(3)
to represent the orientation of {b} in {s} and a vector p € R? to represent the
origin of {b} in {s}. Rather than identifying R and p separately, we package
them into a single matrix as follows.

Definition 3.4. The Special Euclidean Group SE(3), also known as the
group of rigid-body motions or homogeneous transformations in R3?, is
the set of all 4 x 4 real matrices T of the form

11 Ti2 Ti3 P1

T — R p | _ | rai T2 723 P2 7 (3.61)
0 1 T3] T3z T3z D3

0 0 0 1

where R € SO(3), p € R? is a column vector, and 0 denotes a row vector of
three zeros.

An element T € SE(3) will sometimes be denoted as (R,p). We begin this
section by establishing some basic properties of SF(3), and explaining why we
package R and p into this matrix form.

From the definition it should be apparent that six coordinates are needed to
parametrize SFE(3). The most obvious choice might be to use the three expo-
nential coordinates for the rotation R and the usual three Cartesian coordinates
in R? to parametrize the position p. Instead, we derive a six-dimensional version
of exponential coordinates on SE(3) that turns out to have several advantages
over other parametrizations.
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Many of the robotic mechanisms we have encountered thus far are planar.
With planar rigid-body motions in mind, we make the following definition:

Definition 3.5. The Special Euclidean Group SE(2) is the set of all 3 x 3
real matrices T" of the form

T:[g H (3.62)

where R € SO(2), p € R?, and 0 denotes a row vector of two zeros.

A matrix T € SE(2) is always of the form

r11 T2 P1 cosf —sinf p;
T=|ry1 792 p2 | = | sinf cost po |,
0 0 1 0 0 1

where 0 € [0, 27).

3.3.1.1 Properties of Transformation Matrices

We now list some basic properties of transformation matrices, which can be
proven by calculation. First, the identity [ is a trivial example of a transfor-
mation matrix. The inverse of a transformation matrix is also a transformation
matrix:

Proposition 3.10. The inverse of a transformation matriz T € SE(3) is also
a transformation matriz, and has the following form

7! = { 1; 1‘1’ ]_1 = [ HST *?Tp } (3.63)

Proposition 3.11. The product of two transformation matrices is also a trans-
formation matrix.

Proposition 3.12. Multiplication of transformation matrices is associative,
(ThT)T5 = T (T5T3), but generally not commutative, ThY'To # ToT.

Before stating the next proposition, we note that just as in Section 3.1,
it is often useful to calculate the quantity Rz + p, where 2 € R?® and (R, p)
represents 7. If we append a ‘1’ to z, making it a four-dimensional vector, this
computation can be performed as a single matrix multiplication:

x| | R p z | | Re+p
AR R R I e
The vector (x7,1)T is the representation of z in homogeneous coordinates,

and accordingly T' € SE(3) is called a homogenous transformation. When, by
an abuse of notation, we write Tx, we mean Rx + p.
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Proposition 3.13. Given T = (R,p) € SE(3) and x,y € R3, the following
hold:

(i) [Tz — Tyl = ||z —y||, where || - || denotes the standard Euclidean norm in
R3, d.e., 2] = VaTlx.

(i) (Te —Tz,Ty—Tz) = (x—z,y— z) for all z € R3, where {-,-) denotes the
standard Buclidean inner product in R3, i.e., (x,y) = a7y.

In Proposition 3.13, T is regarded as a transformation on points in R3, i.e.,
T transforms a point x to Tx. The first property then asserts that T pre-
serves distances, while the second asserts that T' preserves angles. Specifically,
if 2,1y, 2 € R3 represent the three vertices of a triangle, then the triangle formed
by the transformed vertices {Tx, Ty, Tz} has the same set of lengths and angles
as those of the triangle {z,y, 2z} (the two triangles are said to be isometric). One
can easily imagine taking {z,y, 2} to be the points on a rigid body, in which
case {Tz, Ty, Tz} represents a displaced version of the rigid body. It is in this
sense that SFE(3) can be identified with the rigid-body motions.

3.3.1.2 Uses of Transformation Matrices

As with rotation matrices, there are three major uses for a transformation matrix
T:

(i) Represent the configuration (position and orientation) of a rigid body.
(ii) Change the reference frame in which a vector or frame is represented.
(iii) Displace a vector or frame.

In the first use, T is thought of as representing the configuration of a frame; in
the second and third uses, T is thought of as an operator that acts to change
the reference frame or to move a vector or a frame.

To illustrate these uses, we refer to the three reference frames {a}, {b},
and {c}, and the point x, in Figure 3.13. These frames are chosen so that the
alignment of their axes is clear, allowing visual confirmation of calculations.

Representing a configuration. The fixed frame {s} is coincident with {a},
and the frames {a}, {b}, and {c}, represented by Ts, = (Rsa,Psa), Tsp =
(Rsb, Psb); Tse = (Rse, Psc), respectively, can be expressed relative to {s} by the
rotations

Rsa -

O O =
O = O
= o O
= o O
o = O

0
5 Rsb: 0 -
1

o~ O
o O =

-1
5 Rsc - 0
0

and the location of the origin of each frame relative to {s} can be written

0 0 -1
Psa = 0 y DPsb = —2 sy Psc = 1
0 0 0
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Figure 3.13: Three reference frames in space, and a point v that can be repre-
sented in {b} as v, = (0,0,1.5)T.

Since {a} is collocated with {s}, the transformation matrix T, constructed from
(Rsas Psa) is the identity matrix.

Any frame can be expressed relative to any other frame, not just {s}; for
example, Ty = (Rpe, Poe) represents {b} relative to {c}:

0 1 0 0
Rbc = 0 0 -1 y Pbe = -3
-1 0 0 —1

It can also be shown, using Proposition 3.10, that
Tde = Tj;d1

for any two frames {d} and {e}.

Changing the reference frame of a vector or a frame. By a subscript
cancellation rule analogous to that for rotations, for any three reference frames
{a}, {b}, and {c}, and any vector v expressed in {b} as vy,

TabTbc = Ta¢T¢c = Tac
T.pvp = Ta¢v¢ = Vq.

Displacing (rotating and translating) a vector or a frame. A transfor-
mation matrix T, viewed as the pair (R, p) = (Rot(w, 8),p), can act on a frame
Tsp by rotating it by 6 about an axis @ and translating it by p. Whether we
pre-multiply or post-multiply Ty, by the operator T' determines whether the @
axis and p are interpreted in the fixed frame {s} or the body frame {b}:

T =TTy = [ R p ] [ Rsp - Psb ] = { RRsp  Bpsp+p } (fixed frame)

0 1 0 1 0 1
(3.65)
_ _ RSb Dsb R p _ RsbR Rsbp + DPsb
Tspr =TT = { 0 1 } { 0 1 ] = { 0 1 (body frame).

(3.66)
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The fixed-frame transformation (pre-multiplication by T") can be interpreted as
first rotating the {b} frame about @ in the {s} frame, then translating it by
p in the {s} frame. The body-frame transformation (post-multiplication by T')
can be interpreted as first translating {b} by p in the {b} frame, then rotating
about @ in the {b} frame. Fixed-frame and body-frame transformations are
illustrated in Figure 3.14 for a transformation 7' with @ = (0,0,1)7, § = 90°,
and p = (0,2,0)7, for

0 -1 0 O
1 0 0 2
= 0 01 0
0 00 1
Beginning with the frame {b} represented by
[0 0 1 0
0 -1 0 -2
Tw=19 00 o]
0 00 1

the new frame {b'} achieved by a fixed-frame transformation 77, and the new
frame {b”} achieved by a body-frame transformation 7,7 are

01 0 2 0 01 0
0 01 2 -1 0 0 —4
TTSb = st/ = 1 0 0 O b TSbT = st// = 0 _1 0 O
0 0 01 0 0 0 1

Example 3.2. Figure 3.15 shows a robot arm mounted on a wheeled mobile
platform, and a camera fixed to the ceiling. Frames {b} and {c} are respectively
attached to the wheeled platform and the end-effector of the robot arm, and
frame {d} is attached to the camera. A fixed frame {a} has been established,
and the robot must pick up the object with body frame {e}. Suppose that
the transformations Ty, and T, can be calculated from measurements obtained
with the camera. The transformation Tj. can be calculated using the arm’s
joint angle measurements. The transformation 7,4 is assumed to be known in
advance. Suppose these known transformations are given as follows:

0 0 -1 250
0 -1 0 —150
Tw=1 _1 0o 0o 200
0 0 0 1
0 0 —1 300
T, — 0 -1 0 100

-1 0 0 120
0 0 0 1
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Figure 3.14: Fixed-frame and body-frame transformations corresponding to @ =
(0,0,1)T, 8 = 90°, and p = (0,2,0)T. (Left) The frame {b} rotated by 90°
about Zs and then translated by two units in ¥, resulting in the new frame
{b'}. (Right) The frame {b} translated by two units in §,, and then rotated by
90° about 7, resulting in the new frame {b"}.
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Figure 3.15: Assignment of reference frames.

0 0 —1 400
0 -1 0 50
Taa=1 _1 9 0 300
0o 0 0 1
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0 —1/vV2 —1/vV2 30

7, — |0 V2 —1/V2 40
¢ 1 0 0 25
0 0 0 1

In order to calculate how to move the robot arm to pick up the object, T.. must
be determined. We know that

TabTbcTce = adeea

where the only quantity besides T, not given to us directly is T,;. However,
since Typ = ToqTap, we can determine T, as follows:

Tce = (TadebTbc) -1 Tadee .

From the given transformations,

(1 0 0 280
01 0 —50
ToaTae = 001 0
000 1
[0 —1/vV2 —1/v2 230
o 1/v/2 —1/V2 160
TodTapTye = 1 0 0 75
| 0 0 0 1
) 0 1 =75
- -1/vV2 1/v2 0 70/V2
ToaTanThe) ™ =
(TaaTaoThe) -1/vV2 -1/v2 0 390/v2
| 0 0 0 1
from which T, is evaluated to be
0 0 1 —75
T -1/vV2 1/vV2 0 —260/v2
ce -1/v/2 —-1/v2 0 130/V2
0 0 0 1

3.3.2 Spatial Velocity

We now consider both the linear and angular velocity of a moving frame. As
before, denote by {s} and {b} the fixed (space) and moving (body) frames,
respectively, and let

To(t) = T(t) = { Rl 20 } (3.67)

denote the homogeneous transformation of {b} as seen from {s} (to keep the
notation uncluttered, for the time being we write T instead of the usual Tgp).
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In Section 3.2.2 we discovered that pre- or post-multiplying R by R™! re-
sults in a skew-symmetric representation of the angular velocity vector, either
in fixed or body frame coordinates. One might reasonably ask if a similar prop-
erty carries over to T, i.e., whether T-'T and TT~! carry similar physical
interpretations.

Let us first see what happens when we pre-multiply T by T~

C1n RT —RTp [ R p
1 _
e = |
[ RTR RTp
= 0 O”] (3.68)
= [“6”] %"} (3.69)

Recall that RTR = [we] is just the skew-symmetric matrix representation of the
angular velocity expressed in moving frame coordinates. Also, p is the linear
velocity of the moving frame origin expressed in fixed frame coordinates, and
RTp = vy is this linear velocity expressed in moving frame coordinates. Putting
these two observations together, we can conclude that 717 represents the
linear and angular velocity of the moving frame relative to a stationary frame
currently aligned with the moving frame.

The previous calculation of T suggests that it is reasonable to merge
wp and v, into a single six-dimensional velocity vector. We define the spatial
velocity in the body frame to be

V= [ wb } € RS. (3.70)

Just as it is convenient to have a skew-symmetric matrix representation of an
angular velocity vector, it is convenient to have a matrix representation of a spa-
tial velocity vector, as shown in Equation (3.69). We overload the [-] notation,
writing

Up

T = ) = [ a] ] € se(3), (3.71)

where [wy] € so(3) and v, € R3. The set of all 4 x 4 matrices of this form is
called se(3), the matrix representation of velocities associated with the rigid-
body configurations SE(3).

Now that we have a physical interpretation for T-1T, let us evaluate 77

v [ R p][RY —RTp
T = | 0 OH 0 1
[ RRT p— RRT
= 0 p 0 p} (3.72)
_ [ [WS] Us
— o o
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Figure 3.16: Physical interpretation of vs. The initial (solid line) and displaced
(dotted line) configurations of a rigid body.

Observe that the skew-symmetric matrix [w,] = RRT is the angular velocity
expressed in fixed frame coordinates, but that v, = p — RRTp is not the linear
velocity of the moving frame origin expressed in the fixed frame (that quantity
would simply be p). On the other hand, if we write v, as

Vs =pP—ws Xp=p—+ws X (—p), (3.73)

the physical meaning of vs; can now be inferred: imagining the moving frame is
attached to an infinitely large rigid body, v, is the instantaneous velocity of the
point on this body corresponding to the fixed frame origin (see Figure 3.16).

As we did for wp and v, we merge w,s and v, into a six-dimensional spatial
velocity:

V, = { s ] ER®, V] = [ fws] s ] =TT € se(3), (3.74)
Vg 0 0
where [Vg] is the 4 X 4 matrix representation of Vs. We call V; the spatial
velocity in the fixed frame.
If we regard the moving body as being infinitely large, there is an appealing
and natural symmetry between Vs = (ws, vs) and Vy, = (wyp, vp):

(i) wp is the angular velocity relative to a stationary frame aligned with the
moving frame;

(ii) ws is the angular velocity in fixed frame coordinates;

(iii) vp is the linear velocity of the moving frame origin, in a stationary
coordinate frame coincident with the moving frame;
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(iv) vy is the linear velocity of a point on the infinitely large moving body
currently at the fixed frame origin, in fixed frame coordinates.

V, can be obtained from V; as follows:

[Vb} - 7T
Going the other way,
Vel =T T (3.76)

Writing out the terms of Equation (3.76), we get

|: R[wb]RT *R[wb]RTerva :l
Vs = 0 0

which, using R[w]RT = [Rw] (Proposition 3.5) and [w]p = —[p|w for p,w € R3,
can be manipulated into the following relation between V}, and V:

o=l ] 0]

Because the 6 x 6 matrix pre-multiplying V), is useful for changing the frame of
reference for spatial velocities and forces, as we will see shortly, we give it its
own name.

Definition 3.6. Given T' = (R, p) € SE(3), its adjoint representation [Adr]

1S
R 0

[Adr] = [ PR R } € RS,

For any V € R®, the adjoint map associated with 7 is

V' = [Adr]V,
also sometimes written as
V' = Adp(V).
In terms of the matrix form [V] € se(3) of V € RS,
V=TV T

The adjoint map satisfies the following properties, verifiable by direct calcu-
lation:

Proposition 3.14. Let T1,T> € SE(3), and V = (w,v). Then

Adr, (Adg, (V)) = [Adp |[Adr, |V = [Adn 1] V. (3.77)
Also, for any T € SE(3) the following holds:
[Ad7'] = [Adp—], (3.78)

The second property follows from the first by choosing 7} = T~ 'and Th = T,
so that
Adp-1 (Adr(V)) = Adp—1p (V) = Ad; (V) = V. (3.79)
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3.3.2.1 Summary of Results on Spatial Velocities

The main results on spatial velocities derived thus far are summarized in the
following proposition:

Proposition 3.15. Given a fized (space) frame {s} and moving (body) frame
{b}, let Tsp(t) € SE(3) be differentiable, where

Ty(t) = [ E(t) p(t) ] . (3.80)

0 1
Then _ -,
Tt = Wl = | g | e setd) (381

18 the matriz representation of spatial velocity in body coordinates, and

ToT3! = V] = _ [“(’;] % | e se(3) (3.82)

is the matrixz representation of the spatial velocity in fixed (space) coordi-
nates. The spatial velocity vectors Vg and Vy, are related by

B I N Y P
vy, = { " } - [ _gTTM o ] [ o } — [Adp, Ve (3.84)

Similarly, for any two frames {a} and {b}, a spatial velocity represented as V,
in {a} is related to the representation V, in {b} by

Vo = [Adr,, |V, Wy = [Ad7,, Ve

Again analogous to angular velocities, it is important to realize that for a
given spatial velocity, its fixed-frame representation Vs does not depend on the
choice of the body frame {b}, and its body-frame representation V), does not
depend on the choice of the fized frame {s}. Tt is also important to realize
that V), is the spatial velocity relative to a stationary frame instantaneously
coincident with {b}; it is not the velocity of the moving frame relative to the
moving frame, which would always be zero.

Example 3.3. Figure 3.17 shows a top view of a car with a single front wheel
driving on a plane. The Zy-axis of the body frame {b} is into the page and the
zs-axis of the fixed frame {s} is out of the page. The angle of the front wheel
of the car causes the car’s motion to be a pure angular velocity w = 2 rad/s
about an axis out of the page, at the point r in the plane. Inspecting the figure,
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Figure 3.17: The spatial velocity corresponding to the instantaneous motion of
the chassis of a three-wheel vehicle can be visualized as an angular velocity w
about the point r.

we can write 1 as 75 = (2,—1,0)7 or r, = (2,-1.4,0)T; w as ws = (0,0,2)7 or
wp = (0,0, -2)T; and Ty as

0 4
0 04
-1 0
0 1

o O O
OO = O

From the figure and simple geometry, we get

Ve = ws X (=15) =15 X ws = (=2, —4,0)T

Vp = Wp X (—’I’b) =7Tp X Wp = (2.8,4,0)T

to get the spatial velocity Vs and Vy:

0 0

0 0

| ws 2 o lwy || 2
VG[US:| —2 ’Vb[vb} 2.8
—4 4

0 0

To confirm these results, try calculating Vs = [Adr,,|Vb.

3.3.2.2 The Screw Interpretation of Spatial Velocity

Just as an angular velocity w can be viewed as &0, where & is the unit rotation
axis and € is the rate of rotation about that axis, a spatial velocity V can be
interpreted as a screw axis S and a velocity 6 about the screw axis.

A screw axis represents the familiar motion of a screw: rotation about the
axis while also translating along the axis. One representation of a screw axis
S is the collection {q, 3, h}, where ¢ € R? is any point on the axis; § is a unit
vector in the direction of the axis; and h is the screw pitch, which defines the
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h = pitch =
linear speed/angular speed

Figure 3.18: A screw axis S represented by a point ¢, a unit direction §, and a
pitch h.

ratio of the linear velocity along the screw axis to the angular velocity 6 about
the screw axis (Figure 3.18).

Using Figure 3.18 and geometry, we can write the spatial velocity V = (w, v)
corresponding to an angular velocity 6 about S (represented by {q, §,h}) as

w 50
V[v}[—ééxq+h§9 '

Note that the linear velocity v is the sum of two terms: one due to translation
along the screw axis, h36, and one due to the linear motion at the origin induced
by rotation about the axis, —$6 x ¢q. The first term is in the direction of §, while
the second term is in the plane orthogonal to §. It is not hard to show that, for
any V = (w,v) where w # 0, there exists an equivalent screw axis {q, §, h} and
velocity 0, where § = w/||w|, 6 = ||w||, h = &@Tv/6, and ¢ is chosen so that the
term —860 x ¢ provides the portion of v orthogonal to the screw axis.

If w = 0, then the pitch h of the screw is infinite. So 8 is chosen as v/||v]],
and 6 is interpreted as the linear velocity ||v|| along §.

Instead of representing the screw axis S using the cumbersome collection
{g, $,h}, with the possibility that ~ may be infinite and the non-uniqueness of
q (any ¢ along the screw axis may be used), we instead define the screw axis &
using a normalized version of any spatial velocity V = (w,v) along/about the
axis:

(i) w0 §=V/|w = (w/|wlv/lwl]). The screw axis S is simply
V normalized by the length of the angular velocity vector. The angular
velocity about the screw axis is 6 = ||w]|, such that S6 = V.

(ii) fw=0: S =V/|lv|| = (0,v/||v]]). The screw axis S is simply ¥ normal-
ized by the length of the linear velocity vector. The linear velocity along
the screw axis is 6 = ||v||, such that S0 = V.

This leads to the following definition of a “unit” screw axis:
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Definition 3.7. For a given reference frame, a screw axis S is written

S= { w ] € RS,
v
where either (i) ||w|] = 1 or (ii) w = 0 and |jv]] = 1. If (i) |w| = 1, then
v = —w X ¢+ hw, where ¢ is a point on the axis of the screw and h is the pitch of
the screw (h = 0 for a pure rotation about the screw axis). If (ii) ||w| = 0 and

|lv]] = 1, the pitch of the screw is h = oo and the spatial velocity is a translation
along the axis defined by v.
The 4 X 4 matrix representation [S] of S is

[S]:[[g] 3]686(3), W=| w 0 e cs0(3),  (3.85)
—W? w1

where the bottom row of [S] consists of all zeros.

Important: Although we use the pair (w,v) for both screw axes (where one
of ||w|| or ||v]| must be unit) and general spatial velocities, their meaning should
be clear from context.

Since a screw axis S is just a normalized spatial velocity, a screw axis rep-
resented as S, in a frame {a} is related to the representation Sy in a frame {b}
by

S, = [Adr,,|Sp, Sp = [Adg,,]|Se-

3.3.3 Exponential Coordinate Representation of Rigid-Body
Motions

3.3.3.1 Exponential Coordinates of Rigid-Body Motions

In the planar example in Section 3.1, we saw that any planar rigid-body dis-
placement can be achieved by rotating the rigid body about some fixed point
in the plane (for a pure translation, this point lies at infinity). A similar re-
sult also exists for spatial rigid-body displacements: called the Chasles-Mozzi
Theorem, it states that every rigid-body displacement can be expressed as a
twist about a fixed screw axis S in space.

By analogy to the exponential coordinates w6 for rotations, we define the six-
dimensional exponential coordinates of a homogeneous transformation
T as SO € RS, where S is the screw axis and @ is the distance that must be
traveled along/about the screw axis to take a frame from the origin I to T'. If
the pitch of the screw axis S = (w,v) is finite, then ||w|| = 1 and 6 corresponds
to the angle of rotation about the screw axis. If the pitch of the screw is infinite,
then w = 0 and ||v|| = 1, and 6 corresponds to the linear distance traveled along
the screw axis.

Also by analogy to the rotations, we define a matrix exponential and matrix
logarithm:

exp: [S]@€se(3) — TeSE(3)
log: TeSEB) — [S]0e€se(3)
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We begin by deriving a closed-form expression for the matrix exponential

elS19 . Expanding the matrix exponential in series form leads to
[s)6 202 s’
e = I+[8]9+[8]§+[S]§+...
ell? GO 62 5 03

Noting the similarity between G(#) and the series definition for el*!? it is tempt-
ing to write I 4+ G(0)[w] = e[l  and to conclude that G () = (el“? — I)[w] .
This is wrong: [w]~! does not exist (try computing det[w]).

Instead we make use of the result [w]> = —[w] that was obtained from the
Cayley-Hamilton Theorem. In this case G(#) can be simplified to

02 293

62 0% ° 03 0> o7 )
= 194-(2'—4'4'6'—)[w]—F(?)'—!S'—F,?'—)[W}
= I6+ (1 —cosf)[w] + (0 — sin §)[w]?. (3.87)

Putting everything together,

Proposition 3.16. Let S = (w,v) be a screw azis. If ||w| = 1, then for any
distance 0 € R traveled along the axis,

cls1o _ e[‘(‘)’]‘9 (16 + (1 — cos 0)[w]1+ (0 — sinf)[w]?) v } . (3.88)
Ifw=0 and ||v|| = 1, then
1 o
[S16 _
e _{0 1]. (3.89)

The latter result of the proposition can be verified directly from the series
expansion of el®? with w set to zero.

3.3.3.2 Matrix Logarithm of Rigid-Body Motions

The above derivation essentially provides a constructive proof of the Chasles-
Mozzi Theorem. That is, given an arbitrary (R,p) € SE(3), one can always
find a screw axis S = (w,v) and a scalar 6 such that

elS16 — [ lg 11’ } . (3.90)

In the simplest case, if R = I, then w = 0, and the preferred choice for v is
v = p/||p|| (this makes @ = ||p|| the translation distance). If R is not the identity
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matrix and tr R # —1, one solution is given by

W = %;MR—RU (3.91)

v o= G YO)p, (3.92)

where 6 satisfies 1 + 2cosf = tr R. We leave as an exercise the verification of
the following formula for G=1(6):

1 1 1 1 0
~1py — 27 _ * 2ttt ? 2
G (0) = GI Q[w] + (9 5 cot 2) [w]=. (3.93)
Finally, if tr R = —1, we choose 6 = 7, and [w] can be obtained via the matrix

logarithm formula on SO(3). Once [w] and # have been determined, v can then
be obtained as v = G~(0)p.

Algorithm: Given (R, p) written as T' € SE(3), find a 0 € [0, 7] and a screw
axis S = (w,v) € RY such that el = T. The vector S§ € R® comprises the

exponential coordinates for T and the matrix [S]0 € se(3) is a matrix logarithm
of T.

(i) If R =1, then set w =0, v = p/||p||, and 6 = ||p|.

(ii) If tr R = —1, then set 8 = 7, and [w] = log R as determined by the matrix
logarithm formula on SO(3) for the case tr R = —1. v is then given by
v==G1(0)p.

(iii) Otherwise set § = cos™! (t“;i*l) € [0,7) and

W = %LMR—RU (3.94)
v = G YO)p, (3.95)

where G~1(0) is given by Equation (3.93).

Example 3.4. As an example, we consider the special case of planar rigid-
body motions and examine the matrix logarithm formula on SE(2). Suppose
the initial and final configurations of the body are respectively represented by
the SE(2) matrices in Figure 3.19:

[ cos30° —sin30° 1
Ty = sin30°  cos30° 2

i 0 0 1]

[ cos60° —sin60° 2 ]
T.e = sin60° cos60° 1

i 0 0 1]

For this example, the rigid-body displacement occurs in the z-y plane. The
corresponding screw motion therefore has its screw axis in the direction of the
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w3 =1 rad/s
.@
-7 q=(3.37,3.37)

{b} X
s {c}
{sIN_ Rs
v=(3.37,-3.37)

Figure 3.19: Two frames in a plane.

z-axis, and is of zero pitch. The screw axis S = (w,v), expressed in {s}, is of
the form

w = (0,0,ws)T
v o= (v1,v2,0)7.

Using this reduced form, we seek the screw motion that displaces the frame at
Top to Ty, e, Tse = e[s]estv or

To.T3! = els1e

where
0 —Ws3 V1
[8} = w3 0 (%)
0 0 0

We can apply the matrix logarithm algorithm directly to T T 57)1 to obtain [S]
(and therefore S) and 6 as follows:

0 -1 3.37 w3 1
S)=|1 0 =337 |, S=|v1 | =| 337 |, 6§=n/6rad (or 30°).
0 0 0 V2 —3.37

The value of S means that the constant screw axis, expressed in the fixed frame
{s}, is represented by an angular velocity of 1 rad/s about 75 and a linear velocity
of a point attached to the moving frame, but currently at the origin of {s}, of
(3.37,—3.37) expressed in the {s} frame.

Alternatively, we can observe that the displacement is not a pure translation—
Tsp, and T, have rotation components that differ by an angle of 30°—and quickly
determine that 8 = 30° and w3 = 1. We can also graphically determine the point
¢ = (¢z,qy) in the Xy, plane that the screw axis must pass through; for our
example this point is given by ¢ = (3.37, 3.37).
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{a} Ta

Figure 3.20: Relation between a spatial force represented as F, and F.

3.4 Spatial Forces

Consider a linear force f acting on a rigid body at a point r. Defining a refer-
ence frame {a}, the point r can be represented as r, € R3, the force f can be
represented as f, € R?, and this force creates a torque or moment m, € R? in
the {a} frame:

Mg =Tq X faq.

Note that the point of application of the force along the line of action of the
force is immaterial.

Just as with spatial velocities, we can merge the moment and force into a
single six-dimensional spatial force expressed in the {a} frame, F,:

Fo= { ”JZ“ } € RS, (3.96)

A spatial force is also known as a wrench. If more than one spatial force acts
on a rigid body, the total spatial force on the body is simply the vector sum
of the individual spatial forces. A spatial force with zero linear component is
called a pure moment.

A spatial force in the {a} frame can be represented in another frame {b} if
T is known (Figure 3.20). One way to derive the relationship between F, and
Fy is to derive the appropriate transformations between the individual force and
moment vectors based on techniques we have already used.

A simpler and more insightful way to derive the relationship between F, and
Fp is to (1) use the results we have already derived relating the representations
V, and V; of the same spatial velocity, and (2) use the fact that the power
generated (or dissipated) by an (F,)) pair must be the same regardless of the
frame they are represented in. (Imagine if we could create power simply by
changing our choice of a reference frame!) Recall that the dot product of a force
and a velocity is power, and power is a frame-independent quantity. Because of
this, we know

VEF, =V F,. (3.97)
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From Proposition 3.15 we know that V, = [Adr,, ]V, and therefore Equa-
tion (3.97) can be rewritten as
Vy Fy = ([Adr,, V)" Fa
= V[ [Adr,, )" F..

Since this must hold for all V,, this simplifies to
Fy = [Adr,, )" Fo. (3.98)

Similarly,
Fo = [Adg,, )T Fo. (3.99)

Proposition 3.17. Given a reference frame {a}, let f, € R® andm, = ro X fo €
R3 represent a spatial force in frame {a} coordinates, where r, € R3 is the
vector from the {a} frame origin to r, also expressed in {a} frame coordinates.
Similarly, given another reference frame {b}, let f, € R® and my = ry x f, € R?
be representations of the same spatial force, where r, € R3 is the vector from
the {b} frame origin to r, also expressed in {b} frame coordinates. Defining the
spatial forces Fo = (My, fo) and Fy, = (mp, f), Fo and Fy, are related by

Fo = AdL, (Fa) =[Adr, )" Fa (3.100)
Fo = AdL (F) = [Adg, )" Fo. (3.101)

3.5 Summary

The following table succinctly summarizes some of the key concepts from the
chapter, as well as the parallelism between rotations and rigid-body motions.
For more details, consult the appropriate section of the chapter.
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Rotations

Rigid-Body Motions

R € SO(3) : 3 x 3 matrices satisfying

T € SE(3) : 4 x 4 matrices

RTR =1I,detR =1 T= ]g 7l
where R € SO(3),p € R3
RT —RTp
-1 _ pT -1 __
R™ =R T = [ 0 1
RabRbc = Raca Rabvb = VUq TabTbc = Ta(n Tabvb = VUq
R = Rot(&, 0) T = ROtE)”’ 9) P

Rgy = RRgy,: rotate 6 about w, = w

Ry, = Rg R: rotate 8 about wp = w

Tsy = TTsy: rotate 6 about w, = w,
translate by p in {s}

Ta = TspT: translate by p in {b},
rotate 6 about w, = w

unit rotation axis is @ € R3,

where ||0] =1

w

“unit” screw axis is S = € RS,

where either (i) ||w|| =1 or
(i) w=0and |jv]| =1

for a screw axis {q, §, h} with finite h,

S

angular velocity can be written w = L,

spatial velocity can be written V = S

for w € R3,
0 —W3 w2
W= ws 0 —wi | €s0(3)
—W? w1 0

(the same holds for any three-vector,
angular velocity or not)

forV—{w]GRG,
v

vi=| b5 ] ese

(the pair (w,v) can be a spatial velocity
VY or a “unit” screw axis S,
depending on the context)

RR™'=[w,], R'R = [w)

TT- =], T7'T = [V
R

[Ady] = { blR Jg] € ROX6

wa = Rab(’:}bv Wq = Rabwb

So = [Ad7,,1Sp, Vo = [Ad7,, ]V

@O € R? are exp coords for R € SO(3)

86 € RS are exp coords for T € SE(3)

exp : [®] € s0(3) = R € SO(3)
R=¢l%? = T 4+ sin 0[] + (1 — cos 0)[w]?

exp : [S]0 € se(3) = T € SE(3)

T — S0 — ellf
1

where * =
(I6 + (1 — cos ) [w] + (8 — sin ) [w]?)v

log: R € SO(3) — [@]0 € so(3)
algorithm in Section 3.2.3.3

log: T € SE(3) — [S]0 € se(3)
algorithm in Section 3.3.3.2

Mq = Rapmyp

Fo = [Adr,, |7 Fy
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3.6 Notes and References

More detailed coverage of the various parametrizations of SO(3) can be found in,
e.g., [32] and the references cited there. The treatment of the matrix exponential
representation for screw motions is based on the work of Brockett [4], and a more
mathematically detailed discussion can be found in [25]. Classical screw theory
is presented in its original form in R. Ball’s treatise [2]. More modern (algebraic
and geometric) treatments can be found in, e.g., Bottema and Roth [3], Angeles
[1], and McCarthy [20].
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3.7 Exercises

1. Given a fixed frame {X7 Y, Z} for physical space, let p be a point whose co-
ordinates are (%, —%, %) Suppose p is rotated about the fixed frame X-axis

by 30 degrees, then about the fixed frame Y -axis by 135 degrees, and finally
about the fixed frame Z-axis by -120 degrees.

(a) What are the coordinates of the point p following these three rotations?
(b) Find the rotation matrix R such that Rp are the coordinates you obtained
in (a).

2. (a) Derive a procedure for finding the ZXZ Euler angles of a rotation matrix.
(b) Using the results of (a), find the ZXZ Euler angles for the following rotation
matrix:

Hg\p

(V)

[ NI I —
! M\»—AE‘

M‘HM\I
Shek o

3. Show that rotation matrices of the form

ri1 rig 0
T21 T22 T23
31 T32 T33

can be parametrized using just two parameters 6 and ¢ as follows:

cosf —siné 0
sinfcos¢ cosfcos¢p —sing
sinfsing cosfsing cos¢

What should the range of values be for 6 and ¢?

4. (a) Show that the three eigenvalues of a rotation matrix R € SO(3) each have
unit magnitude, and conclude that they can always be written {u+iv, p—iv, 1},
where p? + 12 =1.

(b) Show that a rotation matrix R € SO(3) can always be factored in the form

R=A| — AL

[ BN
OF® X
==

where A € SO(3) and p? + v? = 1. (Hint: Denote the eigenvector associated
with the eigenvalue p + iv by = + iy, 2,y € R?, and the eigenvector associated
with the eigenvalue 1 by z € R3. For the purposes of this problem you may
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assume that the set of vectors {x,y, 2} can always be chosen to be linearly
independent.)

5. (a) Find the general solution to the differential equation & = Ax, where

-2 1
(3]
What happens to the solution z(t) as t — oo?
(b) Do the same for
2 -1
4= { 2 -l ] .

What happens to the solution z(t) as t — oo?

6. Let z € R?, A € R?*2 and consider the linear differential equation i (t) =
Az(t). Suppose that
o3t
o) = _goror |

is a solution for the initial condition z(0) = (1, —3), and

ot
=] o |
is a solution for the initial condition #(0) = (1,1). Find A and e“?.

7. Given a differential equation of the form & = Az + f(t), where € R™ and
f(t) is a given differentiable function of ¢. Show that the general solution can
be written

x(t) = ety = teA(t*S) s) ds.
(t) = e2'2(0) / f(s)d

(Hint: Define z(t) = e~4tz(t), and evaluate 2(t).)

8. (a) Prove the matrix identity MeAM 1 = eMAM ™"
(b) Under what conditions on A, B € R"*™ is the following matrix identity
true?

eteB = eATB,

9. Consider a wrist mechanism with two revolute joints 6; and 65, in which the
end-effector frame orientation R € SO(3) is given by

R = elw1lor e[w2]92,

with w; = (0,0,1) and wy = (0, %, —%) Determine whether the following

orientation is reachable (that is, find, if it exists, a solution (61,63) for the
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following R):

oy

Il
S oS-
O = O
§F°§%

1 Z

Figure 3.21: A three degree of freedom wrist mechanism.

10. Figure 3.21 shows a three degree of freedom wrist mechanism in its zero
position (that is, with all its joints set to zero).

(a) Express the tool frame orientation Rg3 = R(a, 3,7) as a product of three
rotation matrices.

(b) Find all possible angles (o, 8,7) for the two values of Rgp3 given below. If
no solution exists, explain why in terms of the analogy between SO(3) and the
solid ball of radius 7.

01 0
(1) R03 = 1 0 0
0 0 -1

11. (a) Suppose we seek the logarithm of a rotation matrix R whose trace is
-1. From the exponential formula

el = I 4 sinflw] + (1 — cos ) [w]?, [lw]| =1,
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and recalling that tr R = —1 implies # = 7, the above equation simplifies to
1—2(w3 + w?) 2w ws 2wiws
R=1+ 2[w]2 = 2w1wa 1—2(w? +wd) Qwows
2wiws 2wows 1—2(w? + w?)

Using the fact that w? + w3 + w3 = 1, is it correct to conclude that

7“11+1 T22+1 T33+1
w1 = P w2 = 3 w3 = .
2 2 2

is also a solution?
(c) Using the fact that [w]®> = —[w], the identity R = I + 2[w]? can also be
written in the alternative form

R—-1I = 2w
Wl (R=1) = 2[u]’ =-2[w]
W (R+1I) = O.

The resulting equation is a system of three linear equations in (wy,ws,ws3). What
is the relation between the solution to this linear system and the logarithm of
R?

12. (a) Given a rotation matrix A = Rot(%, @), where Rot(Z, o) indicates a
rotation about the Z-axis by an angle «, find all rotation matrices R € SO(3)
that satisfy AR = RA.

(b) Given rotation matrices A = Rot(2, ) and B = Rot(Z2, ), with a # , find
all rotation matrices R € SO(3) that satisfy AR = RB.

(c) Given arbitrary rotation matrices A, B € SO(3), find all solutions R € SO(3)
to the equation AR = RB.

13. (a) Exploiting all of the known properties of rotation matrices, determine
the minimum number of arithmetic operations (multiplication and division, ad-
dition and subtraction) required to multiply two rotation matrices.

(b) Due to finite arithmetic precision, the numerically obtained product of two
rotation matrices is not necessarily a rotation matrix; that is, the resulting
rotation A may not exactly satisfy ATA = I as desired. Devise an iterative
numerical procedure that takes an arbitrary matrix A € R3*3, and produces a
matrix R € SO(3) that minimizes

|A—R|>=tr (A—-R)(A—R)T.

14. (a) Verify the formula for obtaining the unit quaternion representation of
a rotation R € SO(3).

(b) Verify the formula for obtaining the rotation matrix R given a unit quater-
nion ¢ € S3.
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(c) Verify the product rule for two unit quaternions; that is, given two unit
quaternions ¢, p € S corresponding respectively to the rotations R,Q € SO(3),
find a formula for the unit quaternion representation of the product RQ €
SO(3).

(d) Compare the number of arithmetic operations for multiplying two rotation
matrices versus two unit quaternions. Which requires fewer arithmetic opera-
tions?

Figure 3.22: Four reference frames defined in a robot’s work environment.

15. Consider the robot of Figure 3.22, in which four reference frames are
depicted: the fixed frame {a}, the end-effector frame effector {b}, camera frame
{c}, and workpiece frame {d}.

(a) Find Tyq and T,q in terms of the dimensions given in the figure.

(b) Find T, given that

Tbc =

S oo
o o= O
o = o o
_— O O =

16. Consider a robot arm mounted on a spacecraft as shown in Figure 3.23,
in which frames are attached to the earth {e}, satellite {s}, the spacecraft {a},
and the robot arm {r}, respectively.
(a) Given T,q, Tor, and Tes, find T;s.
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Figure 3.23: A robot arm mounted on a spacecraft.

(b) Suppose the frame {s} origin as seen from {e} is (1,1,1). Suppose further-
more that

-1 0 0 1

0 1 0 1

Ter = 00 -1 1

00 01
Write down the coordinates of the frame {s} origin as seen from frame {r}.

radius =r j

it Hel o
Z K %
a} J
X -
NN ‘i ! 2 e
Y \{b} ke radius = 2r
L —
D

Figure 3.24: A classical bicycle with a larger front wheel.

17. Consider the classical bicycle of Figure 3.24, in which the diameter of the
front wheel is twice that of the rear wheel. Frames {a} and {b} are attached to
the centers of each wheel, and frame {c} is attached to the top of the front wheel.
Assuming the bike moves forward in the § direction, find 7T,. as a function of
the front wheel’s rotation angle 6 (assume 6§ = 0 at the instant shown in the
figure).
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T, (t=0)

Figure 3.25: A laser tracking a moving target.

18. A target moves along a circular path at constant angular velocity w rad/sec
as shown in Figure 3.25. The target is tracked by a laser mounted on a moving
platform, rising vertically at constant speed v. Assume the laser and the plat-
form start at Ly at ¢t = 0, while the target starts at frame 77.

(a) Derive frames Ty1, T12, Tos as a function of ¢.

(b) Using your results from part (a), derive T3 as a function of .

North Star ¢

Figure 3.26: Spacecraft and space station.

19. Suppose the space station of Figure 18 is in circular orbit around the earth,
and at the same time rotates about an axis always pointing toward the north
star. A spacecraft heading toward the space station is unable to locate the
docking port due to an instrument malfunction. An earth-based ground station
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sends the following information to the spacecraft:

0 -1 0 -100

0
1 0 0 300
0 0 0 1

where p,, is the vector p expressed in {a} frame coordinates.

(a) From the given information, find rp, the vector 7 expressed in {b} frame
coordinates.

(b) Determine Tj. at the instant shown in the figure. Assume here that the §
and 2 axes of the {a} and {c} frames are coplanar with the docking port.

J( J Top View

P
T:ﬁ:‘_‘_:—'_—_"—_’:_‘;'f ’LK Q c J /

Figure 3.27: Two toy cars on a round table.

20. Two toy cars are moving on a round table as shown in Figure 3.27. Car 1
moves at a constant speed v; along the circumference of the table, while car 2
moves at a constant speed vy along a radius; the positions of the two vehicles
at t = 0 are shown in the figure.

(a) Find To1, To2 as a function of ¢.

(b) Find Ty2 as a function of ¢.

21. Figure 3.28 shows the configuration, at ¢ = 0, of a robot arm whose first
joint is a screw joint of pitch h = 2. The arm’s link lengths are L; = 10,
L, = L3 =5, and Ly = 3. Suppose all joint angular velocities are constant,
with values wy = 7, wo = §, wy = —7F rad/sec. Find Ty (4) € SE(3), i.e., the
end-effector frame {b} € SE(3) relative to the fixed frame {s}, at time ¢ = 4.

22. A cube undergoes two different screw motions from frame {1} to frame {2}
as shown in Figure 3.29. In both cases (a) and (b), the initial configuration of
the cube is

To1 =

OO O
o O = O
O = OO
—_ o = O
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X Y

Figure 3.28: A robot arm with a screw joint.

z
¥
{2}
0 z 24 z
A ____y
1}

(a) a (b) b

Figure 3.29: A cube undergoing two different screw motions.

(a) For each case (a) and (b), find the screw parameter S = (w,v) such that
Too = e[S]T()l, where no constraints are placed on w or v.
(b) Repeat (a), this time with the constraint that ||w|| € [—7, 7].

23. A particle starts from the origin, and undergoes a radially increasing cir-
cular spiral motion in the ¢ direction as illustrated in Figure 3.30. For every
translation of 10 units in the ¢ direction, the particle completes one revolution.
Attaching a moving frame to the particle, the motion of this moving frame can
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Figure 3.30: A particle undergoing a screw motion.

be expressed in the form
T(9) = e[Sa]Ge[Sb]H,

for some S, = (wa, v4), Sp = (Wq,vp). Find S, and Sp.
24. Given w € R?, |lw| =1, and 0 € R, show that

. 2\ —1 0 0 2
(160 + (1 — cosO)[w] + (1 —sinf)[w]?) ~ = Ifi[w]Jr 1- é(secﬁ +coth) ) [w]*.

Under what conditions, if any, will the inverse fail to exist? (Hint: Express the
inverse as a quadratic matrix polynomial in [w], and determine the coefficients.
The quadratic polynomial assumption can be justified via the identity [w]® =

—[w])

25. Given two reference frames {a} and {b} in physical space, and a fixed frame
{0}, define the distance between frames {a} and {b} as

diSt(Toaa Tob) = 02 + Hpab||2

where R, = el“?. Suppose the fixed frame is displaced to another frame {0'},
and that Tyq = SToa, Tory = STyp for some constant S = (Rs,ps) € SE(3).
(a) Evaluate dist(Ty/q, Top) using the above distance formula.

(b) Under what conditions on S does dist(Toa, Top) = dist(Tyra, Torp)?

26. Two frames {a} and {b} are attached to a moving rigid body. Show that
the spatial velocity of {a} in space frame coordinates is the same as the spatial
velocity of {b} in space frame coordinates.



Chapter 4

Forward Kinematics

The forward kinematics of a robot refers to the calculation of the position and
orientation of its end-effector frame from its joint values. Figure 4.1 illustrates
the forward kinematics problem for a 3R planar open chain. Starting from the
base link, the link lengths are L1, Lo, and Ls. Choose a fixed frame {0} with
origin located at the base joint as shown, and assume an end-effector frame {4}
has been attached to the tip of the third link. The Cartesian position (x,y)
and orientation ¢ of the end-effector frame as a function of the joint angles
(61,02,03) are then given by

x = Ljcos + Lycos(0y + 02) + Lz cos(6y + 62 + 03) (4.1)
y = L1 sin 91 + L2 sin(91 + HQ) + L3 sin(91 + 02 + 03) (42)
¢ = 01+02+0s. (4.3)

If one is only interested in the (x, y) position of the end-effector, the robot’s task
space is then taken to be the z-y plane, and the forward kinematics would consist
of Equations (4.1)-(4.2) only. If the end-effector’s position and orientation both
matter, the forward kinematics would consist of the three equations (4.1)-(4.3).

While the above analysis can be done using only basic trigonometry, it is
not difficult to imagine that for more general spatial chains, the analysis can
become considerably more complicated. A more systematic method of deriving
the forward kinematics would be to first attach reference frames to each of the
links; in Figure 4.1 the three link reference frames are respectively labeled {1},
{2}, and {3}. The forward kinematics can then be written as a product of four
homogeneous transformation matrices,

Tos = To1T12T23T34, (4.4)

99
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Figure 4.1: Forward kinematics of a 3R planar open chain. For each frame, the
x and y axes are shown, and the z axes are parallel and out of the page.

where
cosf; —sinf; 0 0 cosfly —sinfy 0 Ly
T sin 01 cosy 0 O Tes — sin 04 costl, 0 0
or = 0 01 0| "7 0 01 0
0 0 0 1] 0 0 0 1
cosfs —sinfs 0 Lo | 1 0 0 Ls
sin 0 cosfls 0 O 01 0 O
Tos = 8 8 1 0| Tu=109 01 o (4.5)
0 00 1] 00 0 1

Observe that T34 is constant, and that each remaining 7;_; ; depends only on
the joint variable 6;.

As an alternative to this approach, let us define M to be the position and
orientation of frame {4} when all joint angles are set to zero (the “home” or
“zero” position of the robot). Then

1 0 0 Li+Ly+Ls
010 0

M=19 01 0 ’ (4.6)
00 0 1

Now consider each of the revolute joint axes to be a zero-pitch screw axis. If
0, and 6, are held at their zero position, then the screw axis corresponding to
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rotating about joint three can be expressed in the {0} frame as

0

0

w 1

83[11} 0

—(Ly + Lo)
0
or
0 -1 0 0
1Ss] = W v] |1 0 0 —(Li+ L)

3710 ol |0 00 0
0 0 0 0

Therefore, for any 63, the matrix exponential representation for screw motions
from the previous chapter allows us to write

T04 = 6[83]93M (fOI‘ 91 = 92 = 0) (47)

Now, for §; = 0 and any fixed (but arbitrary) 3, rotation about joint two can
be viewed as applying a screw motion to the rigid (link two)/(link three) pair,
ie.,

Tos = el5210265310 p (for 6, = 0), (4.8)

where [S3] and M are as defined previously, and

0 -1 0 0
100 —L
S2l=19 00 o (4.9)
0 00 0

Finally, keeping 6> and 63 fixed, rotation about joint one can be viewed as
applying a screw motion to the entire rigid three-link assembly. We can therefore
write, for arbitrary values of (61, 6, 6s3),

Toy = 6[51]916[52]926[53]93]\47 (4.10)
where
0 -1 0 O
1 0 0 O
SI=10 00 0 (1)
0 0 0 O

Thus the forward kinematics can be expressed as a product of matrix exponen-
tials, each corresponding to a screw motion. Note that this latter derivation of
the forward kinematics does not make use of any link reference frames; only {0}
and M must be defined.

In this chapter we consider the forward kinematics of general open chains.
One widely used representation for the forward kinematics of open chains relies
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Figure 4.2: Illustration of the PoE formula for an n-link spatial open chain.

on the Denavit-Hartenberg parameters (D-H parameters), which corre-
sponds to Equation (4.4). Another representation relies on the Product of
Exponentials (PoE) formula, which corresponds to Equation (4.10). The ad-
vantage of the D-H representation is that it is a minimal representation, in that
it requires the smallest number of parameters to describe the the robot’s kine-
matic structure. The PoE representation is not minimal, in that the number of
parameters needed to describe the screw axes of a robot is larger than the num-
ber of parameters needed in the D-H representation, but it has other advantages
over the D-H representation (e.g., no link frames are necessary) and it is our
preferred choice of forward kinematics representation. The D-H representation,
and its relationship to the PoE representation, is given in Appendix C.

4.1 Product of Exponentials Formula

4.1.1 First Formulation: Screw Axes Expressed in Base Frame

The key concept behind the PoE formula is to regard each joint as applying a
screw motion to all the outward links. To illustrate, consider a general spatial
open chain like the one shown in Figure 4.2, consisting of n one-dof joints that
are connected serially. To apply the PoE formula, you must choose a fixed base
frame and an end-effector frame attached to the last link. Place the robot in
its zero position by setting all joint values to zero, with the direction of positive
displacement (rotation for revolute joints, translation for prismatic joints) for
each joint specified. Let M € SE(3) denote the configuration of the end-effector
frame relative to the fixed base frame when the robot is in its zero position.
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Now suppose joint n is displaced to some joint value 6,,. The end-effector
frame M then undergoes a displacement of the form

T = elSnlon pp, (4.12)

where T' € SE(3) is the new configuration of the end-effector frame, and S,, =
(wn, vy is the screw axis of joint n, as expressed in the fixed base frame. If joint
n is revolute (corresponding to a screw motion of zero pitch), then w,, € R? is a
unit vector in the positive direction of joint axis n; v, = —w, X qn, with g, any
arbitrary point on joint axis n as written in coordinates in the fixed base frame;
and 0, is the joint angle. If joint n is prismatic, then w,, = 0; v,, € R? is a unit
vector in the direction of positive translation; and 6,, represents the prismatic
extension /retraction.

If we assume joint n — 1 is also allowed to vary, then this has the effect of
applying a screw motion to link n — 1 (and by extension to link n, since link n
is connected to link n — 1 via joint n). The end-effector frame thus undergoes a
displacement of the form

T = el (elSilfnpr). (4.13)

Continuing with this reasoning and now allowing all the joints (61,...,6,) to
vary, it follows that

T = 51101 . lSn-1ln-16[Snl0n pp. (4.14)

This is the product of exponentials formula describing the forward kinematics
of an n-dof open chain. Specifically, we call Equation (4.14) the space form
of the product of exponentials formula, referring to the fact that the screw axes
are expressed in the fixed space frame.

To summarize, to calculate the forward kinematics of an open chain using
the space form of the PoE formula (4.14), we need the following elements:

(i) The end-effector configuration M € SE(3) when the robot is at its home
position.

(ii) The screw axes Sy ...S,, expressed in the fixed base frame, corresponding
to the joint motions when the robot is at its home position.

(iii) The joint variables 6y ...0,.

Unlike with the D-H representation, no link reference frames need to be defined.
Further advantages will come to light when we examine the velocity kinematics
in the next chapter.

4.1.2 Examples

We now derive the forward kinematics for some common spatial open chains
using the PoE formula.
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Figure 4.3: A 3R spatial open chain.

Example: 3R Spatial Open Chain

Consider the 3R open chain of Figure 4.3, shown in its home position (all joint
variables set equal to zero). Choose the fixed frame {0} and end-effector frame
{3} as indicated in the figure, and express all vectors and homogeneous trans-
formations in terms of the fixed frame. The forward kinematics will be of the

form
T — 6[31]916[52]926[53]93]\4’

where M € SE(3) is the end-effector frame configuration when the robot is in
its zero position. By inspection M can be obtained as

00 1 I

010 O
M= -1 0 0 —Ly

00 0 1

The screw axis Sy = (wi,v1) for joint axis 1 is then given by w; = (0,0,1)
and v; = (0,0,0) (the fixed frame origin (0,0,0) is a convenient choice for the
point ¢; lying on joint axis 1). To determine the screw axis Sp for joint axis 2,
observe that joint axis 2 points in the —§, axis direction, so that wy = (0, —1,0).
Choose g2 = (L1,0,0), in which case v = —wa X g2 = (0,0, —L4). Finally, to
determine the screw axis Sz for joint axis 3, note that w3z = (1,0,0). Choosing
g3 = (0,0, —Ly), it follows that v3 = —w3 X g3 = (0, — L2, 0).

In summary, we have the following 4 x 4 matrix representations for the three
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Figure 4.4: PoE forward kinematics for the 6R open chain.

joint screw axes S1, Sz, and Ss:

0 -1 0 0

1 0 0 0
[Sl}*oooo
[0 001
[0 0 -1 0
00 0 0
[82]_10 0 —I
00 0 1 |

[0 0 0o o0 ]

B 0 0 —1 —1Ly
[83}_0100
00 0 1 |

It will be more convenient to list the screw axes in the following tabular form:

|

[ow | w ]
0,0,1) | (0,0,0)

(0,—1,0) | (0,0,—Ly)
(1,0,0) | (0,L5,0)

W DN = =

Example: 6R Spatial Open Chain

We now derive the forward kinematics of the 6R open chain of Figure 4.4. The
zero position and the direction of positive rotation for each joint axis are as
shown in the figure. A fixed frame {0} and end-effector frame {6} are also
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Figure 4.5: The RRPRRR spatial open chain.

assigned as shown. The end-effector frame M in the zero position is then

1 0 0 O
01 0 3L

M=10 01 0 (4.15)
000 1

The screw axis for joint 1 is in the direction wy = (0,0, 1). The most convenient
choice for point ¢; lying on joint axis 1 is the origin, so that v; = (0,0,0). The
screw axis for joint 2 is in the ¥ direction of the fixed frame, so ws = (0, 1,0).
Choosing g2 = (0,0,0), we have v = (0,0,0). The screw axis for joint 3 is
in the direction ws = (—1,0,0). Choosing g3 = (0,0,0) leads to v3 = (0,0,0).
The screw axis for joint 4 is in the direction wy = (—1,0,0). Choosing ¢4 =
(0,L,0) leads to vgy = (0,0,L). The screw axis for joint 5 is in the direction
ws = (=1,0,0); choosing g5 = (0,2L,0) leads to vs = (0,0,2L). The screw
axis for joint 6 is in the direction wg = (0,1,0); choosing g5 = (0,0,0) leads
to vg = (0,0,0). In summary, the screw axes S; = (w;,v;), @ = 1,...6 are as
follows:

il w [ v |
1] 0,0,1) | (0,0,0)
2 | (0,1,0) | (0,0,0)
3 [ (=1,0,0) | (0,0,0)
1 [ (=1,0,0) | (0,0,L)
5 [ (=1,0,0) | (0,0, 2L)
6] (0,1,0) | (0,0,0)




4.1. Product of Exponentials Formula 107

Example: An RRPRRR Spatial Open Chain

In this example we consider the six degree-of-freedom RRPRRR spatial open
chain of Figure 4.5. The end-effector frame in the zero position is given by

100 0
o1 0 L+
M=10901 o
000 1

Ll w [ v ]
1(0,0,1)] (0,00
2 [ (1,0,0) | (0,0,0)
31 (0,0,00 | (0,1,0)
1(0,1,0)| (0,0,0)
51 (1,0,0) [ (0,0, —L1)
61 (0,1,0) | (0,0,0)

Note that the third joint is prismatic, so that ws = 0 and v3 is a unit vector in
the direction of positive translation.

4.1.3 Second Formulation: Screw Axes Expressed in End-Effector
Frame

The matrix identity e FM = M~1eP M (Proposition 3.7) can also be ex-
pressed as MeM T 'PM — P f. Beginning with the rightmost term of the pre-
viously derived product of exponentials formula, if we repeatedly apply this

identity, after n iterations we obtain

T = 6[51]91 - e[sn]enM

e[31]91 . _Merl[sn]Men
[S1101 __.MeM’l[Sn,l]MGn,]e
_ ]\/‘,61\4—1[31}1%91 ...eM_l[S,L,l]JWG",leJVI‘l[S,,L}JVIG,L

—  MelBulor . .e[Bn—l]Gn—le[Bn](’n’ (4.16)

M~[S, M6,

where each [B;] = M~1[S;]M = [Ady;-1]S;, i = 1,...,n. Equation (4.16) is an
alternative form of the product of exponentials formula, representing the joint
axes as screw axes BB; in the end-effector (body) frame when the robot is at
its zero position. We call Equation (4.16) the body form of the product of
exponentials formula.

Before concluding this chapter, it is worth considering the order of the trans-
formations expressed in the space form PoE formula (Equation (4.14)) and in
the body form formula (Equation (4.16)). In the space form, M is first trans-
formed by the most distal joint, progressively moving inward to more proximal
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joints. Note that the fixed space-frame representation of the screw axis for a
more proximal joint is not affected by the joint displacement at a distal joint
(e.g., joint three’s displacement does not affect joint two’s screw axis represen-
tation in the space frame). In the body form, M is first transformed by the
first joint, progressively moving outward to more distal joints. The body-frame
representation of the screw axis for a more distal joint is not affected by the joint
displacement at a proximal joint (e.g., joint two’s displacement does not affect
joint three’s screw axis representation in the body frame.) Therefore, it makes
sense that we need only determine the screw axes at the robot’s zero position:
any §; is unaffected by the more distal transformations that came earlier, and
any B; is unaffected by the more proximal transformations that came earlier.

Example: 6R Spatial Open Chain

We now express the forward kinematics for the same 6R open chain of Figure 4.4

in the second form
T = MelBl01,[B2]02 | [Bslos

Assume the same fixed and end-effector frames and zero position as the previous
example. M is still the same as in Equation (4.15), obtained as the end-effector
frame as seen from the fixed frame with the chain in its zero position. The
screw axis for each joint axis, however, is now expressed with respect to the
end-effector frame in its zero position:

il wi [ w ]

L[ (0,0,1) | (—=3L,0,0)
2 [ (0,1,0) | (0,0,0)
3 [ (=1,0,0) | (0,0,—3L)
4 (=1,0,0) | (0,0, —2L)
5 || (=1,0,0) | (0,0,—L)
6| (0,1,0) | (0,0,0)

4.2 Summary

e Given an open chain with a reference frame attached to some point on
its last link—this frame is denoted the end-effector frame—the forward
kinematics is the mapping from the joint values to the position and ori-
entation of the end-effector frame.

e In the Denavit-Hartenberg representation, the forward kinematics of
an open chain is described in terms of relative displacements between
reference frames attached to each link. If the link frames are sequentially
labeled {0},...,{n}, where {0} is the fixed frame and {n} is the end-
effector frame, then the forward kinematics is expressed as

TOn = T01(91) et Tn—l,n(en)

where 6; denotes the joint ¢ variable.
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e The Denavit-Hartenberg convention requires that reference frames as-
signed to each link obey a strict convention (see Appendix C). Following
this convention, the link frame transformation 7;_; ; between link frames
{i—1} and {i} can be parametrized using a minimum of four parameters,
the Denavit-Hartenberg parameters.

e The forward kinematics can also be expressed as the following product
of exponentials (the space form),

Ty, = elS1101 .6[371191»]\/[7

where §; = (w;, v;) denotes the screw axis associated with joint ¢ expressed
in fixed frame coordinates, ; is the joint ¢ variable, and M € SE(3) de-
notes the position and orientation of the end-effector frame when the robot
is in its zero position. A choice of fixed frame and end-effector frame, to-
gether with a specification of the robot’s zero position and direction of
positive rotation or translation of each of the robot’s joints, then com-
pletely specifies the product of exponentials formula.

e The product of exponentials formula can also be written in the equivalent
body form,
TOn — M6[51]91 e 6[6"]0",

where [B]; = [Adp-1]Si, @ = 1,...,n. B; = (w;,v;) is the screw axis
corresponding to joint axis 7, expressed in terms of the end-effector frame
with the robot in its zero position.

Notes and References

The product of exponentials formula is first presented by Brockett in [4]. Com-
putational aspects of the product of exponentials formula are also discussed in
[27].
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4.3 Exercises

1. (a) For each given T' € SE(3)(3) below, find, if it exists, (a,a,d, ¢) that
satisfies
T = Rot(&, a) Trans(&, a) Trans(Z, d)Rot(Z, ¢).

[0 1 1 3
1 0 0 O
@T=1431 ¢ 1
00 0 1
[ cosp sinf 0 1
| sinB —cosB 0 0
(b) T'= 0 0 -1 -2
0 0 0 1
0 -1 0 -1
o 0 -1 0
©@T=\7 ¢ o 2
0 O 0 1

2. Let 71, Ty € SE(3), and suppose T} = el Ty, = elA2] for some A; =
(w1,v1), A2 = (w2,v2). Under what conditions on .4; and As does Ty Th = ToT}?

83
0, -

o

g

(1 ¢

X

Figure 4.6: A RRRP robot for performing pick-and-place operations.

3. The RRRP spatial open chain of Figure 4.6 is shown in its zero position.
(a) Choose appropriate link reference frames, and derive the corresponding
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Denvait-Hartenberg parameters (use the given fixed frame.)
(b) Find T04.

Figure 4.7: A RRPPRR open chain robot.

4. The RRPPRR spatial open chain of Figure 4.7 is shown in its zero position.
Using the fixed reference frame given in the figure, choose appropriate link
reference frames and derive the Denavit-Hartenberg parameters.

5. The robot with a screw joint in Figure 4.8 is shown in its zero position. Using
the given fixed frame, choose appropriate link reference frames and derive the
Denavit-Hartenberg parameters.

6. The spatial RPRRR open chain of Figure 4.9 is shown in its zero position.
Using the given fixed reference frame, choose appropriate link reference frames
and derive the Denavit-Hartenberg parameters.

7. The RRPRRR spatial open chain of Figure 4.10 is shown in its zero position
(all joints lie on the same plane).

(a) Using the given fixed frame, choose appropriate link reference frames and
derive the Denavit-Hartenberg parameters.

(b) Set 5 = 7 and all the other joint variables to zero, and find Tgg.

8. The PRRRRR spatial open chain of Figure 4.11 is shown in its home
position. Using the given fixed and end-effector frames, and the direction of
positive rotation or translation for each joint, derive its forward kinematics in
the following product of exponentials form:

elS1101 (82102 | [S6l06 pr
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Figure 4.9: An RPRRR spatial open chain.
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Figure 4.11: A PRRRRR spatial open chain.

9. For the same open chain of Figure 4.11, express the forward kinematics in
the following product of exponentials form:

MelBsl01[B2102 . [Belbs

10. The spatial RRPPRR open chain of Figure 4.12 is shown in its zero
position.

(a) Derive its forward kinematics in the form elS1191¢lS2102 ... ¢[Ssls pr.

(b) Derive its forward kinematics in the form MelBelf1elB2102 ... ¢[Bsl0s

11. The spatial RRRPRR open chain of Figure 4.13 is shown in its zero posi-
tion.

(a) Choose appropriate link frames and derive the corresponding Denavit-Hartenberg
parameters.

(b) Express its forward kinematics in the form elS1101¢l52102 ... ¢lSel0% pr
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Figure 4.12: A spatial RRPPRR open chain with prescribed fixed and end-
effector frames.

Figure 4.13: A spatial RRPRRR open chain with prescribed fixed and end-
effector frames.

12. The spatial RRRRPR open chain of Figure 4.14 is shown in its zero posi-
tion, with fixed and end-effector frames chosen as shown.

(a) Choose appropriate link frames and derive the corresponding Denavit-Hartenberg
parameters.

(b) Express its forward kinematics in the form elS1191¢[52102 ... ¢[Sslfs p



4.3. Exercises 115

Ls s b

Yg
2y {Fixed frame} 2, {Tool frame}

Figure 4.14: A spatial RRRRPR open chain.
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Chapter 5

Velocity Kinematics and
Statics

In the previous chapter we saw how to calculate the robot end-effector frame’s
position and orientation for a given set of joint positions. In this chapter we ex-
amine the related problem of calculating the end-effector frame’s spatial velocity
from a given set of joint positions and velocities.

Before we get to a representation of the end-effector spatial velocity as
V € R starting in Section 5.1, let us consider the case where the end-effector
configuration is represented by a minimal set of coordinates € R™ and the
velocity is given by & € R™. In this case, the forward kinematics can be written
as

z(t) = f(0()),
where 8 € R™ is a set of joint variables. By the chain rule, the time derivative
at time ¢ is

of -
t=—-(0)0
&= 25(0)
= J(0)0,
where J(f) € R"*™ is called the Jacobian. The Jacobian matrix represents
the linear sensitivity of the end-effector velocity & to the joint velocity 6, and it
is a function of the joint variables 6.
To provide a concrete example, consider a 2R planar open chain (right side
of Figure 5.1) with forward kinematics given by
x1 = Ljcosby + Lacos(61 + 62)
T2 = L1 sin 91 + L2 sin(91 + 02)

Differentiating both sides with respect to time ¢ yields
i?l = 7L10.1 sin 01 — Lg(él + 92) sin(91 + 92)
To = Llél cosfy + Lg(él + 92) 008(91 + 92),

117
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Maximum
tip velocily vector

J7(0)

Figure 5.1: Mapping the set of possible joint velocities, represented as a square
in the 61-6, space, through the Jacobian to find the parallelogram of possible
end-effector velocities. The extreme points A, B, C, and D in the joint velocity
space map to the extreme points A, B, C, and D in the end-effector velocity
space.

which can be rearranged into a linear equation of the form & = J (9)9

T _ —Lqisinf; — Lo sin(91 + 92) —Ls sin(91 + 92) 0:1 (5 1)
j?g - Ll COS 91 + L2 COS(01 + 92) L2 cos(91 + 92) 92 ’ ’

Writing the two columns of J() as J1(6) and J2(#), and the tip velocity &
as Uip, Equation (5.1) can be written

vtip = J1(9)91 + J2(9)02

As long as J1(6) and J»(#) are not collinear, it is possible to generate a tip
velocity vip in any arbitrary direction in the x;-z2 plane by choosing appropriate
joint velocities 6; and 6. Since J; () and J2(0) depend on the joint values 6
and 6o, one may ask if there are any configurations at which J;(0) and J(6)
become collinear. For our example the answer is yes: if 65 is 0° or 180°, then
regardless of the value of 0, J1(6) and J(6) will be collinear, and the Jacobian
J(0) becomes a singular matrix. Such configurations are called singularities;
they are characterized by the robot tip being unable to generate velocities in
certain directions.

The Jacobian can be used to map bounds on the rotational speed of the joints
to bounds on wvyp, as illustrated in Figure 5.1. Instead of mapping a polygon
of joint velocities through the Jacobian, we could instead map a unit circle of
joint velocities in the #;-65 plane. This circle represents an “iso-effort” contour
in the joint velocity space, where total actuator effort is considered to be the
sum of squares of the joint velocities. This circle maps through the Jacobian
to an ellipse in the space of tip velocities, and this ellipse is referred to as the
manipulability ellipsoid.! Figure 5.2 shows examples of this mapping for two

LA two-dimensional ellipsoid, as in our example, is commonly referred to as an ellipse.
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1(6)
6, L

>.J(9)>I ~—

Figure 5.2: Manipulability ellipsoids for two different postures of the 2R planar
open chain.

different postures of the 2R arm. As the manipulator configuration approaches
a singularity, the ellipse collapses to a line segment, since the ability of the tip
to move in one direction is lost.

Using the manipulability ellipsoid, one can quantify how close a given pos-
ture is to a singularity. For example, we can compare the lengths of the major
and minor principal semi-axes of the manipulability ellipsoid, respectively de-
noted fyax and £, The closer the ellipsoid is to a circle—meaning the ratio
lmax/fmin 1s close to 1—the more easily the tip can move in arbitrary direc-
tions, and thus the more removed it is from a singularity. The ratio £yax/fmin is
known as the condition number, and it offers a quantitative measure of how
close a robot configuration is to a singularity.

The Jacobian also plays a central role in static analysis. Suppose an external
force is applied to the robot tip; what are the joint torques required to resist
this external tip force and maintain static equilibrium (that is, to keep all links
of the robot stationary)?

This question can be answered via a conservation of power argument. As-
suming there is no power loss due to joint friction, and that the robot is at
equilibrium (no power is used to move the robot), the power measured at the
robot’s tip must equal the power generated at the joints. Denoting the tip
force vector generated by the robot as fii, and the joint torque vector by 7,
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3t Maximum tip force

Cor =
V2 s 4 s 6 7 s f

Figure 5.3: Mapping joint torque bounds to tip force bounds.

conservation of power then requires that
fgpvtip = TTé»
for all arbitrary joint velocities §. Since v, = J(6)8, the equality
FET(0)0 =7T6
must hold for all possible 6.2 This can only be true if
7 =JT(0) fup- (5.2)

The joint torque 7 needed to create the tip force fiip is calculated from the
equation above.

For our two-link planar chain example, J(6) is a square matrix dependent
on . If the configuration 6 is not a singularity, then both J(6) and its tranpose
are invertible, and Equation (5.2) can be written

fp = ((J(O)T) ' = T77(O)r. (5:3)

Using the equation above, one can now determine, under the same static equilib-
rium assumption, what input torques are needed to generate a desired tip force,
e.g., to determine the joint torques needed for the robot tip to push against
a wall with a specified normal force. For a given posture 6 of the robot at
equilibrium, and given a set of joint torque limits such as

—1Nm <7 <1Nm
—1Nm < 75 <1Nm,

Equation (5.3) can be used to generate the set of all possible tip forces as shown
in Figure 5.3.

2Since the robot is at equilibrium, the joint velocity 0 is technically zero. This can be
considered the limiting case as 6 approaches zero. To be more formal, we could invoke the
“principle of virtual work” which deals with infinitesimal joint displacements instead of joint
velocities.
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Figure 5.4: Force ellipsoids for two different postures of the 2R planar open
chain.

Similar to the manipulability ellipsoid, a force ellipsoid can be drawn by
mapping a unit circle “iso-effort” contour in the 71-75 plane to an ellipsoid in the
f1-f2 tip force plane via the Jacobian transpose inverse J 7 (6) (see Figure 5.4).
This illustrates how easily the robot can generate forces in different directions.
As evident from the manipulability and force ellipsoids, if it is easy to generate
a tip velocity in a given direction, then it is difficult to generate force in that
same direction, and vice-versa (Figure 5.5). This is because the power must be
equivalent whether the forces and velocities are represented in joint space or
tip space; the power for any joint torque/velocity pair is bounded by one; and
therefore the power for any tip force/velocity pair must also be bounded by one.

At a singularity, the manipulability ellipsoid collapses to a line segment. The
force ellipsoid, on the other hand, becomes infinitely long in a direction orthogo-
nal to the manipulability ellipsoid line segment (i.e., the direction of the aligned
links) and skinny in the orthogonal direction. Consider, for example, carrying
a heavy mass with your arm. It is much easier if your arm hangs straight down
in gravity (with your elbow fully straightened, at a singularity), because the
force you must support passes directly through your joints, therefore requiring
no torques about the joints. The joint structure itself must bear the load, not
muscles to generate torques. Unlike the manipulability ellipsoid, which loses di-
mension at a singularity (from two to one in our example) and therefore its area
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Figure 5.5: Left column: Manipulability ellipsoids at two different arm configu-
rations. Right column: Force ellipsoids at the the same two arm configurations.

drops to zero, the manipulability ellipsoid’s area goes to infinity. (Assuming the
joints can support the load!)

In this chapter we present methods for deriving the Jacobian for general open
chains, where the configuration of the end-effector is expressed as T' € SE(3)
and its velocity is expressed as a spatial velocity V in the fixed base frame
or the end-effector body frame. We also examine how the Jacobian can be
used for velocity and static analysis, including the identification of kinematic
singularities and determining the manipulability and force ellipsoids. Later
chapters on inverse kinematics, motion planning, dynamics and control make
extensive use of the Jacobian and related notions introduced in this chapter.

5.1 Manipulator Jacobian

In the 2R planar open chain example, we saw that for any joint configuration 6,
the tip velocity vector v, and joint velocity vector 8 are linearly related via the
Jacobian matrix J (), i.e., vy, = J(0)0. The tip velocity viip depends on the
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coordinates of interest for the tip, which in turn determines the specific form
of the Jacobian. For example, in the most general case, vy, can be taken to
be the six-dimensional spatial velocity of the end-effector frame, while for pure
orienting devices like a wrist, vy, is usually taken to be the angular velocity
of the end-effector frame. Other choices for v, lead to different formulations
for the Jacobian. We begin with the general case where vy, is taken to be the
six-dimensional end-effector spatial velocity expressed in the fixed frame.

5.1.1 Space Jacobian

In this section we derive the relationship between an open chain’s joint velocity
vector 6 and the end-effector’s spatial velocity V,. We first recall a few basic
properties from linear algebra and linear differential equations: (i) if A, B €
R™ ™ are both invertible, then (AB)~! = B~tA~1; (ii) if A € R"*" is constant

and 0(t) is a scalar function of ¢, then £e4? = AeA%9 = 4% Af; (iii) (e4?)~! =
e=A49.

Consider an n-link open chain whose forward kinematics is expressed in the
following product of exponentials form:

T(01,...,0,) = elSt101¢l52002 . olSnl0n py (5.4)

The spatial velocity of the end-effector frame with respect to the fixed frame,
Vs, is given by [Vs] = TT~!, where

. d d
— 2 olslon ) L o[Sn]on [S1101 [ & [[S2]02 ) ... [Sn]On
T (dte ) e M+e (dte ) e M+ ...

= [51]01€l510 . lSnlOn pp oy o510 (8,10, el 52002 L e[SnlOn

Also,
T71 — M*lef[sn}(fn . e*[sl]al .

Calculating 771,
V] = [S1]61 + el$191[Sy]e~ 1511016, 4 e[51101 82102 (G ] (821020 [S0)00 g

The above can also be expressed in vector form by means of the adjoint mapping:

Vo= &1 91 + Ade[sl]el (82) 92 + Ade[51]91e[52]92 (83) 93 + ... (5.5)
—
Vs1 Vsa Vs3

Observe that V, is a sum of n spatial velocities of the form

where each Vs;(0) = (wsi(0),vs:(0)) depends explictly on the joint values § € R™
for : = 2,...,n. In matrix form,

01
Vs

I
—
AW
®»
—_
—~
e
~
AW
)
()
—~
e
~—~
<~
w
3
—~
e
~—~
[

(5.7)
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The matrix J5(0) is said to be the Jacobian in fixed (space) frame coordinates,
or more simply the space Jacobian.

Definition 5.1. Let the forward kinematics of an n-link open chain be expressed
in the following product of exponentials form:

T = elS10 . elSnlin g, (5.8)

The space Jacobian J,(6) € R®*" relates the joint rate vector f € R" to the
end-effector spatial velocity V, via
V. = Jo(0)6. (5.9)
The ith column of J,(6) is
Vii(0) = Ad 5,10, . osi 11051 (Si), (5.10)
for i =2,...,n, with the first column Vs (0) = S;. O

To understand the physical meaning behind the columns of Js(6), observe
that the ith column is of the form Adr,_, (S;), where T;_; = elStl01 ... elSi-1l0i-1,
recall that S; is the screw axis describing the ith joint axis in terms of the fixed
frame with the robot in its zero position. Adr,_,(S;) is therefore the screw
axis describing the ith joint axis after it undergoes the rigid body displacement
T;_1. Physically this is the same as moving the first ¢ — 1 joints from their zero
position to the current values 61, ...,0;,_1. Therefore, the ith column Vg;(0) of
Js(0) is simply the screw vector describing joint axis i, expressed in fixed frame
coordinates as a function of the joint variables 61,...,6;_1.

In summary, the procedure for determining the columns of J,(6) is similar to
that for deriving the S; in the product of exponentials formula e[S1191 . .. g[Sn10n pr:
each column Vg;(0) is the screw vector describing joint axis i, expressed in fixed
frame coordinates, but for arbitrary 6 rather than 6 = 0.

Example: Space Jacobian for a Spatial RRRP Chain

We now illustrate the procedure for finding the space Jacobian for the spatial
RRRP chain of Figure 5.6. Denote the ith column of Js(6) by V; = (w;,v;).
The [Ady,_,] matrices are implicit in our calculations of the screw axes of the
displaced joint axes.

e Observe that w; is constant and in the Zs-direction: wy = (0,0, 1). Picking
¢1 to be the origin, v; = (0,0, 0).

e wo is also constant in the Zs-direction, so we = (0,0, 1). Pick g2 to be the
point (Licy, Lys1,0), where ¢y = cos 61, 81 = sinf;. Then vy = —wo X qo =
(Lys1, —Lyct,0).

e The direction of w3 is always fixed in the Zs-direction regardless of the
values of 67 and 63, so ws = (0,0,1). Picking g3 = (Lic1 + Lacia, Lis1 +
Lss12,0), where c1o = cos(f; + 62), s;2 = sin(6y + 62), it follows that
vg = (L1381 + Lasia, —Lic1 — Laci2,0).
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Figure 5.7: Space Jacobian for the spatial RRPRRR chain.

e Since the final joint is prismatic, ws = (0,0, 0), and the joint axis direction
is given by vy = (0,0, 1).

The space Jacobian is therefore

0 0
0 0
1 1

Lis; Lisy + Lasia
—Licy —Licy — Lacia
0 0

S oo kOO
_— o oo oo

Example: Space Jacobian for Spatial RRPRRR Chain

We now derive the space Jacobian for the spatial RRPRRR chain of Figure 5.7.
The base frame is chosen as shown in the figure.
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e The first joint axis is in the direction wy = (0,0, 1). Picking ¢; = (0,0, Lq),
we get v1 = —w1 X ¢1 = (0,0,0).

e The second joint axis is in the direction we = (—c1, —s1,0). Picking ¢o =
(0,07L1), we get Vg = —W2 X g2 = (Llsl, —L1C1,0).

e The third joint is prismatic, so w3 = (0,0,0). The direction of the pris-
matic joint axis is given by

0 —S1Co
vz = Rot(2,61)Rot(X,—02) | 1 | = C1Co
0 —8S2

e Now consider the wrist portion of the chain. The wrist center is located
at the point

0 0 —(LQ + 03)8102
qQu = 0 +R0t(2, 91)R0t(§(, 792) Li+ 03 = (L2 + 93)61C2
Ly 0 Ly — (Ly + 63)s2

Observe that the directions of the wrist axes depend on 6y, 05, and the
preceding wrist axes. These are

0 —S1S59
wg = Rot(z,61)Rot(X,—02) | 0 | = C152
1 L Co
[ —1 —C1Cq4 + S1C284
Wy = ROt(ZQﬂROt(f(,—92)ROt(2,94) 0 = —S1C4 — C1C254
L 0 S9S4
0
wg = Rot(2,6;)Rot(k, —02)Rot(z,04)Rot(x, —65) | 1
0

—c5(81C2C4 + C154) + 815285
C5(C1C2C4 — S1S4) — C1S285
—S2C4C5 — C285

The space Jacobian can now be computed and written in matrix form as follows:

7 (9) _ w1 w2 0 Wy ws We
? 0 —waX@g V3 —wWiXqy —WsXqw —WeXGqu |

Note that we were able to obtain the entire Jacobian directly, without having
to explicitly differentiate the forward kinematic map.

5.1.2 Body Jacobian

In the previous section we derived the relationship between the joint rates and
[Vs] = TT~1, the end-effector’s spatial velocity expressed in fixed frame coordi-
nates. Here we derive the relationship between the joint rates and [V,] = T7!T,



5.1. Manipulator Jacobian 127

the end-effector spatial velocity in end-effector frame coordinates. For this pur-
pose it will be more convenient to express the forward kinematics in the alternate
product of exponentials form:

T(0) = MelBr101lB2102 .. c[Bn]On (5.11)
Computing 7',

T — Me[Bl]el . 6[8"*1]9"*1 (%e[Bn]en) + Me[Bl]el e (%G[anl]enfl)e[Bn]en + ...

C MBS L B0 [B 10 4 MBI Bamalfuoa B, 1Bl |y
+MelBilor [ )elBz20z ... p[BnlOng,

Also,
T—1 = = BalOn . o=[B1]01 p -1

Evaluating 77,

Wyl = [Bnlfn +e Brln (B, _j]eBnllng, | 4+
e Blon . o lBal0a (3 | [Bel0a . (B0,

or in vector form,

Vy = B, 9n -+ Ade_[sn]a" (Bn—l) én—l +...4+ Ade_[sn]en_,,e—[@w? (Bl) él. (5.12)
~—
Von Vb,n—1 Vi1

V, can therefore be expressed as a sum of n spatial velocities, i.e.,
Vo = V1 (0)01 + . .. + Vin(0)0,,, (5.13)

where each Vy;(0) = (wpi(0), vp:(0)) depends explictly on the joint values 6 for
i1=1,...,n— 1. In matrix form,
01
Voo = [Vl Veal®) - Vnl0) ] ; (5.14)
. 0”
= Jp(0)8.
The matrix J, () is the Jacobian in the end-effector (or body) frame coordinates,
or more simply the body Jacobian.

Definition 5.2. Let the forward kinematics of an n-link open chain be expressed
in the following product of exponentials form:

T = MelBilor ... o[Bnlbn (5.15)

The body Jacobian .J,(f) € RO*" relates the joint rate vector § € R™ to the
end-effector spatial velocity V}, = (wp, vp) via

Vy = Ju(6)0. (5.16)
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The ith column of J,(0) is
Vi(0) = Ad__ 15,16, ...~ 1Bi 1110511 (Bi), (5.17)
fori=n—1,...,1, with V,,(6) = B,. O

Analogous to the columns of the space Jacobian, a similar physical interpre-
tation can be given to the columns of J;(0): each column Vy;(6) = (wpi(0), vp: (9))
of Jp(0) is the screw vector for joint axis ¢, expressed in coordinates of the end-
effector frame rather than the fixed frame. The procedure for determining the
columns of J,(0) is similar to the procedure for deriving the forward kinemat-
ics in the product of exponentials form MelB1101 ... e[Bnlon the only difference
being that each of the joint screws are derived for arbitrary 6 rather than 6 = 0.

5.1.3 Relationship between the Space and Body Jacobian

Denoting the fixed frame by {s} and the end-effector frame by {b}, the forward
kinematics can be written Ty, (6). The spatial velocity of the end-effector frame
can be written in terms of the fixed and end-effector frame coordinates as

[Ve] = Testzl
V] = Ty'Tw,

with Vs and V, related by Vs = Adr,, (V) and V, = Adg,_ (Vs). Vs and V), are
also related to their respective Jacobians via

Ve = JJ(0)0 (5.18)
Ve = Jy(0)0. (5.19)

Equation (5.18) can therefore be written
Adr,, (V) = J.(6)6. (5.20)

Applying [Adr,.] to both sides of Equation (5.20), and using the general prop-
erty [Adx][Ady] = [Adxy] of the adjoint map, we obtain

Adr,, (Adr, (V) = Adgy, 1, (V) = Vo = Adr,, (J5(q)0).

Since we also have V, = J,(0)8 for all 6, it follows that J,(f) and J,(6) are
related by

Jp(0) = Adg,, (Js(0)) = [Ada,, ] Js(0). (5.21)
The space Jacobian can in turn be obtained from the body Jacobian via
Js(0) = Adr,, (Jo(0)) = [Adz,, | Jo(0). (5.22)

The fact that the space and body Jacobians, and space and body velocities, are
similarly related by the adjoint map should not be surprising, since each column
of the space and body Jacobian corresponds to a spatial velocity.

One of the important implications of Equation (5.22) is that J;(6) and Js(6)
always have the same rank; this is shown explicitly in the later section on
singularity analysis.
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5.1.4 Alternative Notions of the Jacobian

The space and body Jacobians derived above are matrices that relate joint rates
to the spatial velocity of the end-effector. There exist alternative notions of the
Jacobian that are based on a representation of the end-effector configuration
using a minimum set of coordinates q. Such representations are particularly
relevant when the task space is considered to be a subspace of SE(3). For
example, the configuration of the end-effector of a planar robot could be treated
as ¢ = (z,7,0) € R3 instead of as an element of SE(2).

When using a minimum set of coordinates, the end-effector velocity is not
given by a spatial velocity V but by the time-derivative of the coordinates g,
and the Jacobian J, in the velocity kinematics ¢ = Ja(6‘)9 is sometimes called
the analytic Jacobian, as opposed to the geometric Jacobian in space and
body form, as described above.

For an SE(3) task space, a typical choice of the minimal coordinates ¢ € R®
includes three coordinates for the origin of the end-effector frame in the fixed
base frame, and three coordinates for the orientation of the end-effector frame
in the fixed base frame. Example coordinates for the orientation include Euler
angles (see Appendix B) and exponential coordinates for rotation.

Example: Analytic Jacobian with Exponential Coordinates for Rotation

In this example, we find the relationship between the geometric Jacobian Jp in
the body frame and an analytic Jacobian J, that uses exponential coordinates

r = @ to represent orientation. (Recall that ||&]| =1 and 6 € [0, 7].)
First, consider an open chain with n joints with body Jacobian
Vi = Ju(0)6,

where J,(0) € R*". The angular and linear velocity components of V, =
(wp, vp) can be written explicitly as

e ][ 3 ]

where J,, is the 3 X n matrix corresponding to the top three rows of J, and J,
is the 3 x n matrix corresponding to the bottom three rows of Jj.

Now suppose our minimal set of coordinates ¢ € R® is given by ¢ = (r, z),
where 2 € R? is the position of the origin of the end-effector frame and r = @6 €
R3 is the exponential coordinate representation for the rotation. The coordinate
time-derivative & is related to v, by a rotation to get vy in the fixed coordinates,

T = Rsbvb = Rsva (9)9,
where Ry, = ell = el®1?,
The time-derivative 7 is related to the body angular velocity wy by
wy = A(r)r

_ 1 —cos|lr]| [[7[| = sin |||

e E

A(r)y = 1T
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(The derivation of this formula is explored in Exercise 16.) Provided the matrix
A(r) is invertible, 7 can be obtained from wj as

7= AT r)w, = A7 (r)J,(0)6.

Putting these together,

S50 2R e

i.e., the analytic Jacobian J, is related to the body Jacobian J;, by

w430 L [H)-[ 0 8 Jao

5.1.5 Inverse Velocity Kinematics

The sections above answer the question “What spatial velocity results from a
given set of joint velocities?” The answer, written independently of the frame
in which spatial velocities are represented, is given by

V = J(0)0.

Often we are interested in the inverse question: given a desired spatial veloc-
ity V, what joint velocities 0 are needed? This is a question of inverse velocity
kinematics, which is discussed in more detail in Chapter 6. In brief, if J(0) is
square (the number of joints n is equal to six, the number of elements of the
spatial velocity) and full rank, then § = J~1(0)V. If n # 6, however, then
J(#) is not invertible. In the case n < 6, arbitrary spatial velocities V can-
not be achieved—the robot does not have enough joints. If n > 6, then we
call the robot redundant. In this case, a desired spatial velocity V' places six
constraints on the joint rates, and the remaining n — 6 freedoms correspond to
internal motions of the robot that are not evident in the motion of the end-
effector. As an example, if you consider your arm, from your shoulder to your
palm, as a seven-joint open chain, when you place your palm at a fixed con-
figuration in space (e.g., on the surface of a table), you still have one internal
degree of freedom, corresponding to the position of your elbow.

5.2 Statics of Open Chains
Using our familiar principle of conservation of power,
power at the joints = (power to move the robot) + (power at end-effector),

and considering the robot to be at static equilibrium (no power is used to move
the robot, because external forces at the end-effector immobilize the robot), we
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can equate the power at the joints to the power at the end-effector?,
70 = FI'v,

where 7 is the set of joint torques. Using the identity V, = J,(0)6, we get
T=J(0)F,

relating the joint torques to the end-effector spatial force written in the end-
effector frame. Similarly,
= JL(0)F,

in the fixed space frame. Leaving out the choice of the frame, we can simply
write

r=JYO)F. (5.25)

Thus if we are given a desired end-effector spatial force F and the joint angles
0, we can calculate the joint torques 7 needed to generate F. This is important
in force control of a robot, for example.

One could also ask the opposite question, namely, what is the spatial force
at the tip generated by a given joint torque? If J7 is a square invertible matrix,
then clearly 7 = J~7(0)7. However, if the number of joints n is not equal to
six, then J7' is not invertible. In particular, if the robot is redundant (n > 6),
then even if the end-effector is held stationary, the joint torques may cause
internal motions of the links, so that the static equilibrium condition is no
longer satisfied.

5.3 Singularity Analysis

The Jacobian allows us to identify postures at which the robot’s end-effector
loses the ability to move instantaneously in one or more directions. Such a
posture is called a kinematic singularity, or simply a singularity. Math-
ematically a singular posture is one in which the Jacobian J(6) fails to be of
maximal rank. To understand why, consider the body Jacobian J,(6), whose
columns are denoted Vy;, t = 1,...,n. Then

0,
Vo = [ V() Via(0) -+ Venl0) ]| :
0,
= V(0)01 + ...+ Vi (0)0,.
Thus, the set of all possible instantaneous spatial velocities of the tip frame

is given by a linear combination of the V,;. As long as n > 6, the maximum
rank that J,(0) can attain is six. Singular postures correspond to those values

3We are considering the limiting case as 6 goes to zero, consistent with our assumption
that the robot is at equilibrium.
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Figure 5.8: Kinematic singularities are invariant with respect to choice of fixed
and end-effector frames. (a) Choosing a different fixed frame, which is equivalent
to relocating the base of the robot arm; (b) Choosing a different end-effector
frame.

of 0 at which the rank of J,(f) drops below the maximum possible value; at
such postures the tip frame loses to the ability to generate instantaneous spatial
velocities in in one or more dimensions.

The mathematical definition of a kinematic singularity is independent of the
choice of body or space Jacobian. To see why, recall the relationship between
Js(0) and Jp(0): Js(0) = Adr,, (Jp(9)) = [Adr,,]Js(0), or more explicitly,

R, 0
JS(O) - |: [psb] ;%sb Rsb :| Jb(e)

We now claim that the matrix [Adr,, ] is always invertible. This can be estab-
lished by examining the linear equation

[ [pjsﬁ%sb R(lb } { 9; } =0

Its unique solution is = y = 0, implying that the matrix [Adr,,] is invertible.
Since multiplying any matrix by an invertible matrix does not change its rank,
it follows that

rank J,(0) = rank J,,(6),

as claimed; singularities of the space and body Jacobian are one and the same.

Kinematic singularities are also independent of the choice of fixed frame. In
some sense this is rather obvious—choosing a different fixed frame is equivalent
to simply relocating the robot arm, which should have absolutely no effect on
whether a particular posture is singular or not. This obvious fact can be verified
by referring to Figure 5.8(a). The forward kinematics with respect to the original
fixed frame is denoted T'(6), while the forward kinematics with respect to the
relocated fixed frame is denoted 7"(0) = PT(¢), where P € SE(3) is constant.
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Figure 5.9: A kinematic singularity in which two joint axes are collinear.

Then the body Jacobian of T7(0), denoted J{(), is obtained from T'~'7". A
simple calculation reveals that

T\ = (T~ 'P~Y)(PT) =T7'T,

ie., Ji(0) = Jy(6), so that the singularities of the original and relocated robot
arms are the same.

Somewhat less obvious is the fact that kinematic singularities are also inde-
pendent of the choice of end-effector frame. Referring to Figure 5.8(b), suppose
the forward kinematics for the original end-effector frame is given by T'(6), while
the forward kinematics for the relocated end-effector frame is 77(6) = T'(0)Q,
where @ € SE(3) is constant. This time looking at the space Jacobian—recall
that singularities of J,(#) coincide with those of Js(0)—let J.(0) denote the
space Jacobian of T"(6). A simple calculation reveals that

T = (TQYQ™'TTY) =TT,

ie., Ji(0) = Js(0), so that kinematic singularities are invariant with respect to
choice of end-effector frame.

In the remainder of this section we consider some common kinematic singu-
larities that occur in six-dof open chains with revolute and prismatic joints. We
now know that either the space or body Jacobian can be used for our analysis;
we use the space Jacobian in the examples below.

Case |I: Two Collinear Revolute Joint Axes

The first case we consider is one in which two revolute joint axes are collinear
(see Figure 5.9). Without loss of generality these joint axes can be labeled 1
and 2. The corresponding columns of the Jacobian are

va@ = 0 e =[]

—w1 X q1 —Wwz X g2
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Figure 5.10: A kinematic singularity in which three revolute joint axes are
parallel and coplanar.

Since the two joint axes are collinear, we must have w; = +ws; let us assume the
positive sign. Also, w; X (g1 —g2) = 0 for ¢ = 1,2. Then V,; = Vso, which implies
that Vg1 and Vgs lie on the same line in six-dimensional space. Therefore, the
set {Vs1, Vs2, ..., Vs6} cannot be linearly independent, and the rank of Js(6)
must be less than six.

Case |I: Three Coplanar and Parallel Revolute Joint Axes

The second case we consider is one in which three revolute joint axes are parallel,
and also lie on the same plane (three coplanar axes—see Figure 5.10). Without
loss of generality we label these as joint axes 1, 2, and 3. In this case we choose
the fixed frame as shown in the figure; then

w1 w1 w1
0 —wixgq —wiXgs

Js(0) =

and since g2 and g3 are points on the same unit axis, it is not difficult to verify
that the above three vectors cannot be linearly independent.

Case |ll: Four Revolute Joint Axes Intersecting at a Common Point

Here we consider the case where four revolute joint axes intersect at a common
point (Figure 5.11). Again, without loss of generality label these axes from 1
to 4. In this case we choose the fixed frame origin to be the common point of
intersection, so that ¢ = ... = g4 = 0. In this case

_ | W1 w2 w3 w4
Js(0) = 0 0 0 O
The first four columns clearly cannot be linearly independent; one can be writ-
ten as a linear combination of the other three. Such a singularity occurs, for



5.3. Singularity Analysis 135
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Figure 5.11: A kinematic singularity in which four revolute joint axes intersect
at a common point.

example, when the wrist center of an elbow-type robot arm is directly above
the shoulder.

Case IV: Four Coplanar Revolute Joints

Here we consider the case in which four revolute joint axes are coplanar. Again,
without loss of generality label these axes from 1 to 4. Choose a fixed frame
such that the joint axes all lie on the z-y plane; in this case the unit vector
w; € R? in the direction of joint axis 7 is of the form

Wigx
w; = Wiy

0

Similarly, any reference point ¢; € R? lying on joint axis i is of the form

iz
qi = iy )
| 0
and subsequently
i 0
V= —w; X g = 0

| Wiyliz — WizQiy

The first four columns of the space Jacobian J4(0) are

Wigx W2y W3z W4z
Wiy W2y W3y W4y
0 0 0 0
0 0 0 0
0 0 0 0

WiyQle — Wizqly W2yQ2r — W2rq2y W3yQ3z — W3zQ3y WiayQir — WazQdy
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which clearly cannot be linearly independent.

Case V: Six Revolute Joints Intersecting a Common Line

The final case we consider is six revolute joint axes intersecting a common line.
Choose a fixed frame such that the common line lies along the z-axis, and select
the intersection between this common line and joint axis ¢ as the reference point
¢; € R? for axis i; each g; is thus of the form ¢; = (0,0, ¢;.), and

V= —Ww; X g = (winiza —WixGiz, 0)

i=1,...,6. The space Jacobian J(#) thus becomes

Wig W2z W3z Wi Wsg W6z
Wiy W2y W3y W4y Wsy Wey
Wiz W2z W3z W4z W52z W6z

Js (0) =
Wiyqiz Woy g2z W3y 43z W4yG4z Wsy g5z Wey g6z ’

—Wigqlz —W2G2z —W3z(q3z —W4zq4r —Wsz(d5: —Wexq6z
0 0 0 0 0 0

which is clearly singular.

5.4 Manipulability

In the previous section we saw that at a kinematic singularity, a robot’s end-
effector loses the ability to move or rotate in one or more directions. A kinematic
singularity is a binary proposition—a particular configuration is either kinemat-
ically singular, or it is not—and it is reasonable to ask whether it is possible to
quantify the proximity of a particular configuration to a singularity. The answer
is yes; in fact, one can even do better and quantify not only the proximity to a
singularity, but also determine the directions in which the end-effector’s ability
to move is diminished, and to what extent. The manipulability ellipsoid al-
lows one to geometrically visualize the directions in which the end-effector can
move with the least “effort”; directions that are orthogonal to these directions
in contrast require the greatest effort.

Manipulability ellipsoids are illustrated for a 2R planar arm in Figure 5.2.
The Jacobian is given by Equation (5.1).

For a general n-joint open chain and a task space with coordinates ¢ €
R™, where m < n, the manipulability ellipsoid corresponds to the end-effector
velocities for joint rates 6 satisfying ||f|| = 1, a unit hypersphere in the n-
dimensional joint velocity space. Assuming J is invertible, the unit joint velocity
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Figure 5.12: An ellipsoid visualization of ¢” A='¢ = 1 in the ¢ space R?, where
the principal semi-axis lengths are the square roots of the eigenvalues \; of A
and the directions of the principal semi-axes are the eigenvectors v;.

condition can be written
1=679
=TI
— "I T Y
=q" (JT")
=" A7,

If J is full rank (rank m), the matrix A = JJT € R™*™ is square, symmetric,
and positive definite. Let vy, ...,v,, be the eigenvectors of A and Ay,..., A, be
the corresponding eigenvalues. Then the manipulability ellipsoid corresponding
to unit joint velocities has principal semi-axes aligned with the eigenvectors v;
of lengths v/A; (Figure 5.12).%

For the geometric Jacobian J (either J, in the end-effector frame or Jg in
the fixed frame), we can express the 6 x n Jacobian as

J(6) = [ e } |

where J,, is the top three rows of J and J, is the bottom three rows of J. It
makes sense to separate the two, because the units of angular velocity and lin-
ear velocity are different. This leads to two three-dimensional manipulability
ellipsoids, one for angular velocities and one for linear velocities. The manipu-
lability ellipsoids are given by principal semi-axes aligned with the eigenvectors
of A with lengths given by the square roots of the eigenvalues, where A = J,,JZ
for the angular velocity manipulability ellipsoid and A = J,JI for the linear
velocity manipulability ellipsoid.

When calculating the linear velocity manipulability ellipsoid, it generally
makes more sense to use the body Jacobian J, instead of the space Jacobian Js,

4The ellipsoid interpretation of a positive-definite quadratic form can be found in linear
algebra textbooks.



138 Velocity Kinematics and Statics

since we are usually interested in the linear velocity of a point at the origin of
the end-effector frame, rather than the linear velocity of a point at the origin of
the fixed space frame.

A manipulability measure is given by the ratio of the longest semi-axis of
the manipulability ellipsoid to the shortest semi-axis,

o
)\min .

When the condition number & is close to one, then the manipulability ellipsoid
is nearly spherical or isotropic, meaning that it is equally easy to move in any
direction. This is generally a desirable situation. When s becomes large, then
it is easy to move in one direction but difficult to move in another. As the robot
approaches a singularity, x approaches infinity.

A force ellipsoid can also be drawn for joint torques 7 satisfying ||7|| = 1.
Beginning from 7 = J7(0)F, we arrive at a similar result as above, except now
it is the eigenvectors and the square roots of eigenvalues of A~! = (JJT)~! that
define the force ellipsoid.

5.5 Summary

e Let the forward kinematics of an n-link open chain be expressed in the
following product of exponentials form:

T = [S1101 ... o[Snltn pr.

The space Jacobian J,(6) € R6*" relates the joint rate vector 6 € R"
to the end-effector spatial velocity V; via Vs = J; (9)9 The ith column of
Js(0) is

Vsi(e) = Ade[81]91...e[5i—1]9i—1 (Si)a (5-26)

for i = 2,...,n, with the first column Vg1 (0) = S1. Vs; is the screw vector
for joint 7 expressed in space frame coordinates, with the joint values 6
assumed to be arbitrary rather than zero.

e Let the forward kinematics of an m-link open chain be expressed in the
following product of exponentials form:

T = MelBilor .. elBnlfn, (5.27)

The body Jacobian .J,(0) € R6*" relates the joint rate vector 6 € R™ to
the end-effector spatial velocity V, = (wp, vp) via

Vy = Jy(0)6. (5.28)
The ith column of J,(0) is given by

Vb,i(e) = Adef[rsn]en,__67[571+1]971+1 (Bi)7 (5'29)
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fori =n—1,...,1, with V,,(8) = B,.. V; is the screw vector for joint 4
expressed in body frame coordinates, with the joint values # assumed to
be arbitrary rather than zero. The body Jacobian is related to the space
Jacobian via the relation

Js(0) = [Adp,]Js(0)
H(0) = [Adg,]Js(0)

where T, = T..

e Consider a spatial open chain with n one-dof joints that is also assumed
to be in static equilibrium. Let 7 € R™ denote the vector of joint torques
and forces, and F € RS be the spatial force applied at the end-effector, in
either space or body frame coordinates. Then 7 and F are related by

= JI(0)F, = JL(0)F,.

e A kinematically singular configuration for an open chain, or more simply
a kinematic singularity, is any configuration § € R™ at which the rank
of the Jacobian (either Js(6) or Jp(#)) is not maximal. For spatial open
chains of mobility six consisting of revolute and prismatic joints, some
common singularities include (i) two collinear revolute joint axes; (ii) three
coplanar and parallel revolute joint axes; (iii) four revolute joint axes
intersecting at a common point; (iv) four coplanar revolute joints, and (v)
six revolute joints intersecting a common line.

5.6 Notes and References

The terms spatial velocity and spatial force were first coined by Roy Feath-
erstone [10], and are also referred to in the literature as twists and wrenches,
respectively. There is a well developed calculus of twists and wrenches that is
covered in treatments of classical screw theory, e.g., [3], [2]. Singularities of
closed chains are discussed in the later chapter on closed chain kinematics. Ma-
nipulability ellipsoids and their dual, force ellipsoids, are discussed in greater
detail in [30].
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Figure 5.13: Polar coordinates.

5.7 Exercises

1. Given a particle moving in the plane, define a moving reference frame {é,., é¢}
such that its origin is fixed to the origin of the fixed frame, and its é, axis always
points toward the particle (Figure 5.13). Let (r,6) be the polar coordinates for
the particle position, i.e., r is the distance of the particle from the origin, and 6
is the angle from the horizontal line to the é, axis. The particle position p’ can
then be written
p=ré,
and its velocity ¥ is given by

U= 7€, +1é,.

The acceleration ¥ is the time derivative of 4.
(a) Express é, in terms of é, and é.
(b) Show that ¢ and @ are given by

= 7é. +rbég
= (= r6%)é, + (10 + 210)éy.

Q

2. Let {I,J} denote the unit axes of the fixed frame, and let
=X +Y(t)J

denote the position of a particle moving in the plane (see Figure 5.14). Suppose
the path traced by the particle has nonzero curvature everywhere, so that for
every point on the path there exists some circle tangent to the path; the center
of this circle is called the center of curvature, while its radius is the radius
of curvature. Clearly both the center and radius of curvature vary along the
path, and are well-defined only at points of nonzero curvature (or, at points
where the curvature is zero, the center of curvature can be regarded to lie at
infinity).



5.7. Exercises 141

_-. \_}

"

Figure 5.14: Tangential-normal coordinates.

Now attach a moving reference frame {é;, é,} to the particle, in such a way
that that é; always points in the same direction as the velocity vector; €, then
points toward the center of curvature. Since the speed of the particle is given

by

v=VX2+Y2,
and é; always points in the direction of the velocity vector, it follows that the
velocity vector ¢ of the particle can be written

v = ’Uét,
while its acceleration is given by
a = Vé; + véy.

(a) Show that é&; = ||é]|én, or
=9

and that consequently the acceleration a is

€n

@ = 08y + v||é¢)|én.
(b) The radius of curvature p can be found from the following formula:

v3

(XZ + Y2)3/2
XY -vX
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Figure 5.15: A cannon mounted on a 2R rotating platform.

Using the formula, show that the acceleration @ can be written

v2

a=vé + —éy,.
P

3. In standard treatments of particle kinematics using moving frames, two
moving particles, A and B, are assumed, with a moving frame {Z, §, £} attached
to particle A. Writing the position of particle B as

PB = DA+ PB|As

where pp|4 denotes the vector from A to B, the following formulas for the
velocity and acceleration of B are usually provided:

ip = 17A+(}3'B\A) + & X Ppla
TYZz

— -

ip = da+ (5B|A) + 24 x (pB\A) +a X Ppja +4@ x (J X Ppja),
TYz TYz

where & and @ respectively denote the angular velocity and angular acceler-

ation vector of the moving frame, and (]5' B A) <5’B| A) are certain time
TYz TYz

derivatives of ppl4. Writing pa and ppj4 in terms of fixed and moving frame

coordinates, i.e.,
Pa = XX4YY+2Z2Z
Ppla = xT+yy+ 2z,
derive the above formulas for 5 and dp. Be sure to explicitly identify all terms,

in particular (pB‘A) and (1.5.'3|A)
TYz

TYZ
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Figure 5.16: A circular plate of radius R.

4. Figure 5.15 depicts a cannon mounted on a 2R rotating platform at time
t = 0. The platform rotates at constant angular velocities wy and wo radians/sec
as shown. The axis of the cannon barrel is displaced at a distance d from the
origin of the fixed frame. Assume that a cannonball is fired at ¢ = 0 from the
same height as the I axis, at a constant speed vy along the axis of the barrel.
(a) Choose a moving frame and describe how the frame moves.

(b) Determine the velocity of the cannonball at ¢ = 0 in terms of the moving
frame chosen in part (a).

5. As shown in Figure 5.16, a revolving circular plate of radius R, rotating at
a constant angular velocity of we radians/sec, is mounted on a wheeled mobile
base that moves periodically back and forth along the I axis according to

z(t) = asinwt.

(a) Assuming ¢t = 0 at the instant shown in the figure, determine the velocity
of point A as a function of ¢ in fixed frame coordinates.

(b) Determine the acceleration of point A as a function of ¢ in fixed frame
coordinates.

6. The circular pipe of Figure 5.17 is rotating about the X axis at a constant
rate wy radians/sec, while a marble D is circling the pipe at a constant speed
u.

(a) Find the angle 6 at which the magnitude of the velocity of D is maximal.
What is the maximal velocity magnitude at this angle?

(b) Find the angle 6 at which the magnitude of the acceleration of D is maximal.
What is the maximal acceleration magnitude at this angle?
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Figure 5.18: A satellite with a rotating panel.

7. The satellite of Figure 5.18 is rotating about its own vertical K axis at a
constant rate wy radians/sec, while at the same time its solar panel rotates at
a constant rate wy radians/sec as shown.

(a) Determine the velocity of point A when w; = 0.5, wy = 0.25, | = 2m,
r = 0.5m, and 6 = 30°.

(b) Determine the acceleration of point A under the same conditions as part

(a).

8. The two revolute joints in the spherical 2R open chain of Figure 5.19 rotat-
ing at constant angular velocities w; radians/sec and wy radians/sec as shown.
Denote by r the length of link AB, while @ is the angle between link AB and
the z-y plane.

(a) Choose a moving frame and explain how the frame moves.

(b) Determine the angular velocity and angular of link AB in terms of your
moving frame coordinates chosen in part (a).

(c) Determine the velocity of point B in terms of the chosen moving frame co-
ordinates.
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Figure 5.19: A spherical 2R open chain.

Y

Figure 5.20: A rotating disk.

(d) Determine the acceleration of point B in terms of the chosen moving frame

coordinates.
(e) Setting w; = 0.1, we = 0.2, and r = 100mm, determine the velocity and
acceleration of point B in terms of the fixed frame coordinates when 6 = 7 /6.

9. As shown in Figure 5.20, a disk of radius r spins at a constant angular
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Figure 5.21: A toroidal 2R open chain.

velocity of we radians/sec about its horizontal axis, while at the same time the
disk assembly rotates about the vertical axis at a constant angular velocity of
wy radians/sec.

(a) Determine the angular velocity and the angular acceleration of the disk in
terms of fixed frame coordinates.

(b) Determine the velocity and the acceleration of point P as a function of the
angle 6.

10. As shown in Figure 5.21, the two revolute joints of the toroidal 2R open
chain are rotating at a constant angular velocity wy; = 0.6 radians/sec about the
Y axis, and wy = 0.45 radians/sec about the horizontal axis through C. When
B = 120°, determine the following in terms of fixed frame coordinates:

(a) the angular acceleration of link C'D.

(b) the velocity of point D.

(c) the acceleration of point D.

11. Figure 5.22 shows an RRP open chain at ¢t = 0. The revolute joints rotate
at constant angular velocities wy and we radians/sec. Suppose the vertical po-
sition of point B is given by z(t) = sint. Determine the following quantities in
terms of fixed frame coordinates.

(a) The velocity of point B at ¢t = 0.

(b) The acceleration of point B at t = 0.

12. The square plate of Figure 5.23 rotates about axis I with angular velocity
we = 0.5 radians/sec and angular acceleration as = 0.01 radians/sec?, while
the circular disk attached to the square plate rotates about the axis normal
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Figure 5.22: An RRP open chain.

Figure 5.23: A rotating square plate.

to the plate with angular velocity wy = 1 radians/sec and angular acceleration
a; = 0.5 radians/sec?. The radius of the circular disk is R = 5m, while the
length of each side of the square plate is 2R = 10m. The distance from the
center of the circular disk to the small circular knob is d = 3m. Assume that
both the disk and the square plate have zero thickness. Setting 6; = 0° and
03 = 45°, find the following in terms of fixed frame coordinates:

(a) The velocity of the circular knob.

(b) The acceleration of the circular knob.

13. A person is riding the 2R gyro swing of Figure 5.24. Joint 8 oscillates
periodically according to 6(t) = cost, and the circular plate connected to the
axis of the gyro swing rotates with constant angular velocity wo radians/sec. At
t = 0, the person on the circular plate is at the maximal height as shown in the
figure. Setting [ = 1, r = 1, and we = 1 radian/sec, determine the velocity of

the person in terms of the given fixed frame coordinates when t = 7.
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E ] ;= | rad/sec

Figure 5.24: A 2R gyro swing.

Figure 5.25: A meteorite approaching the earth.

14. As shown in Figure 5.25, a meteorite is approaching a rotating asteroid
along the meteorite’s J axis with velocity v; = 100 m/sec. Suppose the radius
of the asteroid is R = 1000m, and the distance of the meteorite from the asteroid
is initially D = 10”m. The asteroid takes 6 hours to complete a full revolution.
An astronaut stands at the point antipodal to the expected point of collision,
and unwittingly starts walking north along a longitudinal arc at a velocity of
vy = 1 m/sec. After three hours, determine the velocity of the astronaut in terms
of the moving frame coordinates attached to the meteorite. of the moving frame
at the meteorite.

15. As shown in Figure 5.26, a clock of radius r is mounted on a gimbal
assembly as shown. The angles 01, 05, and 03 are adjustable to arbitrary values;
in the figure the angles are all assumed to be set to zero. A moving frame {7T'}
is attached to the tip of the clock’s second hand, with its z-axis aligned along
the tip of the hand as shown. Setting r = 1m , a = 3m, b = 7m, answer the
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Figure 5.26: A clock mounted on a gimbal assembly.

following:

(a) Assuming the second hand starts at 12 at t = 0, when the second hand
reaches 10, find Tsr € SE(3) as a function of the angles (61, 63,03).

(b) Setting 67 = 90°, 62 = 0, 63 = 90°, find the the velocity of the tip of the
second hand at the moment it passes 10.

16. In this exercise we derive the analytic Jacobian for an n-link open chain
corresponding to the exponential coordinates on SO(3).

(a) Given an n x n matrix A(t) parametrized by ¢ that is also differentiable with
respect to ¢, its exponential X (¢) = eA(®) is then an n x n matrix that is always
nonsingular. Prove the following:

1
XX = /e_A(t)sA(t)eA(t)sds
0

1
Xx—1t = /eA(t)sA(t)e_A(t)sds.
0

(b) Using the above result to show that for r(t) € R® and R(t) = el"®] the
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Figure 5.28: A planar 4R open chain.

angular velocity in the body frame, [wy] RT R is related to 7 by

wp, = A(r)r
1 —cos ||r| 7| — sin [|r|

2
e T E

A(ry = I-

(c) Derive the corresponding formula relating the angular velocity in the space
frame, [ws] RRT, with 7.

17. The 3R planar open chain of Figure 5.27 is shown in its zero position.

(a) Suppose the tip must apply a force of 5N in the Z-direction. What torques
should be applied at each of the joints?

(b) Suppose the tip must now apply a force of 5N in the g-direction. What
torques should be applied at each of the joints?
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Figure 5.29: A rigid body rotating in the plane.

18. Answer the following questions for the 4R planar open chain of Figure 5.28.
(a) Derive the forward kinematics in the form

T(0) = elS1101 52102 [S5103 ¢ [Sal0a

where each Sy € R? and M € SE(2).

(b) Derive the body Jacobian.

(c) Suppose the chain is in static equilibrium at the configuration 6; = 6y =
0,03 = 5,04 = —%, and a force f = (10,10,0) and moment m = (0,0,10) are
applied to the tip (both f and m are expressed with respect to the fixed frame).
What are the torques experienced at each of the joints?

(d) Under the same conditions as (c¢), suppose that a force f = (—10,10,0)
and moment m = (0,0,—10) are applied to the tip. What are the torques
experienced at each of the joints?

(e) Find all kinematic singularities for this chain.

19. Referring to Figure 5.29, the rigid body rotates about the point (L, L) with
angular velocity 6 = 1.

(a) Find the position of point P on the moving body with respect to the fixed
reference frame in terms of 6.

(b) Find the velocity of point P in terms of the fixed frame.

(c) What is Ty, the displacement of frame {b} as seen from the fixed frame
[

(d) Find the spatial velocity of Ty in body coordinates.

(e) Find the spatial velocity of T, in space coordinates.

(f) What is the relation between the spatial velocities obtained in (d) and (e)?
(g) What is the relation between the spatial velocity obtained in (d) and P
obtained in (b)?
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Figure 5.31: A spatial 3R open chain.

(h) What is the relation between the spatial velocity obtained in (e) and P
obtained in (b)?

20. The RRRP chain of Figure 5.30 is shown in its zero position.

(a) Determine the body Jacobian Jy,(6) when 6; = 0y = 0,03 = 7/2,04 = L.
(b) Determine the linear velocity of the end-effector frame, in fixed frame coor-
dinates, when 6; = 6, = 0,03 =7/2,0, = L and Gy =0y =05 =0, =1.

21. The spatial 3R open chain of Figure 5.31 is shown in its zero position.

(a) In its zero position, suppose we wish to make the end-effector move with
linear velocity vy, = (10,0, 0), where vy, is expressed with respect to the space
frame {s}. What are the necessary input joint velocities 91, 0,657

(b) Suppose the robot is in the configuration 6; = 0,6y = 45°,03 = —45°.
Assuming static equilibrium, suppose we wish to generate an end-effector force
f» = (10,0, 0), where f; is expressed with respect to the end-effector frame {b}.
What are the necessary input joint torques 11, 72, 737
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Figure 5.32: A spatial PRRRRP open chain.

(c¢) Under the same conditions as in (b), suppose we now seeck to generate an
end-effector moment m; = (10,0, 0), where my, is expressed with respect to the
end-effector frame {b}. What are the necessary input joint torques 7y, 7o, 737
(d) Suppose the maximum allowable torques for each joint motor are

[l <10, [I72ll < 20, [[7s]| < 5.

In the home position, what is the maximum force that can be applied by the
tip in the end-effector frame x-direction?

22. The spatial PRRRRP open chain of Figure 5.32 is shown in its zero
position.

(a) At the zero position, find the first three columns of the space Jacobian.

(b) Find all configurations at which the first three columns of the space Jacobian
become linearly dependent.

(¢) Suppose the chain is in the configuration 6; = 0y = 03 = 05 = 6 =
0,6, = 90°. Assuming static equilibrium, suppose a pure force f, = (10,0, 10)
is applied to the origin of the end-effector frame, where f;, is expressed in terms
of the end-effector frame. Find the joint torques 71, 79,73 experienced at the
first three joints.

23. Consider the PRRRRR spatial open chain of Figure 5.33 shown in its zero
position. The distance from the origin of the fixed frame to the origin of the
end-effector frame at the home position is L.

(a) Determine the first three columns of the space Jacobian J;.

(b) Determine the last two columns of the body Jacobian J;.

(¢) For what value of L is the home position a singularity?
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Figure 5.33: A PRRRRR spatial open chain.

Prismatic joint axis ——

Revolute joint axis

Figure 5.34: A kinematic singularity involving prismatic and revolute joints.

(d) In the zero position, what joint torques must be applied in order to generate
a pure end-effector force of 100NV in the -2 direction?

24. Find all kinematic singularities of the 3R wrist with the following forward

kinematics:
R = elwn1lbr glwa]fa [ws]fs

where wy = (0,0,1), wy = (1/v/2,0,1/4/2), and w3 = (1,0,0).

25. Show that a six degree of freedom spatial open chain is in a kinematic
singularity when any two of its revolute joint axes are parallel, and any prismatic
joint axis is normal to the plane spanned by the two parallel revolute joint axes
(see Figure 5.34).

26. (a) Determine the space Jacobian Js(f) of the 6R spatial open chain of
Figure 5.35.
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Figure 5.35: Singularities of an elbow-type 6 R open chain.

Figure 5.36: A spatial PRRRRP open chain with a skewed joint axis.

(b) Find the kinematic singularities of the given chain. Explain each singularity
in terms of the alignment of the joint screws, and the directions in which the
end-effector loses one or more degrees of freedom of motion.

27. The spatial PRRRRP open chain of Figure 5.36 is shown in its zero
position.

(a) Determine the first 4 columns of the space Jacobian J,(8).

(b) Determine whether the zero position is a kinematic singularity.

(c¢) Calculate the joint torques required for the tip to apply the following end-
effector spatial forces:

(i) Fy=(0,1,-1,1,0,0)T
(i) F, = (1,-1,0,1,0,—-1)7.

28. The spatial RRPRRR open chain of Figure 5.37 is shown in its zero
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Figure 5.38: A rollercoaster undergoing a screw motion.

position.
(a) For the fixed frame {0} and tool frame {t} as shown, express the forward
kinematics in the following product of exponentials form:

T(Q) — [51101,[82102 ,[S5]05 [Sa]6a ,[S5]65 ,[S6]06 1

(b) Find the first three columns of the space Jacobian J(6).

(c) Suppose that the fixed frame {0} is moved to another location {0’} as shown
in the figure. Find the first three columns of the space Jacobian J,(0) with
respect to this new fixed frame.

(d) Determine if the zero position is a kinematic singularity, and if so, provide
a geometric description in terms of the joint screw axes.

29. The rollercoaster of Figure 5.38 undergoes a screw motion as shown: point
A traces a circle of radius R, and the rollercoaster moves in screw-like fashion at
a distance r from this larger circle. The roller coaster completes one revolution
about this larger circle when point A traverses 30° along the larger circle.
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(a) Find Tyo, the relative displacement of the rollercoaster frame {2} as seen
from the fixed frame {1}, in terms of the angle 6 as indicated in the figure.
(b) Derive the space Jacobian for T12(6).

30. Two frames {a} and {b} are attached to a moving rigid body. Show that
the spatial velocity of {a} in space frame coordinates is the same as the spatial
velocity of {b} in space frame coordinates.

31. Consider an n-link open chain, with reference frames attached to each link.
Let
TOk = 6[51]01 e 6[5"']9’“Mk, k = 1, ...

be the forward kinematics up to link frame {k}. Let J4(6) be the space Jacobian
for Tp,,. The columns of Jy(#)are denoted

Jo0) = [ Va(0) -+ Va(0) .

Let [Vi] = Tox Ty, be the spatial velocity of link frame {k} in frame {k} coor-
dinates.

(a) Derive explicit expressions for Vs, and Vs.

(b) Based on your results from (a), derive a recursive formula for V4 in terms
of Vi, Vs1,..., Vs k+1, and 6.
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Chapter 6

Inverse Kinematics

For a general n degree-of-freedom open chain with forward kinematics T'(6),
0 € R™, the inverse kinematics problem can be stated as follows: given a ho-
mogeneous transform X € SFE(3), find solutions 6 that satisfy T'(d) = X. To
highlight the main features of the inverse kinematics problem, let us consider
the two-link planar open chain of Figure 6.1(a) as a motivational example. Con-
sidering only the position of the end-effector and ignoring its orientation, the
forward kinematics can be expressed as

x| | Licos6y + Lo cos(0; + 63)
y | | Lisinf; + Lo sin(91 + 92) ’

Assuming L; > Lo, the set of reachable points, or the workspace, is an annulus
of inner radius L; — Lo and outer radius Ly + Ls. Given some end-effector
position (z,y), it is not hard to see that there will be either zero, one, or two
solutions depending on whether (x,y) lies in the exterior, boundary, or interior
of this annulus, respectively. The case of two solutions is given by the familiar
elbow-up and elbow-down configurations.

Finding an explicit solution (61, 63) for a given (z,y) is also not difficult. Re-
ferring this time to Figure 6.1(b), assume that (z,y) lies in the first quadrant,
i.e., both z and y are positive (solutions for the other quadrants follow straight-
forwardly). Angle §, restricted to lie in the interval [0, 7], can be determined
from the law of cosines:

L2+ L2 —2L1Lycos B = a2 + 42,

(6.1)

from which it follows that

L2—|—L2 —CC2 _y2
— —1 1 2

B = cos ( L1, )
02 = ﬂ*ﬂ.

Also from the law of cosines,

2 2 L2_L2
a:cosl<x Tyt 2.

2L/ 722 + 9?2

159
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(a) Workspace and elbow-up and (b) Geometric solution.

elbow-down configurations.

Figure 6.1: 2R planar open chain inverse kinematics.

and since tan(f; + o) = y/x, it follows that

91 = tanfl g — Q.
T
The above values for 6, and 6> correspond to the elbow-down solution. The
elbow-up solution is given by

91:tan_1%+a, 0y =+ 5.

If 22 +y? lies outside the range [L1 — La, L1 + L], then no solution exists. Again,
the case when (z,y) lies in other quadrants follows straightforwardly from the
above solution for the first quadrant.

This simple motivational example illustrates that for open chains, the in-
verse kinematics problem may have multiple solutions; this is in contrast to the
forward kinematics, where a unique end-effector displacement T exists for given
joint values 6. In fact, three-link planar open chains have an infinite number
of solutions for points (x,y) lying in the interior of the workspace; in this case
the chain possesses an extra degree of freedom, and is said to be kinematically
redundant.

This chapter begins by considering the inverse kinematics of spatial open
chains with six degrees of freedom. A finite number of solutions exists in this
case, and we first make some simplifying assumptions about the kinematic struc-
ture that lead to analytic solutions. As we shall see, these assumptions are not
overly restrictive, as they accommodate the most commonly used six-degree-of-
freedom open chains. For more general open chains, we specialize the Newton-
Raphson method for nonlinear root finding to the inverse kinematics problem.
The result is an iterative numerical algorithm that, provided an initial guess of
the joint variables is sufficiently close to the true solution, eventually converges
to the solution. The chapter concludes with a discussion of pseudoinverse-based
inverse kinematics solutions for redundant open chains.
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Figure 6.3: A 6R PUMA-type arm with a shoulder offset.

6.1 Analytic Inverse Kinematics

We begin by writing the forward kinematics of a spatial six-degree-of-freedom
open chain in the following product of exponentials form:

T(e) — l51]01 o[52]02 ([95]05 [S4]04 [S5]05 o [S6]06 1

Given some X € SE(3), the inverse kinematics problem is concerned with
finding all solutions § € RS that satisfy T'(#) = X. In the following subsections
we shall make some simplifying assumptions about the kinematic structure of
the open chain that will lead to analytic solutions for the inverse kinematics.

6.1.1 6R PUMA-Type Arm

We first consider a 6R arm of the PUMA type (see Figure 6.2). Such arms
are characterized by (i) the last three joint axes intersecting orthogonally at
a common point (the wrist center) to form an orthogonal wrist; (ii) the first
two axes intersecting orthogonally to form a shoulder joint; and (iii) the elbow
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Figure 6.4: Singular configuration of the zero-offset 6 R PUMA-type arm.

joint axis being parallel with the horizontal shoulder joint axis. Such arms may
also have an offset at the shoulder (see Figure 6.3). The inverse kinematics
problem for PUMA-type arms can be decoupled into an inverse position and
inverse orientation subproblem, which we now discuss.

We first consider the simple case of a zero-offset PUMA-type arm. Referring
to Figure 6.2 and expressing all vectors in terms of fixed frame coordinates,
denote components of the wrist center p € R® by p = (ps, py,p.). Projecting p
onto the z-y plane, it can be seen that

_1&
Do’

01 = tan

where the atan2() function can be used instead of tan~!. Note that a second
valid solution for 0 is given by

0, =tan! Py + T,

Pz
provided that the original solution for 6, is replaced by @ — 65. As long as
Dz, Py # 0, both these solutions are valid. When p; = p, = 0 the arm is in a
singular configuration (see Figure 6.4), and there are infinitely many possible
solutions for 6.
If there is an offset d; # 0 as shown in Figure 6.3, then in general there will be
two solutions for 67, denoted the right and left arm solutions (Figure 6.3). As

\/r2—d§) _

seen from the figure, ; = ¢—a, where ¢ = tan’l(%) and a = tan™1( h

_1,\/P2+p2—d?
n 1( dl.J 1)

. The second solution is given by

—\/P3 +p} — di
0, = tanfl(p—y) — tanfl(—y)

Pz dl

ta

Determining angles 65 and 03 for the PUMA-type arm now reduces to the inverse
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Figure 6.5: Four possible inverse kinematics solutions for the 6R. PUMA type
arm with shoulder offset.

kinematics problem for a planar two-link chain:

r2+32—a§—a§

cosbls = 50ma
203

P2+ 2+ (p? — d1)? — a3 — a3
2(12(13

If we let cosf3 = D, then 03 is given by

Vi—D?

03 = tan™* (& 5 )
> can be obtained in a similar fashion as
1,98 _ a3Ss3
[% = tan !(2) —tan(—=—
2 (r) (a2 + ascs
—d ass
= tan_l(—pz ! ) — tan™* . )

JRn a2+ ascs

The two solutions for f3 correspond to the well-known elbow up and elbow
down configurations for the two-link planar arm. In general, a PUMA-type arm
with an offset will have four solutions to the inverse position problem, as shown
in Figure 6.5; the upper postures are called left-arm solutions (elbow-up and
elbow-down), while the lower postures are called right-arm solutions (elbow-up
and elbow-down).



164 Inverse Kinematics

{

Figure 6.6: A 6R spatial open chain of the generalized PUMA type.

We now solve the inverse orientation problem, i.e., finding values for (04, 05, 6¢)
given the end-effector frame orientation. This is completely straightforward:
since the final three joints form a 3R wrist with orthogonal axes, the joint val-
ues can be determined via an appropriate set of Euler angles as discussed in
Appendix B (e.g., ZYX, ZYZ, depending on how the final three joint axes are
aligned when in the zero position).

6.1.2 Generalized 6R PUMA-Type Arms

We now relax some of the assumptions made for the 6R PUMA-type arm: a
generalized 6R PUMA-type arm is characterized by (i) the first two joint
axes intersecting orthogonally, and (ii) the last three joint axes intersecting
orthogonally at a common point. Referring to Figure 6.6, place the fixed frame
origin at the intersection of joint axes 1 and 2, and let r,, € R? be the fixed
frame representation of the point of intersection of the final three axes. The
assumptions about the joint axes then lead to the following relations among the
joint screws S; = (w;, —w; X 1;), 4 = 1,...,6, where r; denotes a reference point
on axis 1:

o wlwy =0

. wf{w5 =0 and wng =0.

The inverse kinematics problem can now be stated as finding solutions 6 to

6[51]916[52]926[33]936[54]046[55]056[55]96 — XM*I, (6.2)
where

Sl = (wla 0)

Sg = (OJQ, 0)

53 = (W3, —w3g X 7’3)

Si = (w4, —wg X Ty)

S5 = (ws, —ws X Ty)

Se = (we, —we X Tw),
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Figure 6.7: Solving | el*1p|| = ¢ for 6.

and the right-hand side XM ! is given; denote this known quantity by X; =
XM, Solving the inverse kinematics then proceeds in three steps:

Step 1: Solve for 65
We first multiply both sides of Equation (6.2) by r,, (here multiplication of a

vector by a homogeneous transformation is understood in the usual sense, i.e.,
R p }

Try = Rry + D, T:[ 0

The net effect is to consecutively apply the screw motions defined by el6l%
el%l105 and el94% to r,,. However, since all three of these screw motions are
zero pitch (all joints are revolute), and r,, is a point lying on all three screw
axes, it follows that

6[S4]04€[S5]056[S6]96Tw =Ty

We are thus left with
elS1101 192002 0 [S5103). - — X0 = (6.3)

where the vector p; = Xyr,, is known.

Now take the norm of both sides of (6.3). Since both el511% and el%21% are
pure rotations, and the general identity ||Rv| = ||v| holds for any rotation R
and vector v, Equation (6.3) becomes

lel551% | = [|pa |-
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This is a problem of the general form
1ep]| = e,

where S = (w,—w x 1), p € R, and the scalar ¢ > 0 are known, and the
objective is to find all values of 6 € [0, 27| satisfying this equality. solve this
problem. Referring to Figure 6.7, define the vectors w,u,v € R? according to

= 8%
u = p—r
= w-—r,

with ||z|| = ¢ given. We shall now project the vectors p, u, v, r, and z onto the
plane normal to the screw axis and containing p: define these respectively to be

Poroj = p—(pTww
Uproj = u— (uTw)w
Vproj = v— (vw)w
Tproj = T — (rfw)w
Zproj = 2— (2 w)w

Note that upro; and gpro; are known a priori. From the figure it can be seen
that
[T w)wll = [[(p" w)wll = [p"w.

Since zpro; = 2z — (2Tw)w and ||z||? = ¢?, it follows that
12pros1* = ¢* = (p" w)?,

which is also known a priori. Let us first find the angle ¥ = 0 + ¢, where ¢ is
defined as indicated in the figure. Since

ul i (=@pro) = tproll - gproj)|l cos(6 + ¢) (6.4)
Uproj X (—dproj) = @ (|tprogll - [gpros || sin(6 + ¢)) (6.5)

from the latter equality it follows that
w” (Uproj X (=Gproj)) = |Uprojlll|apro; |l sin(0 + ¢). (6.6)

From Equations (6.4) and (6.6) we have

i = tan~! <‘”T(“p’”"j X dproj )> . (6.7)

T .
uproj dproj

We now determine ¢ from the law of cosines: referring to the inset of Figure 6.7,

||TpT0j‘|2 + ||UpT0j||2 - 2||TPT0]'H ) ||Upr0jH cos ¢ = ||Zpr0j||2-
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Figure 6.8: Solving el“1101¢lw2102p) — 5 for 6, and 6s.

Since [|2pro5|? = ¢ — (pTw)? is known, and |[vpre;|| = |[uproj|| is also known, ¢
can be determined as follows:
¢ = cos™! <||Tp7“0j||2 + ||”pmj||2 - ||Z;m”0j||2) (6.8)
2lIrprogll - [[vprojll

From the figure it should be apparent that there can be up to two solutions for
0:

0 =1+ .
If ¢ = 0, the two solutions collapse to a single solution, while a solution does
not exist in the event that ¢ does not exist.

Step 2: Solve for 6, and 6,

Having solved for 03, Equation (6.3) can be written

el51101 ,[52]02

P2 = p1, (6.9)

where py = el%81%p and p; are both known. Observe that S; = (w1,0) and
So = (wa,0) are both pure rotations, and w; and we are orthogonal to each
other. Thus, only the rotation component of (6.9) needs to be considered:

e[wl]Gle[W2]92p2 =p. (6.10)

Referring to Figure 77, clearly a necessary condition for a solution (61,62) to
exist is that [|p1|| = ||p2||. Assuming this is the case, the solutions are then
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marked by the intersection of the two circles indicated in Figure 6.8. In the
general case there can be up to two solutions, with one or no solution also a
possibility.

Assuming a solution exists, let z € R? be the vector py rotated about @y
by angle 6. z can also be obtained by rotating p; about w; by an angle —6;.
Mathematically,

w2102 [w1]61

z=el p2 =€ P1.
Clearly {w;,ws,w; X wy} forms an orthonormal basis for R3. Further observe
that the w; component of z is the same as the w; component of p;, and the
wo component of z is the same as the wy component of ps). z can therefore be

expressed in terms of this orthonormal basis as
_ (T T
z = (pywi)wi + (pyw2)ws & c(wr X w2)
for some scalar constant ¢ > 0. The length ||z| is then, straightforwardly,
2l = (pfw1)? + (p3w2)? + .

Since z is also a rotated version of py (and also of py), it follows that ||z|| =
lp2|l = ||p1]]- Solving the above for ¢, z can now be written

2= (p{wi)wr + (3 wa)ws £ \/HP2||2 — (p{w1)? — (P w2) (w1 X wa).

If ¢ = 0 then there exists a unique solution (61, 65), while if ¢ does not exist,
then no solution (6, 62) exists.

Having found up to two possible solutions for z, what remains is to find 6,
and 0, for each z. This is relatively straightforward: letting u; and z; respec-
tively be the projections of p; and z onto circle 1, and uy and zo respectively
be the projections of p, and z onto circle 2, it follows that

61 = cos *(ulz)

0 = cos (udz).
Step 3: Solve for 6,4, 05, and 6q
Having found 61, 02, and 63, it remains to solve for 84, 05, and 5. We have
6[34]946[55]956[5(5]96 — e—[S3]03e—[52]926—[51]91 XM—l (611)
X21

where the right-side X is now known. Recall that w]ws = 0 and wgw(; = 0;
this implies that ws and wg are either orthogonal or parallel. Assume for the
time being that wg is orthogonal to wy, or more precisely, wg = w4 X ws (the
parallel case will be considered later). Define the transformation

Rw w
Tw:[ 0 rl } Ry=[ws —ws wy|€SOM).
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Multiplying both sides of (6.11) by T;;! leads to
TJle[S‘de“e[Ss]e"’e[Sﬁ]G“ — TuleQ
e w

eT;1[54]Tw94 T*l[SS]TweseTgl[sG]Twes _ Tngsz.

Noting that T,;*[S;] T, is the 4 x 4 matrix representation of the adjoint mapping
Ad;-1(S;), it can be verified by calculation that

00 00
00 -1 0
Adra(S6) = | g 1 g o
00 0 0]
[0 0 1 0]
000 0
Adra(S) =1 1 g 0 0
| 00 0 0|
[0 -1 0 0]
1 00 0
Adpa(S0) =L g 9 0 0
0 0 0 0]

As long as the translational component of T, * X; T, is zero, the solution (6, 65, 6)
can now be obtained from the following:

ROt(ZA’, 91) . ROt(:g,Gg) . ROt(i‘,@B) = R,

where R is the rotational component of T;1X;T,,. The solution (64,05, 0)
therefore corresponds to the ZY X Euler angles that parametrize R:

s = atan2(—f31,:t\/f112+77§1)

0, = atan2(f21,F11)

96 = atan2(7732, ’1733),

where 7;; denotes the ij-th entry of R. Recall that there are two solutions
determined by the choice of sign for 65.

The above derivation can be repeated for the case when wg and wy are
parallel, in which case the solutions (6y, 05, 6s) will now correspond to the ZYZ
Euler angles.

Like the earlier 6R PUMA-type arm, since there are up to two possible
solutions for #3, and also for (01, 02) and (64, 05, 05), for the generalized PUMA-
type robot arm one can expect up to 2 x 2 x 2 = 8 possible inverse kinematic
solutions.

6.1.3 Stanford-Type Arms

If the elbow joint in a 6R PUMA-type arm is replaced by a prismatic joint
as shown in Figure 6.9, we then have a Stanford-type arm. Here we consider
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Figure 6.9: The first three joints of a Stanford-type arm.

the inverse position kinematics for the arm of Figure 6.9; the inverse orientation
kinematics is identical to that for the PUMA-type arm and is not repeated here.

The first joint variable 67 an be found in a similar fashion to the PUMA-type
arm: 0 = tan_l(%) (provided that p, and p, are not both zero). 65 is then
found from Figure 6.9 to be

0y = tan~ (2
o an (r)

where 72 = p2 —|—p§ and s = p, — d;. Similar to the PUMA-type arm, a second
solution for 61, 05 is given by

0 = 7r+tan*1(p—y)
Pz
Oy = W—tan_l(p—y)
Pz

The translation distance ds is found from the relation
(ds + as)? = r* 4 s*
as
d3 = \/7’2—|-752

VPP (e = d1)? — 0

Ignoring the negative square root solution for ds, we obtain two solutions to
the inverse position kinematics as long as the wrist center p does not intersect
the z-axis of the fixed frame. If there is an offset, then as in the case of the
PUMA-type arm there will be a left and right arm solution.
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If the elbow joint in the generalized 6R PUMA-type arm is replaced by a
prismatic joint, the resulting arm is then referred to as a generalized Stanford-
type arm. The inverse kinematics proceeds in the same way as for the general-
ized PUMA-type arm; the only difference occurs in the first step (obtaining 63).
The screw vector for the third joint now becomes S = (0, v3), with ||vs]| = 1,
and f3 is found by solving the equation

[S3]03

let>pll = c,

for some given p € R? and nonnegative positive scalar c¢. The above equation
reduces to solving the following quadratic in 63:

03 + 2(p"v3)0s + (|lpll* — ¢*) = 0.

Imaginary, as well as negative solutions, naturally should be excluded.

6.2 Numerical Inverse Kinematics

In cases where the inverse kinematics equations do not admit analytic solutions,
one must resort to numerical methods. Even in cases where an analytic solution
exists, numerical methods are often used to improve the accuracy of these solu-
tions. For example, in a generalized PUMA-type arm, the last three axes may
not exactly intersect at a common point, and the shoulder joint axes may not be
exactly orthogonal. In such cases, rather than throw away any analytic inverse
kinematic solutions that are available, such solutions can be used as the initial
point in an iterative procedure for numerically solving the inverse kinematics.

There exist a variety of iterative methods for finding the roots of a nonlinear
equation, and our aim is not to discuss these in detail—any text on numerical
analysis will cover these methods in depth—but rather to develop ways in which
to transform the inverse kinematics equations such that they are amenable to
existing numerical methods.

However, it is useful to review one fundamental approach to nonlinear root-
finding, the Newton-Raphson method. Suppose we express the end-effector
frame using a coordinate vector = governed by the forward kinematics z = f(6),
a nonlinear vector equation mapping the n joint coordinates to the m end-
effector coordinates. Assume f : R™ — R™ is twice differentiable, and let x4
be the desired end-effector coordinates. The goal is to find joint coordinates 64
such that

rq — f(Gd) =0.
Solving this equation for 8, is a nonlinear root-finding problem.

Given an initial guess 6y which is “close by” a solution 6,4, the kinematics
can be approximated by the Taylor expansion truncated at first-order

v = F0) = 100)+ 52| (0a—00) (6.12)
T 0y S—~—"
A6O

J(00)
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Figure 6.10: The first step of the Newton-Raphson method for nonlinear root-
finding for a scalar = and 6.

where J(6p) € R™*™ is the coordinate Jacobian evaluated at . Assuming
J(6o) is square (m = n) and invertible, we can solve for Af as

A0 = J~H(bo) (za — f(00))- (6.13)

If the kinematics were linear, then the new guess 6; = 0y + Af would exactly
satisfy x4 = f(61). If not, the new guess 6; should be closer to the root than 6y,
and the process is then repeated, with the sequence {6y, 01,02, ...} converging
to 04 (Figure 6.10).

If J is not square, then J ! does not exist. The Moore-Penrose pseudoinverse
J1 is used in place of J~!, so Equation (6.13) becomes

A = JT(0) (xa — f(6)), (6.14)
where

Jr=J0(JJT)"Y  ifn>mand JJT is invertible
J=TNH"YJT  ifn < mand JTJ is invertible.

If n < m, then there may not exist a Af exactly solving J(0)A8 = x4 — f(6o).
In this case, the solution of Equation (6.14) using the pseudoinverse is a Af that
best satisfies J(0)Af = x4 — f(fp) in the least-squares sense. If n > m, then the
robot may be redundant, meaning that there may exist an (n — m)-dimensional
set of solutions A6 to J(#)AO = x4 — f(6p). In this case, the the solution of
Equation (6.14) is a Af that exactly satisfies J(0)A0 = x4 — f(6y) while also
minimizing the two-norm v A6T Af.

Equation (6.14) suggests the Newton-Raphson iterative algorithm for finding
Gd:
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(i) Initialization: Given z4 € R™ and an initial guess 6y € R™. Set i = 0.
(ii) While ||zg — f(6;)|| > € for some small e:

e Increment 7.

To modify this algorithm to work with a desired end-effector configuration
represented as Tyq € SE(3) instead of as a coordinate vector z4, we can re-
place the coordinate Jacobian J with the end-effector body Jacobian J,. Note,
however, that the vector x4 — f(0;), representing the direction from the current
guess (evaluated through the forward kinematics) to the desired end-effector
configuration, cannot simply be replaced with Tyq — Tsp(6;), which is not even
an element of SE(3). Instead we should think of x4 — f(6;) as a velocity vector
which, if followed for unit time, would cause a motion from f(6;) to z4. Sim-
ilarly, we should look for a body velocity V, which, if followed for unit time,
would cause a motion from Ty, (6;) to the desired configuration Tsg.

To find this V,, we first calculate the desired configuration represented in
the body frame,

Toa(0;) = T3" (0:)Tsa = Ths(0:) Tsa

Then V, is determined using the matrix logarithm,
[Vb} = log de(ei).

This leads to the following inverse kinematics algorithm, analogous to the
coordinate vector algorithm:

(i) Initialization: Given Ts4 and an initial guess 6y € R™. Set i = 0.
(if) Set [V] = log (Ts_bl(ﬁi)Tsd). While ||wp]| > €, or ||vp|| > €, for small €, €,:

e Set 01’—1—1 =0, + JJ(Gl)Vb

e Increment 3.

An equivalent form can be derived in the space frame, using the space Ja-
cobian J4(#) and the space velocity Vs = [Adr,,|Vp.

For this numerical inverse kinematics method to converge, the initial guess
0o should be sufficiently close to a solution #;. This condition can be satisfied
by starting the robot from an initial home configuration where both the actual
end-effector configuration and the joint angles are known, and ensuring that
the requested end-effector position T4 change slowly relative to the frequency
of the calculation of the inverse kinematics. Then, for the rest of the robot’s
run, the calculated 64 at the previous timestep serves as the initial guess 6, for
the new Ty at the next timestep.
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6.3 Inverse Velocity Kinematics

To control a robot to follow a desired end-effector trajectory Ts4(t), one solution
is to calculate the inverse kinematics 04(kAt) at each discrete time step k, then
control the joint velocities to be

0 = (Ba(kAt) — 0((k — 1)At))/ At

during the time interval [(k — 1)At, kAt]. This is a type of feedback controller,
since the desired new joint angles 64(kAt) are being compared to the most
recently measured actual joint angles 6((k — 1)At) to calculate the commanded
joint velocities.

Another option is to calculate the required joint velocities directly from
the relationship Jo = V4, where the desired end-effector velocity Vy; and J
are expressed with respect to the same frame, without calculating the inverse
kinematics:

0=JNO)Va. (6.15)
In this case, a position feedback controller should be designed to choose V; to
keep the end-effector following Ti4(t).

In the case of a redundant robot with n > 6 joints, of the (n— 6)-dimensional
set of solutions satisfying Equation (6.15), the use of the Moore-Penrose pseu-

doinverse JT(6) returns the § minimizing the two-norm |||l = v/76. This is
appealing; the motion is the minimum joint velocity motion that achieves the
desired end-effector velocity.

Another option is to give the individual joint velocities different weighting.
For example, as we will see later, the kinetic energy of a robot can be written

%éTM(G)é,

where M () is the configuration-dependent inertia matrix of the robot. In this
case, we might wish to choose the joint velocities 6 to minimize the kinetic
energy of the robot (e.g., minimize the velocities of the joints moving a lot of
mass), while still statisfying the desired end-effector velocity. To do this, we can
choose to use the weighted Moore-Penrose pseudoniverse

J=MJT(TMIT),

which yields a solution minimizing the weighted norm v 6T M.

6.4 A Note on Closed Loops

A desired end-effector trajectory over a time-interval [0,ts] is a closed loop if
T5q4(0) = Tsq(ty). It should be noted that numerical methods for calculating
inverse kinematics for redundant robots, at either the configuration or velocity
levels, are likely to yield motions that are not closed loops in the joint space,
ie., 6(0) # 0(ty). If closed-loop motions in joint space are required, an extra
set of conditions on the inverse kinematics must be satisfied.
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6.5 Summary

e Given a spatial open chain with forward kinematics T'(d), 6 € R™, in the
inverse kinematics problem one seeks to find, for some given X € SE(3),
solutions 6 that satisfy X = T(#). Unlike the forward kinematics, the
inverse kinematics problem can possess multiple solutions, or no solutions
in the event that X lies outside the workspace. For a spatial open chain,
n < 6 typically leads to a finite number of inverse kinematic solutions,
while n > 6 leads to an infinite number of solutions.

e The inverse kinematics can be solved analytically for a large class of open
chains that possess some degree of structure. One important class is the
generalized 6 R PUMA-type arm; such an arm consists of a 3R orthogonal
axis wrist connected to a 2R orthogonal axis shoulder by an elbow joint.
Geometric algorithms have been developed for this class of arms that
exploits the product of exponentials forward kinematics representation.
Further assumptions on the joint axes, e.g., joint axes 2 and 3 are always
parallel, lead to simpler analytic forms for the inverse kinematics.

e Another class of open chains that admit analytic inverse kinematic solu-
tions are Stanford-type arms; these arms are obtained by replacing the
elbow joint in the generalized 6 R PUMA-type arm by a prismatic joint.
Geometric inverse kinematic algorithms similar to those for PUMA-type
arms have also been developed.

e Iterative numerical methods are used in cases where analytic inverse kine-
matics solutions are not available. These typically involve solving the in-
verse kinematics equations through an iterative procedure like the Newton-
Raphson method, and require an initial guess at the joint variables. The
performance of the iterative procedure depends to a large extent on the
quality of the initial point, and only one inverse kinematic solution is pro-
duced per iteration. An iterative procedure based on the Jacobian of the
forward kinematics has been developed for general six degree-of-freedom
spatial open chains.

6.6 Notes and References

The inverse kinematics of the most general 6R open chain is known to have
up to 16 solutions; this result was first proved by Lee and Liang [15], and also
by Raghavan and Roth [33]. Iterative numerical procedures for finding all six-
teen solutions of a general 6R open chain are reported in [18]. A summary
of inverse kinematics methods for kinematically redundant robot arms are dis-
cussed in [36]. The repeatability conditions for kinematically redundant inverse
kinematics schemes are examined in [35].
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Figure 6.11: A 3R wrist.

6.7 Exercises

1. The 3R orthogonal axis wrist mechanism of Figure 6.11 is shown in its zero
position, with joint axes 1 and 3 collinear.

(a) Ignoring position and considering only the orientation of the end-effector
frame, find all kinematic singularities of the wrist mechanism.

(b) Given a desired wrist orientation R € SO(3), derive an iterative numerical
procedure for solving its inverse kinematics.

(c) Assuming static equilibrium, suppose that at the zero position we wish to
generate a moment (0,1,0) (in fixed frame coordinates) at the end-effector.
What joint torques should be applied?

2. The 3R nonorthogonal chain of Figure 6.12 is shown in its zero position.
(a) Derive a numerical procedure for solving the inverse position kinematics
numerically; that is, given some end-effector position p as indicated in the figure,
find (61, 927 93)

(b) Given an end-effector orientation R € SO(3), find all inverse kinematic
solutions (91, 92, 93)

3. The RRP open chain of Figure 6.13 is shown in its zero position. Joint axes
1 and 2 intersect at the fixed frame origin, and the end-effector frame origin p
is located at (0, 1,0) when the robot is is its zero position.
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Figure 6.12: A 3R nonorthogonal chain.
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Figure 6.13: An RRP open chain.

(a) Suppose 6, = 0. Solve for 0 and 03 when the end-effector frame origin p is

at (—6,5,v/3).

(b) If joint 1 is not fixed to zero but instead allowed to vary, find all inverse
kinematic solutions (61, 02, 03) for the same p given in part (a).
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Figure 6.15: An inverse elbow type robot arm.

4. Find the inverse kinematics solutions when tool frame {T'} of the 6R open
chain of the elbow type shown in Figure 6.14 is set to {T"} as shown. The
orientation of {T'} at the zero position is the same as that of the fixed frame
{S}, and T" is the result of a pure translation of T along the y-axis.

5. (a) Solve the inverse position kinematics (you do not need to solve the ori-
entation kinematics) of the inverse elbow type robot arm shown in Figure 6.15.
(b) Determine the spatial Jacobian J,(theta) of the inverse elbow robot arm.
(c) Find as many kinematic singularities of the inverse elbow arm that you can,
and for each singularity, describe the directions in which the end-effector loses
degrees of freedom of motion.



Chapter 7

Kinematics of Closed
Chains

Any kinematic chain that contains one or more loops is called a closed chain.
Several examples of closed chains were encountered in Chapter 2, from the pla-
nar four-bar linkage to spatial mechanisms like the Stewart-Gough platform. In
this chapter we shall analyze the kinematics of closed chains, paying special at-
tention to a class of closed chains that we shall refer to as parallel mechanisms;
these are closed chains consisting of a fixed and moving platform connected by
a set of “legs”; these legs are mostly open chains, but sometimes can themselves
be closed chains.

Figures 7.1-7.3 depict some well-known parallel mechanisms. The Stewart-
Gough Platform is a six degree of freedom mechanism, used widely as both
a motion simulator and six-axis force-torque sensor. It is typically realized
as either a 6 x UPS or 6 x SPS platform; note that the additional torsional
rotations of each of the six legs in the 6 x SPS platform have no effect on the
moving platform. When used as a force-torque sensor, the six prismatic joints
experience internal linear forces whenever any external force is applied to the
moving platform; by measuring these internal linear forces one can estimate the
applied external force. The Delta robot is a three degree of freedom mechanism
that has the unusual feature of the moving platform always remaining parallel
to the fixed platform. Because the three actuators are all attached to the three
revolute joints of the fixed upper platform, the moving parts are relatively light;
this allows the Delta to achieve very fast motions. The Eclipse mechanism is
another six degree of freedom parallel mechanism whose moving platform is
capable of £90° orientations with respect to ground, and also of rotating 360°
about the vertical axis.

Closed chains admit a much greater variety of designs than open chains,
and not surprisingly their kinematic analysis is considerably more complicated.
This can be traced to two defining features of closed chains: (i) the configu-
ration space is curved (e.g., a multidimensional surface embedded in a higher-
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Figure 7.2: The Delta robot.

dimensional vector space), and (ii) not all of the joints are actuated. The pres-
ence of such non-actuated, or passive joints, together with the fact that the
number of actuated joints may deliberately exceed the mechanism’s kinematic
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Figure 7.3: The Eclipse mechanism.

degrees of freedom—such mechanisms are said to be redundantly actuated—
makes not only the position and differential kinematics analysis more challeng-
ing, but also introduces new types of singularities not witnessed in open chains.

Recall also that for open chains, the kinematic analysis proceeds in a more
or less straightforward fashion with the formulation of the forward kinematics
(e.g., via the product of exponentials formalism) followed by that of the inverse
kinematics. For general closed chains it is usually difficult to obtain an ex-
plicit set of equations for the forward kinematics in the form X = T'(0), where
X € SE(3) is the end-effector frame and § € R™ are the joint coordinates.
The most effective approaches for closed chain kinematic analysis are based on
a collection of tools and methodologies that exploit as much as possible any
kinematic symmetries and other special features of the mechanism.

For this reason we shall proceed in this chapter with a series of case stud-
ies involving some well-known parallel mechanisms, and eventually build up a
repetoire of kinematic analysis tools and methodologies that can be synthesized
to handle more general closed chains. We shall consider only parallel mecha-
nisms that are exactly actuated, i.e., the number of actuated degrees of freedom
is equal to the mechanism’s kinematic mobility. Methods for the forward and
inverse position kinematics of parallel mechanisms are discussed, followed by
the characterization and derivation of the constraint Jacobian, and the Jaco-
bians of both the inverse and forward kinematics. The chapter concludes with
an examination of the various kinematic singularities that can arise in closed
chains.



182 Kinematics of Closed Chains

s d

Figure 7.4: A three degree-of-freedom 3 x RPR planar parallel mechanism.

7.1 Inverse and Forward Kinematics

This section examines methods for the inverse and forward kinematics of closed
chains. Rather than attempt to develop a general methodology applicable to all
types of closed chains, we consider two case studies, the 3 x RPR planar parallel
mechanism, and its spatial counterpart, the 3 x SPS Stewart-Gough platform.
The analysis of these two mechanisms draws upon some reduction techniques
that result in a reduced form of the governing kinematic equations. We briefly
describe how these methods can be generalized to the analysis of more general
parallel mechanisms.

7.1.1 3 xRPR Planar Parallel Mechanism

The first example we consider is the planar 3 x RPR parallel mechanism shown
in Figure 7.4. It is easily verified from the planar version of Gruebler’s formula
that this mechanism has mobility three. Assign a fixed frame {s} and end-
effector frame {b} as shown. Typically the three prismatic joints are actuated;
denote the lengths of each of the three legs by s;, ¢ = 1,2,3. The forward
kinematics problem is to determine, from given values of s = (s1, $2, $3), the
end-effector frame’s position and orientation.

Let p be the vector from the origin of the {s} frame to the origin of the {b}
frame. Let ¢ denote the angle measured from the & axis of the {s} frame to
the {z} axis of the {b} frame. Further define the vectors @, b;, dy, i = 1,2, 3 as
shown in the figure. From these definitions, clearly

di = p+b; — a, (7.1)
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fori=1,2,3. Let

[ z * = pin {s} frame coordinates
y
[ i =, in {s} frame coordinates
Giy |
diz | > . .
[ e = d; in {s} frame coordinates
diy |
b ] - .
[ bz_'"” = b; in {b} frame coordinates.
Y J

Note that the vectors (aiz,aiy), (biz,biy), @ = 1,2,3 are constant, and that
with the exception of (b, b;y), all other vectors are expressed in {s} frame
coordinates. To express Equation (7.1) in terms of {s} frame coordinates, it
is first necessary to find the {s} frame representation of the vector b;. This is
straightforward: defining

sing cos¢

R, = [ cos¢p —sing } ’

it now follows that

][5 (2 2 [8 )z
diy Dy sing cos¢ biy Qiy |’
for i = 1,2,3. Also, since s} = d, + d7,, we have
sf = (pa + bizcosd — by sinp — am)2
+(py + biysin ¢ + by, cos d — aiy)2,

fori=1,2,3.

Formulated as above, the inverse kinematics is trivial to compute: given
values for (pg,py, @), the leg lengths (s1, 52, s3) can be directly calculated from
the above equations (negative values of s; in most cases will not be physically
realizable, and can be ignored). The forward kinematics problem, in contrast, is
not trivial: here the objective is to determine, for given values of (s1, sa, s3), the
end-effector frame’s position and orientation (ps,py,¢). The following tangent
half-angle substitution, widely used in kinematic analysis, transforms the above
three equations into a system of polynomials in the newly defined scalar variable
t:

t = tan?
2
. 2t
s = 1o
1—1¢2

cos¢p =

14¢2°
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After considerable algebraic manipulation, this system of polynomials can even-
tually be reduced to a single sixth-order polynomial in ¢, which effectively shows
that the 3 x RPR mechanism may have up to six forward kinematics solutions
(showing that six real solutions are possible requires further verification, which
we do not pursue here).

7.1.2 Stewart-Gough Platform

We now examine the inverse and forward kinematics of the 6 x SPS Stewart-
Gough platform of Figure 7.1. In this design, the fixed and moving platforms
are connected by six serial SPS structures, with the spherical joints passive,
and the prismatic joints actuated. The derivation of the kinematic equations
closely parallels that of our earlier planar 3 x RPR mechanism. Let {s} and
{b} denote the fixed and end-effector frames, respectively, and let d; be the
vector directed from joint A; to joint B;. Referring to Figure 7.1, we make the
following definitions:

e p € R3 = p'in {s} frame coordinates;
e a; € R® = G, in {s} frame coordinates;
e b; € R3 = b; in {b} frame coordinates;
e d; € R? = d; in {s} frame coordinates.
e R € 50(3) = orientation of {b} as seen from {s}.
In order to derive the kinematic constraint equations, note that vectorially,
d;=p+b—a;, i=1,...,6.
Writing the above equations explicitly in {s} frame coordinates,
di=p+Rb;,—a;, i=1,...,6.
Denoting the length of leg i by s;, we have
s? =dl'd; = (p+ Rb; — a;)" (p + Rb; — a;),

for ¢« = 1,...,6. Observe that a; and b; as defined above are all known con-
stant vectors. Having written the constraint equations in this form, the inverse
kinematics now becomes straightforward: given p and R, the six leg lengths s;,
i=1,...,6 can be evaluated directly from the above equations (negative values
of s; in most cases will not be physically realizable, and can be ignored).

The forward kinematics is not as straightforward. Here we are given each of
the leg lengths s;, i = 1,...,6, and must solve for p € R? and R € SO(3). The
six constraint equations, together with the rotation matrix constraint RT R = I,
constitute a set of twelve equations in twelve unknowns. Several methods exist
for finding all solutions to such a set of polynomial equations, e.g., methods
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Figure 7.5: A general spatial parallel mechanism.

based on dialytic elimination, Grobner bases, etc. Of particular note is the work
of Raghavan and Roth [?], who show that there can be at most forty solutions to
the forward kinematics, and Husty [?], who develops a computational algorithm
for finding all forty solutions analytically.

7.1.3 General Parallel Mechanisms

For both the 3 x RPR mechanism and Stewart-Gough Platform, we were able
to exploit certain features of the mechanism that resulted in a reduced set of
equations; for example, in the case of the Stewart-Gough Platform, the fact that
each of the “legs” can be modelled as straight lines considerably simplified the
analysis. In this brief section we consider the more general case where the legs
have the structure of an arbitrary open chain.

Consider such a parallel mechanism as shown in Figure 7.5; here the fixed
and moving platforms are connected by three open chains. Denote the forward
kinematics of the three chains by T(0), T2(¢), and T3(1)), respectively, where
0 € R™, ¢ € R", and b € RP. The loop closure conditions can be written

Ti(0) = T3(¢) (7.2)
Tr(¢) = Ts(¥). (7.3)
Equation 7.2 and 7.3 each consists of 12 equations (9 for the rotation component

and 3 for the position component), 6 of which are independent (recall that the
nine equations for the rotation component can be reduced to a set of three
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independent equations from the rotation matrix constraint, i.e., RTR = I);
there are thus 24 equations, 12 of which are independent, with n + m + p
unknown variables, and the mobility of the mechanism is d = 12 — (n +m + p).

In the forward kinematics problem, given values for d of the joint variables
(6, ¢,v), Equations 7.2 and 7.2 can be solved for the remaining joint variables;
note that multiple solutions will be likely. Once the joint values for any one of
the open chain legs are known, the forward kinematics of that leg can then be
evaluated to determine the forward kinematics of the closed chain.

In the inverse kinematics problem, we are given the end-effector frame dis-
placement T' € SE(3). Setting T = Ty = Ty = T3, the objective is to solve
Equations 7.2 and 7.2 for all the joint variables (6, ¢, ). As hinted by the case
studies, for most parallel mechanisms there are often features of the mechanism
that can be exploited to eliminate some of these equations, and to simplify them
into a reduced form.

7.2 Differential Kinematics

We now consider the differential kinematics of parallel mechanisms. Unlike dif-
ferential kinematics for open chains, in which the objective was to relate the
input joint velocities to the spatial velocity of the end-effector frame, the anal-
ysis for closed chains is complicated by the fact that not all of the joints are
actuated. Only the actuated joints can be prescribed input velocities; the veloc-
ities of the remaining passive joints must then be determined from the kinematic
constraint equations. These passive joint velocities are usually required to even-
tually determine the spatial velocity of the closed chain’s end-effector frame.
For open chains, the Jacobian of the forward kinematics played a defining
role in both velocity and static analysis. For closed chains, in addition to the
forward kinematics Jacobian, the Jacobian defined by the kinematic constraint
equations—for this reason we refer to this latter Jacobian as the constraint
Jacobian—also plays a central role in velocity and static analysis. Much like
the case for the inverse and forward kinematic analysis of parallel mechanisms,
often there are features of the mechanism that can be exploited to simplify
and reduce the procedure for obtaining the Jacobians. We therefore begin with
a case study of the Stewart-Gough platform, and show that the Jacobian of
the inverse kinematics can be obtained straightforwardly via static analysis.
Velocity analysis for more general parallel mechanisms is then detailed.

7.2.1 Stewart-Gough Platform

Earlier we saw that the inverse kinematics for the Stewart-Gough platform can
be solved analytically; that is, given the end-effector frame orientation R €
SO(3) and position p € R?, the leg lengths s € R® can be obtained analytically in
the functional form s = g(R,p). In principle this equation can be differentiated
and manipulated to eventually produce a differential version, e.g.,

$=G(R,p)V,, (7.4)
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where $ € R® denotes the leg velocities, V, € RS is the end-effector’s spatial
velocity in fixed frame coordinates, and G(R,p) € R%%6 is the Jacobian of the
inverse kinematics. This derivation, however, will likely involve considerable
algebraic manipulation.

Here we take a different approach based on static analysis. Based on the same
virtual work considerations that were used to determine the static relationship
for open chains, the static relationship for closed chains (expressed in the fixed
frame) is also given by 7 = JI'F, where 7 is the vector of input joint torques,
Fy is (the fixed frame representation of) the external spatial force applied at the
end-effector frame, and J,; denotes the space Jacobian of the forward kinematics.

For the Stewart-Gough platform, note that the only forces being applied to
the moving platform occur at the spherical joints. Let

fi=wim;

be the three-dimensional linear force applied by leg i, where w; € R3 is a unit
vector indicating the direction of the applied force, and 7; € R is the magnitude
of the linear force; we emphasize that f; is expressed in terms of the fixed frame
coordinates. The moment generated by f;, denoted m;, is then given by

m; =1; X fi,

where r; € R3 denotes the vector from the fixed frame origin to the point of
application of the force (spherical joint 4 in this case); again, both r; and m;
are expressed in fixed frame coordinates. It is not too difficult to see that this
same moment can also be expressed as

m; = q; X fi,

where ¢; € R? denotes the vector from the fixed frame origin to the base of leg
1, i.e., the joint connecting leg i to the fixed base. Expressing the moment as
q; X fi is preferred, since ¢; as defined is constant.

Combining f; and m; into a six-dimensional spatial force F; = (m;, f;), the
resultant spatial force F; on the moving platform is then given by

F, = ZFi:Z{h;(,fz]Ti
i=1 i=1 g
T1
_ —w1 Xqr - —We X (ge
- wl PR WG
T6

Since earlier we asserted that the static relationship for the Stewart-Gough
platform is also of the form 7 = JI' Fy, based on the previous derivation we can
conclude that the inverse Jacobian J; ! (or equivalently, the Jacobian of the
inverse kinematics) is given by

—Ww1Xq o —We X (gs

—1
Jo =
w1 e weg



188 Kinematics of Closed Chains

7.2.2 General Parallel Mechanisms

Because of its kinematic structure, the Stewart-Gough platform lends itself par-
ticularly well to a static analysis, as each of the six joint forces are directed along
their respective legs. The Jacobian (or more precisely, the inverse Jacobian) can
therefore be derived in terms of the screws associated with each line. In this
section we consider more general parallel mechanisms where a static analysis is
not as straightforward. Using the previous three-legged, three degree-of-freedom
spatial parallel mechanism of Figure 7.5 as an example, we illustrate a general
procedure for determining the forward kinematics Jacobian; generalizing this
method to arbitrary parallel mechanisms should be completely straightforward.

The mechanism of Figure 7.5 consists of two platforms connected by three
legs, with each leg a five degree of freedom open chain. For the given fixed
and end-effector frames as indicated in the figure, we first write the forward
kinematics for the three chains as follows:

Tl (917 92, e ,65) = 6[51]916[32]92 e 6[S5]95M1
T2(¢17 ¢27 ey ¢5) = e[P1]¢le[P2]¢2 e e[P5]¢5M2
TS('ll)l, 7/}23 e 711)5) = 6[Q1]w16[Q2M}2 T 6[Q5M}5M3-

The kinematic loop constraints can be expressed as

Ti(0) = Ta(e)
Tr(g) = Ts(¥).

A/.\
~N
(@23

~—

Taking right differentials of both sides of the above two equations, we have

TT7' = Tyt (7.7)
Tyt = T3T3t (7.8)
Since TiTi_1 = [V;], where V; is the spatial velocity of chain #’s end-effector

frame, the above identities can also be expressed in terms of the forward kine-
matics Jacobian for each chain:

(00 = J($)é (7.9)
J2 ()9 = J3(¥), (7.10)
which can also be rearranged as
0
Ji(0) —J2(0) 0 |
0 —h(d) Ja®) j; =0. (7.11)

At this point we now rearrange the fifteen joints into those that are actuated,
and those that are passive. Let us assume without loss of generality that the
three actuated joints are (61, ¢1,11). Define the vector of actuated joints ¢, € R3
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and passive joints g, € R!2 as

91 92
Ga = o1 , Op = s
V1 o5
and ¢ = (qq,qp) € R'. Equation (7.11) can now be rearranged into the form
[ Hala) Hp(q) | [ fo ] =0, (7.12)
4p
or equivalently
Hada + Hpq;n = 07 (713)

where H, € R'?*3 and H, € R?*12_ If H,, is invertible, we have
dp = _Hp_lHaq'a- (714)

Assuming H), is invertible, once the velocities of the actuated joints are given,
the velocities of the remaining passive joints can be obtained uniquely via Equa-
tion 7.14.

It still remains to derive the forward kinematics Jacobian with respect to
the actuated joints, i.e., to find J,(q) € R%*3 satisfying Vi = J,(q)Ga, where V
is the spatial velocity of the end-effector frame. For this purpose we can use the
forward kinematics for any of the three open chains; for example, in terms of
chain 1, J;(0)8 = V,, and from Equation (7.14) we can write

b = g3da (7.15)
b5 = 93da (7.16)
01 = gida (7.17)
95 = 95?% (7.18)

where each g;(q) € R3, i = 2,...,5, can be obtained from Equation (7.14).
Defining the row vector el = (1,0,0), the differential forward kinematics for
chain 1 can now be written

el
95 01
Ve=J1(0) | g% ¢ |- (7.19)
91 Y1
g%

Since we are seeking J,(¢) in Vi = Jo(¢)da, and ¢7 = (61, 1,41), from the
above it now follows that

(q)
Ja(q) = Ni(ar, - -, g5) 93EQ;T : (7.20)
()
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Figure 7.6: A planar four-bar linkage and its joint configuration space.

Figure 7.7: A planar five-bar linkage.

The above could also have been derived using either chain 2 or chain 3.

Given values for the actuated joints q,, it still remains to solve for the passive
joints g, from the loop constraint equations. Eliminating as many elements
of g, a priori will obviously simplify the task. The second point to note is
that H,(¢) may become singular, in which case ¢, cannot be obtained from
do. Configurations in which H,(g) becomes singular correspond to actuator
singularities, which are discussed in the next section.
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Figure 7.8: Configuration space singularities of the planar five-bar linkage.

7.3 Singularities

In this final section we shall examine the fundamental properties of closed chain
singularities. Characterizing the singularities of closed chains involves many
more subtleties than for open chains. Rather than attempt any such compre-
hensive classification for general closed chains, we instead choose to highlight
the essential features of closed chain singularities via two planar examples: a
four-bar linkage (see Figure 7.6), and a five-bar linkage (see Figure 7.7). The
examples should also make clear how our approach to singularity analysis can
be generalized to more complex closed chains.

We begin with the four-bar linkage. Recall that its configuration space is a
curve embedded in a four-dimensional ambient space; even without appealing
to equations, one can see that the allowable joint values for (6, ¢) of the four-bar
form a curve of the type shown in Figure 7.6. In terms of the input and output
angles 6 and ¢, the kinematic loop constraint equations can be expressed as

¢ =tan~! g +cos™! <\/QJT52> ’ (7.21)

where
a = 2L3L4 - 2L1L3 cosf (722)
ﬂ = —2L1L3 sin 6 (723)
v = L3—L3—L3—L}+2L1Lycosh. (7.24)

Obviously the existence and uniqueness of solutions depends on the link lengths
Li,...,Ly; in particular, a solution fails to exist if v2 < o? + 2. The figure
depicts the input-output graph for the choice of link lengths L1 = 4, Ly = 4,
L3 =3, Ly = 2; in this case both 6 and ¢ can range from 0 to 2.

One of the striking features of this graph is the bifurcation point P as
indicated in the figure. Here two branches of the curve meet, resulting in a
self-intersection of the curve with itself. If the four-bar is in the configuration
indicated by P, it has the choice of following either branch. At no other point
in the four-bar’s joint configuration space does such a phenomenon occur.
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B

Figure 7.9: Actuator singularities of the planar five-bar linkage: the left is
nondegenerate, while the right is degenerate.

‘We now turn to the five-bar linkage. The kinematic loop constraint equations
can be written

Lycos@y + ...+ Lycos(01 + 62 + 03 + 64)
Lqsinf, +...+L4Sin(91 +02+93+94)

[
St~
(o3
—_—
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N DN
D Ot
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where we have eliminated joint variable 85 a priori from the loop closure con-
ditions. Writing these two equations in the form f(61,...,64) = 0, where
f : R* — R2, the configuration space can be regarded as a two-dimensional sur-
face in R*. Like the bifurcation point in the four-bar linkage, self-intersections
of the surface can also occur. At such points the constraint Jacobian loses rank;
for the five-bar, any point 6 at which

rank <g£(9)> <2 (7.27)

corresponds to what we call a configuration space singularity. Figure 7.8
illustrates the possible configuration space singularities of the five-bar. Notice
that thus far we have made no mention of which joints of the five-bar are ac-
tuated, or where the end-effector frame is placed; it is worth emphasizing that
the notion of configuration space singularity is completely independent of the
choice of actuated joints, or the end-effector frame.

We now consider the case when two joints of the five-bar are actuated. Re-
ferring to Figure 7.9, the actuated joints are indicated by filled circles. Under
normal operating conditions, the motions of the actuated joints can be indepen-
dently controlled. Alternatively, locking the actuated joints should immobilize
the five-bar and turn it into a rigid structure.

For the nondegenerate actuator singularity shown on the left, rotating
the two actuated joints in opposite directions will clearly have catastrophic
consequences of the mechanism. For the degenerate actuator singularity
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shown on the right, we have the opposite case: even when the actuated joints
are locked in place, the inner two links are free to rotate.

The reason for classifying these singularities as actuator singularities is
that, by relocating the actuators to a different set of joints, such singularities can
be eliminated. For both the degenerate and nondegenerate actuator singularities
of the five-bar, relocating one of the actuators to one of the three passive joints
eliminates the singularity.

Intuitively visualizing the actuator singularities of the planar five-bar is
straightforward enough, but for more complex spaatial closed chains this may
be difficult. Actuator singularities can be characterized mathematically by the
rank of the constraint Jacobian. As before, write the kinematic loop constraints
in differential form: )

o) ][ & ] =0 (7.28)
where g, € R® is the vector of actuated joints, and ¢, € RP is the vector of
passive joints. It follows that the matrix

H(q)=[ Ha(q) Hylq) ] € RP*(¥P), (7.29)

and that Hy(q) is a p X p matrix.
With the above definitions, we have the following:

e If rank H,(q) < p, then ¢ is an actuator singularity. Distinguishing be-
tween degenerate and nondegenerate singularities involves additional
mathematical subtleties, and relies on second-order derivative information
that we shall not pursue further here.

e If rank H(q) < p, then ¢ is a configuration space singularity. Note
that under this condition H,(g) is also singular (the converse is not true,
however). The configuration space singularities can thus be regarded as
the intersection of all possible actuator singularities obtained over all pos-
sible combinations of actuated joints.

The final class of singularities involves the choice of an end-effector frame.
For the five-bar, we ignore the orientation of the end-effector frame, and focus
exclusively on its a-y location. Figure 7.10 shows the five-bar in an end-effector
singularity for the given choice of end-effector location. Note that velocities
along the indicated line are not possible in this configuration, similar to the case
for singularities for open chains. Note that end-effector singularities are entirely
independent of the choice of actuated joints (note that it was not necessary to
specify which, or even how many, of the joints are actuated).

End-effector singularities can be mathematically characterized as follows.
Choose any valid set of actuated joints g, such that the mechanism is not at an
actuator singularity. Write the forward kinematics in the form

fl@a) =T (7.30)

where T" denotes the end-effector frame. One can then check for rank deficiencies
in the Jacobian of f, as was done for open chains, to determine the presence of
an end-effector singularity.
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Figure 7.10: End-effector singularities of the planar five-bar linkage.

7.4 Summary

Any kinematic chain that contains one or more loops is called a closed
chain. Parallel mechanisms are a class of closed chain that are char-
acterized by two platforms—one moving and one stationary—connected
by several legs; the legs are typically open chains, but can themselves be
closed chains. Compared to open chains, the kinematic analysis of closed
chains is complicated by the fact that the configuration space is often
curved, and only a subset of the joints are actuated.

For a parallel mechanism whose actuated degrees of freedom equals its
mobility, the inverse kinematics problem involves finding, from the given
position and orientation of the moving platform, the values of all the
actuated joints. For well-known parallel mechanisms like the planar 3 x
RPR and spatial Stewart-Gough platform, the inverse kinematics admits
unique solutions.

For a parallel mechanism whose actuated degrees of freedom equals its
mobility, the forward kinematics problem involves finding, given values for
all the actuated joints, the position and orientation of the moving platform.
For well-known parallel mechanisms like the 3 x RPR and the spatial
Stewart-Gough platform, the forward kinematics usually admits multiple
solutions. In the case of the most general Stewart-Gough platform, a
maximum of 40 solutions are possible.

The differential kinematics of a closed chain relates velocities of the actu-
ated joints to the linear and angular velocities of the moving platform. For
a closed chain consisting of n one degree of freedom joints, whose actuated
degrees of freedom also equals its mobility m, let 8, € R denote the vec-
tor of actuated joints, and 6, € R"~™ denote the vector of passive joints.
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The kinematic loop closure constraints are described by an equation of the
form h(6,,6,) = 0, where g : R" — R™~"™. The forward kinematics can be
expressed in the form f(0,) = T, where f : R™ — SE(3). The differential
kinematics then involves derivatives of both f and g with respect to 6,
and 6,. For platforms like the Stewart-Gough platorm, the differential
kinematics can also be obtained from a static analysis, by exploiting the
fact that just as for closed chains, the external forces F at the end-effector
are related to the joint torques 7 by 7 = JI F.

e Singularities for closed chains can be classifed into three types: (i) configu-
ration space singularities occur at, e.g., self-intersections of the configura-
tion space surface (or bifurcation points in the event that the configuration
space is a curve); (ii) nondegenerate actuator singularities when the actu-
ated joints cannot be independently actuated, while degenerate actuator
singularities are characterized by the mechanism failing to become a rigid
structure even when all the actuated joints are locked in place; (iii) end-
effector singularities occur when the end-effector loses one or more degrees
of freedom of mobility. Configuration space singularities are independent
of choice of actuated joints, while actuator singularities depend on which
joints are actuated. End-effector singularities depend on where the end-
effector frame is placed, but do not depend on the choice of actuated
joints.
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Figure 7.11: Two cooperating six degree of freedom arms grasping an object.

Figure 7.12: A 3 x RPR planar parallel mechanism.

7.5 Exercises

1. Two six degree of freedom arms cooperate to move the disc as shown in
Figure 7.11. Given the position and orientation of the disc, how many inverse
kinematics solutions exist?

2. Consider the 3 x RPR planar parallel mechanism of Figure 7.12, in which
the prismatic joints are actuated. Define OA; = a; € R3 with respect to the
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Revolute Joint

Figure 7.13: A Delta robot.

fixed frame and ]ﬁz = b; € R3 with respect to the moving platform frame.

(a) Solve the inverse kinematics.

(b) Derive a procedure to solve the forward kinematics.

(c) Is the configuration shown an end-effector singularity? Explain your an-
swer by examining the inverse kinematics Jacobian. Is this also an actuator
singularity?

3. The Delta robot of Figure 7.13 consists of a fixed base connected to a mov-
ing platform by three arms. Each arm consists of an upper arm—made up of a
spatial parallelogram connected by spherical joints at the ends of each rod—and
a lower arm connected to the fixed base by a revolute joint w;, connected or-
thogonally to the upper arm rod. OA; =1y, 7 X w; = 2, A;B; = a;, B;C; = b;,
w;La;, PC; = h; are defined with respect to the moving platform frame. Derive
step-by-step procedures for solving the following:

(a) Solve the forward kinematics.

(b) Solve the inverse kinematics.

(c) Find the Jacobian J,.
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Chapter 8

Dynamics of Open Chains

In this chapter we study once again the motion of open chain robots, but this
time taking into account the forces and torques that cause it; this is the subject
of robot dynamics. The associated dynamic equations—also referred to as
the equations of motion—are a set of second-order differential equations of
the form

= M(0)0+b(6,6), (8.1)

where § € R™ is the vector of joint variables, 7 € R™ is the vector of joint forces
and torques, M (0) € R™*™ is a symmetric and invertible matrix called the mass
matrix, and b(0, 9) € R™ are “bias” forces that lump together centrifugal and
Coriolis, gravity, friction and other force terms that depend on 6 and 6. One
should not be deceived by the apparent simplicity of these equations; even for
“simple” open chains, e.g., those with joint axes either orthogonal or parallel to
each other, M (6) and b(6, 6) can be extraordinarily complex.

Just as a distinction was made between a robot’s forward and inverse kine-
matics, it is also customary to distinguish between a robot’s forward and in-
verse dynamics. From the perspective of generating and simulating entire mo-
tion trajectories, it is useful to regard the robot dynamics as an input-output
system, in which the inputs are torque trajectories 7(t), and the outputs are
joint trajectories 6(¢). From this perspective, in the case of forward dynamics
the objective is to determine, from a given input joint torque trajectory 7(t)
and appropriate boundary conditions on 6 and 0, the output joint trajectory
6(t); this is usually done by numerically integrating Equation (8.1). In the case
of inverse dynamics, the objective is to determine the joint torque trajectory
7(t) that generates some desired joint motion trajectory 0(t).

Slight variations in these interpretations of the forward and inverse dynamics
are possible. For the inverse dynamics, observe that the velocity 6 and accelera-
tion 6 can be obtained by taking derivatives of the desired joint trajectory 0(¢).
Thus, given values for (6, 0, 9) at time ¢, the joint torques 7 can be obtained just
by algebraic evaluation of the right-hand side of (8.1). This evaluation is also
commonly referred to as the inverse dynamics. In the case of forward dynamics,

199
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since M (0) is always invertible, Equation (8.1) can be rewritten
§=M"1(6) (T — (6, 9’)) . (8.2)

This evaluation of 6 from given values for 7, 6, and 6 is also often referred
to as the forward dynamics. While this interpretation may seem somewhat
different from the previous one, in fact it is not: given an input torque trajectory
7(t) together with initial values for 6 and 0 at t = to, forward integration of
Equation (8.2) from ¢ = t¢ then produces the complete output trajectory 6(t).
A robot’s dynamic equations are typically derived in one of two ways: by a
direct application of Newton’s and Euler’s dynamic equations for a rigid body
(often called the Newton-Euler formulation), or from the Lagrangian dy-
namics formulation. The Lagrangian formalism is conceptually elegant and
quite effective for robots with simple structures, e.g., with three or fewer de-
grees of freedom. However, the calculations can quickly become intractable for
robots with more degrees of freedom. For general open chains, the Newton-Euler
formulation leads to efficient recursive algorithms for both the inverse and for-
ward dynamics that can also be assembled into closed-form analytic expressions
for, e.g., the mass matrix M (#) and other terms in the dynamics equation (8.1).
In this chapter we study both the Lagrangian and Newton-Euler dynamics
formulations for an open chain robot. We conclude with a formulation of the
dynamics in task space coordinates, or operational space dynamics.

8.1 Lagrangian Formulation

8.1.1 Basic Concepts and Motivating Example

The first step in the Lagrangian formulation of dynamics is to choose a set
of independent coordinates ¢ € R™ that describes the system’s configuration,
similar to what was done in the analysis of a robot’s configuration space. The
coordinates ¢ are called generalized coordinates. Once generalized coordi-
nates have been chosen, these then define another set of coordinates f € R™
that are dual to g, called generalized forces. f and ¢ are dual to each other
in the sense that their inner product f7Aq corresponds to work (equivalently,
fTq corresponds to power). A Lagrangian function £(q,q) is then defined as
the overall system’s kinetic energy minus the potential energy. The equations
of motion can now be expressed in terms of the Lagrangian as follows:

j=doE_ oL (8.3)

T dtoq g’
These equations are also referred to as the Euler-Lagrange equations with
external forces.!
We illustrate the Lagrangian dynamics formulation through two examples.
In the first example, consider a particle of mass m constrained to move on

IThe external force f is zero in the standard form of the Euler-Lagrange equations.
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a vertical line. The particle’s configuration space is this vertical line, and a
natural choice for generalized coordinate is the height of the particle, which we
denote by the scalar variable x € R. Suppose the gravitational force mg acts
downward, and an external force f is applied upward. By Newton’s second law,
the equation of motion for the particle is

f—mg=mz. (8.4)

We now apply the Lagrangian formalism to this particle. The kinetic energy is
mi2/2, the potential energy is mgz, and the Lagrangian is

1
L(x, &) = §mj:2 — mgz. (8.5)

The equations of motion are then given by

d OL L
f:%g—x,fg—x:mierg, (8.6)
which matches Equation (8.4).

We now derive the dynamic equations for a planar 2R open chain moving in
the presence of gravity. The chain moves in the z-y plane, with gravity acting
in the —y direction. Before the dynamics can be derived, the mass and inertial
properties of all the links must be specified. To keep things simple the two links
are modeled as point masses m; and my concentrated at the ends of each link.
The position and velocity of the mass of link 1 are then given by

T1 - L1 cosb;

Y1 o L1 sin 91

i’l o 7L1 sin 91 9
3J1 o L1 COS 01 b

while that of the link 2 mass are given by

To - Ly cos 6y + La cos(61 + 69)

Yo o Lysin6y + Lo sin(0; + 65)

.’tg _ —L1 sin 01 — L2 sin(91 + 02) —L2 Sin(Gl + 92) 91

o o Licosfy + Lacos(fy +63)  Lacos(fy + 63) 0y |-

Choose the joint coordinates 8 = (61, 62) to be the generalized coordinates. The
generalized forces 7 = (71,72) then correspond to joint torques (since TTA6
must correspond to work). The Lagrangian £(6,0) is of the form

2
L£(0,0) = "Ki—Pi, (8.7)

i=1
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where the link kinetic energy terms KC; and Ky are

Ko = gm@ i) = g3
Ky = %mz(ig +93)
= % ((L% + 2Ly Ly cos O + L3)07 + 2(L3 + Ly Lo cos 02)61 05 + L%Qg) )
and the link potential energy terms P; and Po are
Py = mygl;sinb,
Py = mog(Lysinby + Losin(fy + 62)).

The Euler-Lagrange equations (8.3) for this example are of the form

d oL oL

=2 &0 .
T, i o5, ~ 96; 1 (8.8)

The dynamic equations for the 2R planar chain follow from explicit evaluation
of the right-hand side of (8.8) (we omit the detailed calculations, which are
straightforward but tedious):

71 = ((mi+mo)L? +my(2L1Lycosby + L3))
+my(Ly Lo cos by + L%)ég — 2my Ly Lo6;05 sin 6y — mngLgég sin 0
+(my + mgy)L1gcos bty + magLs cos(by + 02)

Ty = my(LiLycosby + L) +maL20, + myLy Lo6? sin 6,
+magLo cos(01 + 6s).

In the Lagrangian formulation of dynamics, once a set of generalized co-
ordinates has been chosen, it is conceptually straightforward to formulate the
Lagrangian, and from there to arrive at the dynamic equations by taking par-
tial derivatives of the Lagrangian. In practice, however, the calculations can
very quickly become intractable, especially as the number of degrees of freedom
increases.

8.1.2 General Formulation

We now describe the Lagrangian dynamics formulation for general n-link open
chains. The first step is to select a set of generalized coordinates 6 € R™ for
the configuration space of the system. For open chains all of whose joints are
actuated, it is convenient and always possible to choose € to be the vector of
joint values. The generalized forces will then be denoted 7 € R™. If 6; is a
revolute joint 7; will correspond to a torque, while if 6; is a prismatic joint 7;
will correspond to a force.

Once 6 has been chosen and the generalized forces 7 identified, the next step
is to formulate the Lagrangian £(6,6) as

L£(6,6) = K(6,6) —P(8), (8.9)
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where (6, 0) is the kinetic energy and P(6) the potential energy of the overall
system. For rigid-link robots the kinetic energy can always be written in the
form

K(6) = % SO mi(0)6:0; = %GTM(Q)G, (8.10)
i=1 j=1
where m;; () is the (7, j) element of the n x n mass matrix M (6); a constructive
proof of this assertion is provided when we examine the Newton-Euler formu-
lation in the next section. The dynamic equations are analytically obtained by
evaluating the right-hand side of

doL oL
T = —

T dt oo, 06;

i=1,...,n. (8.11)

With the kinetic energy expressed as in Equation (8.10), the dynamics can be
explicitly written as

n L .. 9P
Ti :Zm”<9)ej+erl5k(9)ejek+87’ 1=1,...,n, (8.12)
j=1 !

j=1k=1

where the I';;%(6), known as the Christoffel symbols of the first kind, are
defined as

8mij + 8mlk amjk> ) (813)

1
Fin(®) = 3 ( 96, ' 06; 06

The Lagrangian formulation has traditionally been regarded as the most di-
rect way of obtaining a set of closed-form analytical equations for the dynamics.
For open chain robots not only is this no longer true, but the formula for I'; ()
above and our earlier examples offer a strong hint of how intractable the calcu-
lations can become, especially for robots with higher degrees of freedom. The
Newton-Euler formulation on the other hand allows us to bypass the evaluation
of these partial derivatives. However, as we show later, the Lagrangian formu-
lation offers important insights into the structure of the dynamics equations,
especially in the development of stable robot control laws.

8.2 Dynamics of a Single Rigid Body

8.2.1 Classical Formulation

We now consider the dynamic equations for a single rigid body. In most treat-
ments of rigid body dynamics one begins with the equations of motion for a
single particle of mass m (essentially, f = ma), which is then generalized to a
system of particles. A rigid body is then assumed to be a system consisting of
an infinite numer of particles, with the constraint that the distances between
particles are always preserved (ensuring that the body is a rigid body). The
equations of motion for a system of particles are then applied to this infinite
collection of particles, resulting in the equations of motion for a rigid body.



204 Dynamics of Open Chains

In this section we shall omit the single particle dynamics formulation and
proceed directly to the single rigid body case. Suppose a rigid body of mass m
has a reference frame {b} with axes {Xp,¥;,%} attached to its center of mass.
As the rigid body moves, the body frame also moves with linear velocity v and
angular velocity w. Further assume that the rigid body is subject to an external
force f. The external moment m generated by f with respect to the center of
mass is then m = r x f, where r is the vector from the center of mass to the
point on the body at which f is applied. Let h denote the angular momentum
vector about the center of mass (we’ll explain shortly how to calculate h). The
dynamic equations for the rigid body are then given by

d d
d
= —h. 1
m p (8.15)

We now express these dynamic equations explicitly in frame {b} coordinates.
First express the angular and linear velocity in {b}-frame coordinates by

W = WXyt wy P, t+w. %

v = Uwf{b"‘vyyb"i'vziba

with the column vectors wy = (wz, wy, w) T, vy = (vg, Uy, v,)T defined accord-
ingly. The linear acceleration a is then

d PN PN N X X X
a= %V = (Vz Xp + Vy Yp + Uz Zp) + v Xp + Vy ¥y + Uz Zp. (8.16)
Substituting the rotating frame identities %p = W X Xp, ffb =W Xy, Zy = W X 2
into (8.16) leads to

a=(UyXp+ 0y §p + 0, 2p) + W X V.

The {b}-frame vector representation a;, € R? of the linear acceleration is there-
fore
ap = Uy + (wb X Ub),

where ¥, = (g, 0y, 9,)7. Equation (8.14) expressed in {b}-frame coordinates
now becomes
fo =m(0p + wp X vp). (8.17)

We next express the angular momentum h in {b}-frame coordinates. When
the {b} frame is attached to the body’s center of mass as we have done here,
the angular momentum assumes a particularly simple form. First, the 3 x 3
rotational inertia matrix of the rigid body is required; this can be obtained by
imagining the rigid body as a collection of an infinite number of particles of mass
m;, each with coordinates (z;, v;, #;) with respect to the {b} frame. Denoting
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the rotational inertia matrix by Z, € R3*3, T, is obtained via the following
summation over all particles constituting the rigid body:

[ mi(y? 4+ 27) - Y mury — D mx;z
I, = —mmys yom(rl +27) - Y myz
| o mmz =S myiz >om(z? +y?)
I Iy Iry I,
= Iwy Iyy Iyz
L Iy, Iyz I..

The matrix Z;, defined in this way is constant, symmetric, and positive-definite.
In the limit as the number of particles becomes infinite, the summations can be
replaced by volume integrals over the body B, with the particle masses m; now
replaced by a mass density function p(z,y, 2):

///B(y2+z2)p(x,y,z)dxdydz
///lg(a:2+z2)p(x,y,z)dxdydz
I.. = ///B(I2+y2)p(x,y,2)dzdydz
Toy = Iym:f///gxyp(z,y,z) da dy dz
Te. = Izz:f///B:vzp(x,y,z) dx dy dz
Z,, = Izy:—///gyzp(x,y,z) dx dy dz.

If the body has a uniform mass density throughout, 7, is then determined

exclusively by the shape of the rigid body. The calculation of Z, for some

standard link shapes are covered in the exercises at the end of this chapter.
Express h in terms of the unit axes of the {b} frame as

gl\l
I

h = hy % + hy § + he 2, (8.18)

and define hy, = (hy, hy, h.)T € R3. hy is then obtained as
hy = Tywy. (8.19)
Since Equation (8.15) calls for the derivative of h, differentiating (8.18) leads to

d . . .
= (ha %04 by §y b ) +w x b

The moment equation (8.15) expressed in {b} frame coordinates thus becomes
my = Lywp + wp X Lypwp. (820)

where m; € R? is the moment vector m in frame {b} coordinates. Equa-
tions (8.17) and (8.20) together constitute the dynamic equations of motion for
the rigid body.



206 Dynamics of Open Chains

8.2.2 Twist-Wrench Formulation
Equations (8.17) and (8.20) can be written in the following combined form:

my . Ib 0 de [wb] 0 Ib 0 Wy
{ fb } o [ 0 ml } { i)b } T [ 0 [wb] 0 ml Vp ’ (8'21)
With the benefit of hindsight, and also making use of the fact that [v]v = vxv =
0 and [v]T = —[v], we write (8.21) in the following equivalent form:

e S G ]l
LR T g

Written in this way, each of the terms can now be identified with six-
dimensional spatial quantities as follows:

(i) (wp,vp) and (my, fp) can be respectively identified with the spatial velocity
(or twist) V, and spatial force (or wrench) Fy:

w=|w] A= ] (5.23)

(i) The spatial inertia matrix G, € R%%6 is defined as follows:

L 0 ] (8.24)

gb_[ 0 ml

where I denotes the 3 x 3 identity matrix. Note as an aside that the kinetic
energy of the rigid body can be expressed in terms of the spatial inertia
matrix as

1

1
vab%b = 5v,,T GoVp. (8.25)

1
Kinetic Energy = iwaIbWb +

iii) The spatial momentum P, € R® is defined as
(iii) P

_ Ibwb o Ib 0 Wy _
pe ][ 0[] em
Observe that the P, term in Equation (8.22) is left-multiplied by the matrix
T
[ws] 0 }
_ . 8.27
i e (527

We now explain the origin and geometric significance of this matrix. First,
recall that the cross product of two vectors wy,ws € R3 can be calculated using
skew-symmetric matrix notation as follows:

[wl X (UQ] = [wl][wg] — [wg][wl}. (828)
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The matrix in (8.27) can be thought of as a generalization of the cross product
operation to six-dimensional twists. Specifically, given two twists V; = (w1, v1)
and Vo = (wa,v2), we perform a calculation analogous to (8.28):

CHICRICHIER
[ [wr][ewe] ) [wallen ] fwn]oa . [walvy } _ [ [%/] 76/ ] |

which can be written more compactly in vector form as

w | _ | lw] 0 w2

v’ [v1]  [wi] vy |’
This generalization of the cross product to two twists V; and Vs will be called
the Lie bracket of V; and V.

Definition 8.1. Given two twists V; = (wi,v1) and Vo = (w2, v2), the Lie
bracket of V; and Vs, denoted simultaneously by [Vi,Vs] and ady, (V2), is
defined as follows:

Vi, Vo] = { ] - O } {“’2 ] = ady, (V). (8.29)

(1] fwi] V2
Given V = (w,v), we further define the following notation for the 6 x 6 matrix

representation [ady]:

_ | w0 6x6
[ady] = [ ] [w] } e R%*°, (8.30)

With this notation the Lie bracket [V1,Vs] can also be expressed as
V1, V] = ady, (Va) = [ady, |Va. (8.31)

Definition 8.2. Given a twist V = (w,v) and wrench F = (m, f), define the
mapping

wtin-mi=[§ T [7]-[H] o

Using the above notation and definitions the dynamic equations for a single
rigid body can now be written as follows:

Fo = GV —ady, (Py) (8.33)
= gbe — [advb]Tgbe. (8.34)
Note the similarity between (8.34) and the moment equation for a rotating rigid

body:
mp = Ibd)b — [wb]TIbwb. (8.35)

Equation (8.35) is simply the rotational component of (8.34).
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8.3 Inverse Dynamics of Open Chains

We now consider the inverse dynamics problem for an n-link open chain con-
nected by one degree-of-freedom joints. Given the joint positions § € R", ve-
locities # € R™, and accelerations 8 € R™, the objective is to calculate the
right-hand side of the dynamics equation

7= M(8) + b(0,0).

The main result will be a recursive inverse dynamics algorithm consisting of a
forward and backward iteration stage. In the forward iteration, the velocities
and accelerations of each link are propagated from the base to the tip, while in
the backward iteration, the forces and moments experienced by each link are
propagated from the tip to the base.

8.3.1 Overview of Newton-Euler Inverse Dynamics

Before getting into the details of the calculations, it is worth summarizing the
method in words.

e Preliminaries: Attach a frame {0} to the base, frames {1} to {n} to the
centers of mass of links {1} to {n}, and a frame {n+1} at the end-effector,
fixed in the frame {n}.

e Initialization: Set the velocity Vg of the base frame (typically zero), and
let Vy be opposite the gravitational acceleration. (Upward acceleration of
the base is equivalent to gravity acting downward.) F,,4+1 is a wrench that
the end-effector applies to the environment, expressed in frame {n + 1}.

e Forward Iteration: For links ¢ =1 to n do

— Calculate T;_1;, the configuration of frame {i} expressed in frame
{i — 1}. This is used in the next two calculations.

— Calculate V;, the velocity of link ¢ expressed in frame {i}, as the sum
of the velocity of link i —1 (but expressed in frame {i}) plus the extra
velocity due to the joint velocity 6;.

— Calculate V; as the sum of the acceleration of link i—1 (but expressed
in frame {i}) plus the extra acceleration due to the joint acceleration
0;.

e Backward Iteration: For links ¢ = n to 1 do

— The wrench F; that must be applied to link i is the sum of the
wrench F;11 that must be provided to link ¢ + 1 (but expressed in
frame {i}) plus the extra wrench G;V; — ad}, (G;V;), from the rigid-
body dynamics of link ¢. For link ¢ = n, the wrench F;; 1 is just
the wrench the end-effector applies to the environment. For inboard
links ¢+ < n, the wrench F;y; includes also the wrenches needed to
support the outboard links.
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— The 6-vector wrench F; calculated in the previous step is the sum of
the wrench provided by the motor at joint ¢ plus the wrench provided
by the structure of joint i (e.g., the bearings). The motor itself
provides only a wrench that lives on a one-dimensional line in the
wrench space, typically a pure torque about the axis of a revolute
joint or a pure force along the axis of a prismatic joint. We get the
other five dimensions of F; “for free” from the structure of the joint
that limits the motion to one degree-of-freedom. Thus the force or
torque 7; provided by the motor at joint ¢ is simply the component
of F; along the one-dimensional line of motor wrenches. The motor
effort 7; can be calculated by taking the projection (i.e., dot product)
of F; onto the motor axis.

All that is needed to implement the Newton-Euler method is to introduce
some notation and derive the calculations above.

8.3.2 Details of Newton-Euler Inverse Dynamics

A body-fixed reference frame {i} is attached to the center of mass of each link 7,
i=1,...,n. The ground frame is denoted {0}, and a frame at the end-effector
is denoted {n + 1}. This frame is fixed in {n}.

When the manipulator is at the home position, with all joint variables zero,
we define M; € SE(3) to be the configuration of {i} in {0} and M;_; ; € SE(3)
to be the configuration of {i} in {i — 1}. Let A; be the twist vector for joint ¢
(assuming 6; is set to zero) expressed in the {i} frame. Then the displacement
from frame {i — 1} to {3}, denoted T;_1 ; € SE(3), is expressed in the following
form:

Cri—l,i = M¢_17i€[Ai]9i. (836)

If the forward kinematics is expressed in the space-frame product-of-exponentials,
then the forward kinematics up to each link frame {i} can be written

Ty = elS1101 1852102 | [S:]0 M; (8.37)
fori=1,...,n4+ 1. For each ¢ = 1,...,n, the following can be established via
direct calculation:

My = MM, (8.38)
A, = AdMi—1<S»L‘). (8.39)

We further define the following notation:

(i) Denote the velocity of link frame {i} expressed in frame {i} coordinates
by V; = (wi, v;). Note that V; is obtained from [V;] = To_ilTOi.

(ii) Let G; € R%%6 denote the 6 x 6 inertia matrix of link 4, expressed relative
to link frame {¢}. Since we assume here that all link frames are situated
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Figure 8.1: Free body diagram illustrating the moments and forces exerted on
link <.

at the link center of mass, G; has the block-diagonal form

Z, 0
6= 5 i | (5.40)

where Z; denotes the 3 x 3 rotational inertia matrix of link 4, and m; is
the link mass.

(iii) Denote by F; = (m;, f;) the spatial force transmitted from link ¢ — 1 to
link 4, expressed in frame {i} coordinates. Note that F; is transmitted
entirely through joint .

With the above notation and definitions, we now consider the free-body
diagram for link ¢ as shown in Figure 8.1. Note that F;,; is the wrench applied
by link 4 to link ¢ 4+ 1, expressed in frame {i + 1} coordinates. What is needed
is the wrench applied by link i + 1 to link 4, expressed in frame {i} coordinates;
using the wrench transformation rule under a change of reference frames, this
is given by

AdL

i1,

(—Fir1) = —Ad7,_ (Fisr).

Tit1,4
The equations of motion for link i can therefore be written

QZVZ = ada_ (QZVZ) + F; — Adg.

i

+1,i(]:i+1)- (841)

The joint torque 7; € R at joint 4 is then the projection of the wrench F; onto
the joint twist A;:
7= FiL A (8.42)

‘We now derive the forward iteration of link velocities and accelerations from
the base to the tip. First note that

W1l = T5, ' Tor = [A164] (8.43)
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and
[VQ] = T()ElTOQ
= TR T5 " To1)Tio + T Tho
= T i]Tia + [Asb), (8.44)

or equivalently, Vo = Adrp,, V1) + Agég. Repeating this procedure for the sub-
sequent links, it can be established that

V; = AAdT,‘F1 (Vi_1) + .Al&z, 1=1,...,n. (845)

i

The accelerations V; can also be found recursively. Noting that

. d _ . _ d ..
Vi] = %Tifl,i[vi]Ti—ll,i + T VT + Tiflyi[vi]%Ti—ll,i + [Ail;,
and
d . )
%Tifl,i = Mi71,i[¢4i]€[“4iwi9i = Mifl,ie[Ai]ei [A;]0;
d, 1 1 1
%Ti—l,i = LT
it can be shown that
Vi = Aiéi + AdTi,F1 (1.4;1) + [AdTFM (Vz;l), ,/4291], (8.46)

where [Adr,_,,(Vi—1),A;] denotes the Lie bracket of Adyg,_,,(Vi—1) with A;.
Note that since [A;, A;] = 0 and Adr,,_,(Vi—1) = Vi — A;6;, one obtains the
alternative but equivalent formula

The above formulas for the velocities and accelerations, together with the
dynamic equations for any given link, can now be organized into a two-stage
forward-backward iterative algorithm for the inverse dynamics. Before doing
S0, we examine how to include gravity in the dynamics. One way to simulate
the effects of gravity is to set the base frame to have an acceleration —g, where
g € R? denotes the gravitational acceleration vector as expressed in base frame
coordinates. In this case it is important to remember that the link acceleration
calculated from the recursive algorithm is not its true acceleration, but rather
its true acceleration minus g.

The algorithm is initialized by providing initial values for Vy, Vo, and Ftip
where Vy and V, are respectively the spatial velocity and spatial acceleration of
the base frame expressed in base frame coordinates, and Ji;p, is the spatial force
applied to to the environment by the final link, expressed in end-effector frame
coordinates. The joint trajectory 6(¢) and its derivatives 6,  are also assumed
given as input.
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Newton-Euler Inverse Dynamics Algorithm Summary

e Preliminaries: Each link frame {i} is assumed attached to the link’s
center of mass. The forward kinematics from the base frame {0} to link
frame {i} is of the form

To; = elSt0relSeloa . oS0y =1 n+1. (8.48)

Define M;_1,; to be the displacement from link frame {i — 1} to link
frame {i} when the manipulator is at the home position. Then M; =
M01M12 cee Mi—l,i and Mi—l,i = MiillMi, 1= 1, s, n. The displacement
between link frames {i — 1} and {i} is

Tioys = My e 4%, (8.49)

where
Ai ZAdM_—l(Si), 1= 1,...,n. (850)

With respect to the link frame attached at its center of mass, the 6 x 6
spatial inertia G; of link 7 is defined as

Z. 0
6= 5 i | (851)

where Z; € R3*3 is its rotational inertia matrix, and m; is the mass of link i.
Define the twist Vo = (wo, vo) to be the spatial velocity of the base frame,
expressed in base frame coordinates. Define g € R? to be the gravity
vector expressed in base frame {0} coordinates. Define Fii, = (myip, fiip)
to be the wrench applied applied to the environment by the end-effector
expressed in the end-effector frame {n + 1}, fixed in the frame {n}.

e Initialization: Vy = given, Vo = (0, —9), Fni1 = Fiip-

e Forward Iteration: For i =1 to n do

Ticvg = MiqetAds (8.52)
Vi = AdTM,1 (Vi_1) + ./4191 (8.53)

e Backward Iteration: For i = n to 1 do
i = FlA. (8.56)

As noted earlier, the recursion formula Equation (8.54) for the acceleration V;
can also be replaced by the equivalent formula

Vi = AdTi,i—l (Vi—l) + [Ade;Li (Vi—l), Al]QZ + ./4191 (857)



8.4. Dynamic Equations in Closed Form 213

8.4 Dynamic Equations in Closed Form

In this section we show how the equations in the recursive inverse dynamics
algorithm can be organized into a closed-form set of dynamics equations of the
form 7 = M(6)0 + (0, 0) + g(6).

Before doing so, we prove our earlier assertion that the total kinetic energy
IC of the robot can be expressed as I = %QTM(O)G We do so by noting that K
can be expressed as the sum of the kinetic energies of each link:

1 n
=52 VGV (8.58)
i=1

where V; is the spatial velocity of link frame {i}, and G; is the spatial inertia
matrix of link ¢ as defined by Equation (8.51) (both are expressed in link frame
{i} coordinates). Let Tp; (61, ..., 6;) denote the forward kinematics from the base
frame {0} to link frame {i}, and let J;;(#) denote the body Jacobian obtained
from T&lTOi. Note that .J;, as defined is a 6 X 7 matrix; we turn it into a 6 x n
matrix by filling in all entries of the last n — i columns with zeros. With this
definition of J;;,, we can write

Vi =Ju(0)0, i=1,....n.

The kinetic energy can then be written

= 79T (Z Jin(0)7' G Tin( )) 0. (8.59)

The term inside the parentheses is precisely the mass matrix M (6):

Z‘Jlb gz zb ) (860)

Some of the exercises at the end of this chapter examine ways to recursively
compute the entries of M(6).

We now return to the original task of deriving a closed-form set of dynamic
equations. We start by defining the following stacked vectors:

V1

V = .| eRO” (8.61)
L Vn
o

F = © | RO (8.62)
L Fn



214

Dynamics of Open Chains

Further define the following matrices:

A 0
0 A
A= |7
0
[ Gi 0O
0 G
G = | .
0
[ [a‘dvl]
0
[ady] = :
L 0
i [adAlél]
0
[a'dAé} = :
L 0
0
[AdT21]
s0) = 0
0

We write S(f) to emphasize
following stacked vectors:

Vbase

Vbase

]:tip

Note that A € R"*" and G

0
0
€ Rémxn (8.63)
An
0
.| e ROnxEn (8.64)
Gn
0 0
[ady,] 0
U , € Rénx6n (8.65)
[ady, ]
0 0
[ad“f‘”z] (,) e RO™X6n  (8.66)
[ad-Anén]
0 0 0
0 0 0
[Adry,] 0 0 | e RSnx6n (8.67)
0 [Adr, ., ,] ©

the dependence of S on 6. Finally, define the

[ AdTm (VO) 1

€ R (8.68)

e R (8.69)

€ R, (8.70)

0

| ad

n41,n

(]'—nJrl)

€ R67%6" are constant block-diagonal matrices,
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in which A contains only the kinematic parameters, while G contains only the
mass and inertial parameters for each link.

With the above definitions, our earlier recursive inverse dynamics algorithm
can be assembled into the following set of matrix equations:

V = SOV + A+ Vpase (8.71)
Vo= SOV + A0 —[ad 15](SO)V + Voase) + Vbase (8.72)
F = STO)F +6V - [ady]"GV + Fiip (8.73)
T = ATF. (8.74)

S(0) has the property that S™(6) = 0 (such a matrix is said to be nilpotent
of order n), and one consequence verifiable through direct calculation is that
(I-80) t=I+80)+...+8"1(0). Defining £(0) = (I — S(F))~ 1, it can
further be verified via direct calculation that

I 0 0 -0
(Adp,] I 0 -0

[:(9) = [AdT31] [Adez] I o 0 € ROnx6n, (875)
[AdTnl] [AdTn2] [AdTn%] e I

We write £(0) to emphasize the dependence of £ on §. The earlier matrix
equations can now be reorganized as

Vv = L) (A9+Vbase) (8.76)
Vo= £0) (A + [ad g )SO)V + [ad g Vbase + Voase)  (377)
F o= £7) (gv— [adV}TgV—i—]:tip) (8.78)
r = ATF. (8.79)

If an external wrench Fi;, is applied at the tip, this can be included into the
following dynamics equation:

7= M(0)0 + c(0,0) + g(0) + I (0) Feip, (8.80)

where J(0) denotes the Jacobian of the forward kinematics expressed in the
same reference frame as Fiip, and

M) = ATLT(0)GL(0)A (8.81)
c(0,0) = —ATLT(0) (GL(O) [ad 44)S(0) + [ady]"G) L(0).40  (8.82)
9<9) = ATET(O)gﬁw)vbase' (8-83>

The g(#) term reflects gravitational forces, while ¢(6, §) represents the Coriolis
and centrifugal forces. Comparing these equations with the Lagrangian form of
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the dynamics, i.e.,

=Y my(0)0; + > Tij(0 09k+89 i=1,...,m, (8.84)
=1 k=1

7j=1

where the T';;,(0) are

1 é)mij 8mlk ijk
(aek 00; 06, ) (8.85)

Lije(0) = 5
we can see that elements of the ¢(6, ) term can be identified with

n n

D0 Tiik(60)6,64

j=1k=1

and are thus quadratic in the 6,. Elements of the gravity term ¢(#) can be
identified with ap . With the Newton-Euler formulation, the partial derivative
terms appearlng 1n I';jx(0) can be evaluated directly from (8.82) without taking
derivatives. Further, by defining the matrix C(6,6) € R"*" as

]. 8m7;j amik amgk
cij(0,0) Zr”k Z( o6, o0, o8, )9,“ (8.86)

where ¢;; denotes the (4, ) entry of C(6,8), it can be seen that ¢(6,6) can be
expressed as

c(6,0) = C(6,6)0. (8.87)

The matrix C(6, 9) is called the Coriolis matrix. The following property, re-
ferred to as the passivity property, turns out to have important ramifications
in proving the stability of certain robot control laws.

Proposition 8.1. The matriz M(#) — 2C(6,6) € R™™™, where M(0) € R"*"
is the mass matriz and M(0) its time derivative, and C(0,0) € R™ ™ is the
Coriolis matriz as defined in (8.86), is skew-symmetric.

Proof. The (i, ) component of M — 2C is

_ . Omy ,  Omy ,  Oma s Oy
133 (0) — 201;(6,6) = Z G50k~ b — g+ e
7 i
- Zam’“ak 8m“€9k.
96

By switching the indices ¢ and j, it can be seen that
mji(0) = 2¢5i(8,60) = —(rivi;(60) — 2¢45(6.6)),
thus proving that (M — 2C)T = —(M — 2C) as claimed. O

The passivity property will be used later in the chapter on robot control.
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8.5 Forward Dynamics of Open Chains

We now consider the forward dynamics problem, where a torque trajectory 7(t)
together with a set of initial conditions on 6 and 0 is assumed given, and the
objective is to integrate the dynamic equations 7(t) = M (6)0 4 b(6, 6) to obtain
the joint trajectory 6(¢). The simplest numerical scheme for integrating the
general first-order differential equation ¢ = f(q,t), ¢ € R", is via the Euler
iteration

q(t +h) = q(t) + hf(q(t), 1),

where the positive scalar h denotes the timestep. The dynamic equations can be
converted to a first-order differential equation by taking advantage of the fact
that M (@) is always invertible: setting ¢ = 60, g2 = 6, and ¢ = (q1,q2) € R?™,
we can write

g1 = Q2
G = M Yq)(T(t) = blq1,q2)),

which is of the form ¢ = f(q,t). The Euler integration scheme for this equation
is thus of the form

q(t+h) = q(t)+he(t)
@t+h) = @t)+h(M(@®) " (71) —b(q(t), (1)) -

Given a set of initial values for ¢;(0) = 6(0) and ¢2(0) = 6(0), the above equa-
tions can then be iterated forward in time to numerically obtain the motion
0(t) = au (t).

Note that the above iteration appears to require the evaluation of M~1(f),
which can be computationally expensive. In fact, it is possible to integrate
these equations without having to explicitly compute the inverse of M (). The
closed-form dynamic equations can be arranged as

M(0)6 = 7(t) — b(8, ). (8.88)

Setting 6 to zero in (8.88) leads to 7 = b(0, 9). Therefore by running the inverse
dynamics algorithm with 6(¢) set to zero and (6(¢),0(t)) set to their current
values, b(6(t),0(t)) can now be determined. Subtracting this from the given
value of 7(t) then results in the right-hand side of (8.88). Therefore, with a
means of evaluating M (6), it is a straightforward matter to obtain 6(t) as the
solution to the linear equation Az = ¢, where A = M(0(t)) € R"*™ is assured
to be nonsingular, and ¢ = 7(t) — b(6(t),0(t)) is known.

Once a numerical integration scheme has been chosen, solving the forward
dynamics then reduces to a procedure for evaluating 6 from given values for 6,
0, and 7. In the following algorithm we allow for the possibility of an external
spatial force Fi;p, applied to the final link.
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Algorithm for Calculating the Joint Acceleration: GetJointAccel(®, 0, 7, Toyt)

Prerequisites: Algorithms for calculating the inverse dynamics, and the
mass matrix, are assumed available. An algorithm for solving the linear
system Ax = ¢ for z € R"™, with given ¢ € R™ and A € R™*" nonsingular,
is also assumed available.

Inputs: Current values for 0, §, the input torque 7. If an external spatial
tip force Fijp is also given, it is transformed via the static force-torque
relation to 7ext = J T]-'tip, where the Jacobian J(0) is expressed in terms
of the same reference frame as Fijp.

Output: The joint acceleration 0.

Initialization: Assign temporary storage variables A € R"*" ~ € R",
ceR™

Inverse dynamics calculation: Calculate the inverse dynamics with ¢
and 6 set to their given values, and 0 set to zero; store the output joint
torques in 7y, and set ¢ = 7 — v — Toxt-

Evaluation of mass matrix: Calculate the mass matrix for the given
#, and store the result in A.

Calculation of joint acceleration: Solve the linear system Az = ¢ for
x; the resulting joint acceleration 6 is then given by .

With the above algorithm for calculating the joint acceleration, various nu-
merical schemes for integrating the forward dynamics can be implemented; here
we present an algorithm for the most basic Euler method described above:

Euler Integration Algorithm for Forward Dynamics

Prerequisites: Function GetJointAccel(9,0,T, Text) Tequired.

Inputs: Initial conditions #(0) and 6(0), input torques 7(t) and Texy for
t € [0,ty], integration timestep h > 0.

Output: Joint trajectory values 0[k] = 0(hk), k =0,...,N.
Initialization: Set N =t;/h.

Iteration: For £k =1 to N do

0[k] = GetJointAccel(O[k], O[k], T[k], Text[]):
Ok +1] = 6[k] + hé[k];
0](k+1) = 6[k] + hi[k];

Joint trajectory: 0[k] = 6(hk), k =0,...,N.
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8.6 Dynamics in Task Space Coordinates

In this section we consider how the dynamic equations change under a trans-
formation to coordinates of the end-effector frame (task space coordinates). To
keep things simple we consider a six degree-of-freedom open chain with joint
space dynamics )

T=M®)0+b(0,0), 0cRS RS (8.89)
We also ignore for the time being any external spatial forces that may be applied.
The spatial velocity V = (w, v) of the end-effector is related to the joint velocity
9 by

v =J(6)b, (8.90)

with the understanding that V and J() are always expressed in terms of the
same reference frame. The time derivative V is then

vV =J(0)0+ J(0)8. (8.91)

At configurations § where J(6) is invertible, we have
= JW (8.92)
6 = JWw—J gty (8.93)

The second term in (8.93) follows from the general matrix identity & (A~1A) =
4 A=1. A+ A7t LA for any invertible and differentiable matrix A(t). Substi-
tuting for § and € in Equation (8.89) leads to

F=M (J—lv - J—ljJ—lv) +b(0,0), (8.94)
where J~T denotes (J~1)T = (JT)~!. Pre-multiply both sides by J=7 to get
JTr = JTMITY - TM I Iy

L TTH(, TV, (8.95)
Expressing J~ 77 as the spatial force F, the above can be written
F=A0O)V+n(0,V), (8.96)
where
AO) = JTM@O)T (8.97)
n(0,V) = JTb0,J7V) - AJT Y. (8.98)

These are the dynamic equations expressed in end-effector frame coordinates. If
an external spatial force F is applied to the end-effector frame, then assuming
zero joint torques, the motion of the end-effector frame is governed by these
equations. Note the dependence of A(6) and 1n(6,V) on 6. If 6 were replaced by
its inverse kinematics solution § = T—!(X), then one would obtain a differential
equation strictly in terms of the end-effector frame’s displacement X € SE(3)
and spatial velocity V. In practice, since X is usually obtained by measuring
0 and substituting into the forward kinematics, it is preferable to leave the
dependence on 6 explicit.
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8.7 The Universal Robot Description Format

The Universal Robot Description Format (URDF) is an XML (eXtensible
Markup Language) file format used by the Robot Operating System (ROS) to
describe the kinematics, inertial properties, and link geometry of robots. A
URDF file describes the joints and links of a robot:

e Joints. Joints connect two links: a parent link and a child link. A
few of the possible joint types include prismatic, revolute (including joint
limits), continuous (revolute without joint limits), and fixed (a virtual
joint that does not permit any motion). Each joint has an origin frame
that defines the position and orientation of the child link frame relative
to the parent link frame when the joint variable is zero. The origin is
on the joint’s axis. Each joint has an axis x-y-z unit vector, expressed in
the child link’s frame, in the direction of positive rotation for a revolute
joint or positive translation for a prismatic joint.

e Links. The URDF file also defines the links of a robot. The elements
of a link include its mass; an origin frame that defines the position and
orientation of a frame at the link’s center of mass relative to the link’s
joint frame described above; and an inertia matrix, relative to the link’s
center of mass frame, specified by the six elements of the inertia matrix
on or above the diagonal. (Since the inertia matrix is symmetric, there is
no need to specify the other three elements of the inertia matrix.)

A URDF file can represent any robot with a tree structure. This includes
serial chain robot arms and robot hands, but not a Stewart platform or other
mechanisms with closed loops. An example robot with a tree structure is shown
in Figure 8.2.

The orientation of a frame {b} relative to a frame {a} is represented using
roll-pitch-yaw coordinates: first, roll about the fixed Z,-axis; then pitch about
the fixed g,-axis; then yaw about the fixed Z,-axis.

Figure 8.3 is a graphical representation of the kinematics of the Universal
Robots UR5 six-joint robot. This robot is also defined in the URDF file below,
which demonstrates the syntax of the joint’s elements parent, child, origin,
and axis, and the link’s elements mass, origin, and inertia. Although the
joint types are listed as “continuous,” the URS joints do in fact have joint limits;
they are omitted here for simplicity.
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base link, J
LO

parent: J1’s parentlink, LO

child: J1’s child link, L1

origin: the x-y-z and roll-pitch-yaw
of the L1 frame relative to the
LO frame when J1 is zero

axis: the x-y-z unit vector along the
rotation axis in the L1 frame

mass: link5’s mass
\ origin: the x-y-z and roll-pitch-yaw
of a frame at the center of
mass of L5, relative to L5
frame

inertia: six unique entries of
inertia matrix in CM frame

Figure 8.2: A five-link robot represented as a tree, where nodes of the tree are
the links and the edges of the tree are the joints.

W2 =82 mm

97
i L2=392mm Wi is the 3,
distance between
H2 =95 mm w the anti-parallel
X Y

axes S1 and S5

IHI =89 mm

Positive rotation about
the axes is by the
right-hand rule. S

Figure 8.3: The Universal Robots URb5 robot.
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The UR5 URDF file.

<?7xml version="1.0" 7>
<robot name="ur5">

<1-= sxsskckkkkk KINEMATIC PROPERTIES (JOINTS) sokskskokskskkokk ——>
<joint name="world_joint" type="fixed">
<parent link="world"/>
<child link="base_link"/>
<origin rpy="0.0 0.0 0.0" xyz="0.0 0.0 0.0"/>
</joint>
<joint name="jointl" type="continuous">
<parent link="base_link"/>
<child link="link1"/>
<origin rpy="0.0 0.0 0.0" xyz="0.0 0.0 0.089159"/>
<axis xyz="0 0 1"/>
</joint>
<joint name="joint2" type="continuous">
<parent link="link1"/>
<child link="1ink2"/>
<origin rpy="0.0 1.570796325 0.0" xyz="0.0 0.13585 0.0"/>
<axis xyz="0 1 0"/>
</joint>
<joint name="joint3" type="continuous">
<parent link="1ink2"/>
<child link="1ink3"/>
<origin rpy="0.0 0.0 0.0" xyz="0.0 -0.1197 0.425"/>
<axis xyz="0 1 0"/>
</joint>
<joint name="joint4" type="continuous">
<parent link="1ink3"/>
<child link="1link4"/>
<origin rpy="0.0 1.570796325 0.0" xyz="0.0 0.0 0.39225"/>
<axis xyz="0 1 0"/>
</joint>
<joint name="joint5" type="
<parent link="link4"/>
<child link="1link5"/>
<origin rpy="0.0 0.0 0.0" xyz="0.0 0.093 0.0"/>
<axis xyz="0 0 1"/>
</joint>
<joint name="joint6" type="continuous">
<parent link="link5"/>
<child link="1link6"/>
<origin rpy="0.0 0.0 0.0" xyz="0.0 0.0 0.09465"/>
<axis xyz="0 1 0"/>
</joint>
<joint name="ee_joint" type="fixed">
<origin rpy="-1.5707963256 0 0" xyz="0 0.0823 0"/>
<parent link="link6"/>
<child link="ee_link"/>
</joint>

continuous">

<!== sxkkxxkkxk INERTIAL PROPERTIES (LINKS) skkkkkkkkk ——>
<link name="world"/>
<link name="base_link">
<inertial>
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<mass value="4.0"/>
<origin rpy="0 0 0" xyz="0.0 0.0 0.0"/>
<inertia ixx="0.00443333156" ixy="0.0" ixz="0.0"
iyy="0.00443333156" iyz="0.0" izz="0.0072"/>
</inertial>
</link>
<link name="1link1">
<inertial>
<mass value="3.7"/>
<origin rpy="0 0 0" xyz="0.0 0.0 0.0"/>
<inertia ixx="0.010267495893" ixy="0.0" ixz="0.0"
iyy="0.010267495893" iyz="0.0" izz="0.00666"/>
</inertial>
</link>
<link name="1link2">
<inertial>
<mass value="8.393"/>
<origin rpy="0 0 0" xyz="0.0 0.0 0.28"/>
<inertia ixx="0.22689067591" ixy="0.0" ixz="0.0"
iyy="0.22689067591" iyz="0.0" izz="0.0151074"/>
</inertial>
</link>
<link name="1ink3">
<inertial>
<mass value="2.275"/>
<origin rpy="0 0 0" xyz="0.0 0.0 0.25"/>
<inertia ixx="0.049443313556" ixy="0.0" ixz="0.0"
iyy="0.049443313556" iyz="0.0" izz="0.004095"/>
</inertial>
</link>
<link name="1link4">
<inertial>
<mass value="1.219"/>
<origin rpy="0 0 0" xyz="0.0 0.0 0.0"/>
<inertia ixx="0.111172755531" ixy="0.0" ixz="0.0"
iyy="0.111172755531" iyz="0.0" izz="0.21942"/>
</inertial>
</link>
<link name="1link5">
<inertial>
<mass value="1.219"/>
<origin rpy="0 0 0" xyz="0.0 0.0 0.0"/>
<inertia ixx="0.111172755531" ixy="0.0" ixz="0.0"
iyy="0.111172755531" iyz="0.0" izz="0.21942"/>
</inertial>
</link>
<link name="1ink6">
<inertial>
<mass value="0.1879"/>
<origin rpy="0 0 0" xyz="0.0 0.0 0.0"/>
<inertia ixx="0.0171364731454" ixy="0.0" ixz="0.0"
iyy="0.0171364731454" iyz="0.0" izz="0.033822"/>
</inertial>
</link>
<link name="ee_link"/>
</robot>

223
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Beyond the properties described above, a URDF can describe other prop-
erties of a robot, such as its visual appearance (including CAD models of the
links) as well as simplified representations of link geometries that can be used
for collision detection in motion planning algorithms.

8.8 Summary

8.9 Notes and References



Chapter 9

Trajectory (Generation

During robot motion, the robot controller is provided with a steady stream of
goal positions and velocities to track. This specification of the robot position
as a function of time is called a trajectory. In some cases, the trajectory is
completely specified by the task—for example, the end-effector may be required
to track a known moving object. In other cases, as when the task is simply to
move from one position to another in a given time, we have freedom to design the
trajectory to meet these constraints. This is the domain of trajectory planning.
The trajectory should be a sufficiently smooth function of time, and it should
respect any given limits on joint velocities, accelerations, or torques.

In this chapter we consider a trajectory as the combination of a path, a purely
geometric description of the configurations achieved by the robot, and a time
scaling, which specifies the times when those configurations are reached. We
consider three cases: point-to-point straight-line trajectories in both joint space
and task space; trajectories passing through a sequence of timed via points;
and minimum-time trajectories along specified paths. Finding paths that avoid
obstacles is left to Chapter 10.

0.1 Definitions

A path 0(s) maps a scalar path parameter s, assumed to be zero at the start
of the path and one at the end, to a point in the robot’s configuration space
©, 0 :[0,1] = ©. As s increases from 0 to 1, the robot moves along the path.
Sometimes s is taken to be time, and is allowed to vary from time s = 0 to
the total motion time s = T, but it is often useful to separate the role of the
geometric path parameter s from the time parameter t. A time scaling s(t)
assigns a value s to each time ¢ € [0,77], s : [0,7] — [0, 1].

Together a path and time scaling define a trajectory 6(s(t)), or 6(t) for short.
Using the chain rule, the velocity and acceleration along the trajectory can be
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written as
. do
= —35 1
0 2° (9.1)
. di. d%0 .9

To ensure that the robot’s acceleration (and therefore dynamics) are well de-
fined, each of §(s) and s(t) must be twice differentiable.

9.2 Point-to-Point Trajectories

The simplest type of motion is from rest at one configuration to rest at another.
We call this a point-to-point motion. The simplest type of path for point-to-
point motion is a straight line. Straight-line paths and their time scalings are
discussed below.

9.2.1 Straight-Line Paths

A “straight line” from a start configuration Ogi.p¢ to an end configuration Geng
could be defined in joint space or in task space. The advantage of a straight-line
path from Og;art to Oepng in joint space is simplicity: since joint limits typically
take the form 6; min < 0; < 0; max for each joint angle 6;, the allowable joint
configurations form a convex set Oy in joint space, so the straight line between
any two endpoints in e also lies in Og.ee. The straight line can be written

9(5) = (1 - S)HStart + 80cnd, S € [O, 1] (93)
with derivatives
df
% = eend - astart (94)
d?0
- = 9.5
- (9.5)

Straight lines in joint space generally do not yield straight-line motion of the
end-effector in Cartesian space. If Cartesian straight-line motions are desired,
the start and end configurations can be specified by Xgary and Xenq in task
space. If Xgat and Xenq are represented by a minimum set of coordinates, then
a straight line is defined as X (s) = (1 — $) Xstart + $Xend, s € [0, 1]. Compared
to joint coordinates, however, the following are issues that must be addressed:

e Inverse kinematics must be used to find joint coordinates 6 for the robot
controller.

e If the path passes near a kinematic singularity, joint velocities may become
unreasonably large for almost all time scalings of the path.
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0, (deg) A
180 |
/,'. 6end
9{
“Bytart '
-90 90 180
0; (deg)
90 1
6,(deg) 4
180 1
1: > eend
90 1
90 90 180
0, (deg)
290 1

Figure 9.1: (Left) A 2R robot with joint limits 0° < #; < 180°, 0° < 65 < 150°.
(Top right) A straight-line path in joint space and the corresponding motion of
the end-effector in task space. The reachable endpoint configurations, subject
to joint limits, are indicated in gray. (Bottom right) A straight-line path in task
space would violate the joint limits.

e Since the robot’s reachable task space may not be convex in X coordinates,
some points on a straight line between two reachable endpoints may not
be reachable (Figure 9.1).

In addition to the issues above, if Xgart and Xenq are represented as elements
of SE(3) instead of as a minimum set of coordinates, then there is the question
of how to define a “straight” line in SE(3). A configuration of the form (1 —
$) Xstart + $Xena does not generally lie in SE(3).

One option is to use the screw motion (simultaneous rotation about and
translation along a fixed screw axis) that moves the robot’s end-effector from
Kstart = X(0) to Xena = X (1). To derive this X(s), we can write the start and
end configurations explicitly in the {s} frame as X start and X ena and use our
subscript cancellation rule to express the end configuration in the start frame:

—1
Xstart,end = Xstart,sXs,end = Xs’starth,encL

Then log(X, dartXsend) is the matrix representation of the spatial velocity,

expressed in the {start} frame, that takes Xgart t0 Xena in unit time. The path
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can therefore be written as

X (8) = Xgtart exp(log(Xgh e Xend)s) (9.6)
where Xgiart 18 post-multiplied by the matrix exponential since the spatial ve-
locity is represented in the {start} frame, not the fixed world frame {s}.

This screw motion provides a “straight-line” motion in the sense that the
spatial velocity (and the screw axis) is constant. The origin of the end-effector
does not generally follow a straight line in Cartesian space, however, since it
rotates about the axis. It may be preferable to decouple the rotational motion
from the translational motion. Writing X = (R, p), we can define the “straight-
line” path to be

p(S) = (1 - S)pstart + SPend (97)
R(s) = Rstart eXp(IOg(Rz;artRend)s)-

9.2.2 Time Scaling a Straight-Line Path

A time scaling s(t) of a path should ensure that the motion is appropriately
smooth and that any constraints on robot velocity and acceleration are satisfied.
For a straight-line path in joint space of the form Equation (9.3), the time-scaled
joint velocities and accelerations are 6 = §(0eng — Ostart) and 6 = §(0ena — Ostart ),
respectively. For a straight-line path in task space, parametrized by minimum
coordinates X € R™, simply replace 6, 9, and 6 by X, X , and X. Inverse
kinematics is then used to convert to an equivalent representation in joint space.

9.2.2.1 Polynomial Time Scaling

Third-order Polynomials A convenient form for the time scaling s(t) is a
cubic polynomial of time,

s(t) = ag + art + agt? + ast®. (9.9)

A point-to-point motion in time 7" imposes the initial constraints s(0) = $(0) = 0
and the terminal constraints s(7') = 1 and $(T") = 0. Evaluating Equation (9.9)
and its derivative

5(t) = a1 + 2ast + 3ast? (9.10)
at t = 0 and t = T and solving the four constraints for ay, ..., as, we find
3 2

GQZO, aq :0, ag = az = ——5-

T2’ T3

Plots of s(t) and 5(t) are shown in Figure 9.2.
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Figure 9.2: Plots of s(t) and $(¢) for a third-order polynomial time scaling.

Plugging s = ast? + ast® into Equation (9.3) yields

3tz 23
a(t) = estart + <T2 - 113) (aend - gstart) (911)
: 6t 6t
e(t) = (,TQ - T,g) (eend - estart) (912)
5 6 12¢
e(t) = <T2 - T3> (ecnd - astart)- (913)

The maximum joint velocities are achieved at the halfway point of the motion
t=T/2:

3
2T
The maximum joint accelerations and decelerations are achieved at ¢ = 0 and
t="1T:

(eend - 95tart)~

omax =

6

émax = ﬁ(aend - ostart)

6

ﬁ(eend - estart) .

) Gmin = - ‘

If there are known limits on the maximum joint velocities |0\ < élimit and max-
imum joint accelerations |9| < élimit, these bounds can be checked to see if the
requested motion time 7T is feasible. Alternatively, T" could be solved for to find
the minimum possible motion time that satisfies the most restrictive velocity or
acceleration constraint.

Fifth-order Polynomials Because the third-order time scaling does not con-
strain the endpoint path accelerations §(0) and §(7) to be zero, the robot is
asked to achieve a discontinuous jump in acceleration at both t =0 and t =T
This implies infinite jerk, the derivative of acceleration, which may cause vibra-
tion of the robot.

One solution is to constrain the endpoint accelerations to §(0) = §(7) = 0.
The addition of these two constraints requires the addition of two more design
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Figure 9.3: Plots of s(t), $(¢), and §(t) for a fifth-order polynomial time scaling.
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Figure 9.4: Plots of s(t) and $(t) for a trapezoidal motion profile.

freedoms in the polynomial, yielding a quintic polynomial of time, s(t) = ag +
...+ ast®>. We can use the six terminal position, velocity, and acceleration
constraints to solve uniquely for ag ... a5 (Exercise 5), which yields a smoother
motion with a higher maximum velocity than a cubic time scaling. A plot of
the time scaling is shown in Figure 9.3.

9.2.2.2 Trapezoidal Motion Profiles

Trapezoidal time scalings are quite common in motor control, particularly for
the motion of a single joint, and they get their name from their velocity profiles.
The point-to-point motion consists of a constant acceleration phase § = a of
time t,, followed by a constant velocity phase § = v of time t, = T — 2t,,
followed by a constant deceleration phase § = —a of time t,. The resulting $
profile is a trapezoid and the s profile is the concatenation of a parabola, linear
segment, and parabola as a function of time (Figure 9.4).

The trapezoidal time scaling is not as smooth as the cubic time scaling,
but it has the advantage that if there are known limits on joint velocities élimit
and joint accelerations Olimit, the trapezoidal motion using the largest v and a
satisfying

|(aend - estart)v| S élimit (914)
|(eend - estart)a| é élimit (915)
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is the fastest straight-line motion possible. (See Exercise 8.)

If v2/a > 1, the robot never reaches the velocity v during the motion (Ex-
ercise 10). The three-phase accelerate-coast-decelerate motion becomes a two-
phase accelerate-decelerate motion, and the trapezoidal profile §(¢) in Figure 9.4
becomes a triangle.

Assuming that v?/a < 1, the trapezoidal motion is fully specified by v, a,
te, and T, but only two of these can be specified independently, since they
must satisfy s(T) = 1 and v = at,. It is unlikely that we would specify ¢,
independently, so we can eliminate it from the equations of motion by the sub-
stitution ¢, = v/a. The motion profile during the three stages (acceleration,
coast, deceleration) can then be written in terms of v, a, and T as

0<t< g i) =a (9.16)

5(t) = at (9.17)

s(t) = %at2 (9.18)

S<t<T-- i(t)=0 (9.19)
5(t)=wv (9.20)

s(t) = vt — % (9.21)

Tf§<t§T: §(t) = —a (9.22)
5(t) = a(T — 1) (9.23)

_ 20T — 202 —a?(t—1T)?

s(t) (9.24)

2a
Since only two of v, a, and T' can be chosen independently, we have three
options:

e Choose v and a such that v?/a < 1, assuring a three-stage trapezoidal
profile, and solve s(T') = 1 (Equation (9.24)) for T

2
a+v
T:+.
va

If v and a correspond to the highest possible joint velocities and acceler-
ations, this is the minimum possible time for the motion.

e Choose v and T such that 2 > vT > 1, assuring a three-stage trapezoidal
profile and that the top speed v is sufficient to reach s = 1 in time T', and
solve s(T') =1 for a:

’U2

“=ur—1
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ds/dt
A

Figure 9.5: Plot of $(t) for an S-curve motion profile consisting of seven stages:
(1) constant positive jerk, (2) constant acceleration, (3) constant negative jerk,
(4) constant velocity, (5) constant negative jerk, (6) constant deceleration, and
(7) constant positive jerk.

e Choose a and T such that aT? > 4, assuring that the motion is completed
in time, and solve s(T") = 1 for v:

v:%(an\/E\/aTQfll).

9.2.2.3 S-Curve Time Scalings

Just as cubic polynomial time scalings lead to infinite jerk at the beginning and
end of the motion, trapezoidal motions cause discontinuous jumps in accelera-
tion at t € {0,t,,T — tq,T}. A solution is a smoother S-curve time scaling, a
popular motion profile in motor control because it avoids vibrations or oscilla-
tions induced by step changes in acceleration. An S-curve time scaling consists
of seven stages: (1) constant jerk s() = .J until a desired acceleration § = a is
achieved; (2) constant acceleration until the desired $ = v is being approached;
(3) constant negative jerk —J until § equals zero exactly at the time $ reaches
v; (4) coasting at constant v; (5) constant negative jerk —J; (6) constant decel-
eration —a; and (7) constant positive jerk J until § and $ reach zero exactly at
the time s reaches 1.

The §(¢) profile for an S-curve is shown in Figure 9.5.

Given some subset of v, a, J, and the total motion time 7', algebraic ma-
nipulation reveals the switching time between stages and conditions that ensure
that all seven stages are actually achieved, similar to the case of the trapezoidal
motion profile.

9.3 Polynomial Via Point Trajectories

If the goal is to have the robot joints pass through a series of wvia points at
specified times, without a strict specification on the shape of path, a simple
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via 2 via 3
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[ J
start end start end

(a) (b)

Figure 9.6: Two paths in an (z,y) space corresponding to piecewise-cubic tra-
jectories interpolating four via points, including one start point and one end
point. The velocities at the start and end are zero, and the velocities at vias 2
and 3 are indicated by dashed tangent vectors. The shape of the path depends
on the velocities specified at the via points.

solution is to use polynomial interpolation to directly find joint histories 6(¢)
without first specifying a path 6(s) and then a time scaling s(¢) (Figure 9.6).
Let the trajectory be specified by k via points, with the start point occurring
at 77 = 0 and the final point at T}, = T". Since each joint history is interpolated
individually, we focus on a single joint angle and call it 8 to avoid proliferation of
subscripts. At each via point ¢ € {1...k}, the user specifies the desired position
B(T;) = B; and velocity 3(T;) = ;. The trajectory has j = k — 1 segments,
and the duration of segment j € {1,...,k — 1} is AT; = T;41 — T;. The joint
trajectory during segment j is expressed as the third-order polynomial

ﬂ(At) = CLJ'O —+ alet + CLjQAtQ + angt3 (925)

in terms of the time At elapsed in segment j, where 0 < At < ATj. Segment j
is subject to the four constraints

B(0) = B B8(0) = B
BAT)) = Bis1 B(AT)) = B4
Solving these constraints for ajo,. .., a;3 yields
ajo = Bj (9.26)
aj = f; (9.27)
3811 — 38: — 2B:AT; — 3,41 AT;
ajo = BjJrl ﬁj AIBJJ—Q 7 /8j+1 7 (9.28)
J
28+ (B + B 11)AT) — 26j+1 (9.29)

453 = AT?
J
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position

Figure 9.7: The coordinate time histories for the cubic via point interpolation
of Figure 9.6(a).

Figure 9.7 shows the time histories for the interpolation of Figure 9.6(a). In
this 2D (z,y) coordinate space, the via points 1...4 occur at times 77 = 0,
T> =1, T5 =2, and Ty = 3. The via points are at (0,0), (0,1), (1,1), and (1,0)
with velocities (0,0), (1,0), (0,—1), and (0,0).

Two issues are worth mentioning;:

e The quality of the interpolated trajectories is improved by “reasonable”
combinations of via point times and via point velocities. For example,
if the user wants to specify a via point location and time, but not the
velocity, a heuristic could be used to choose a via velocity based on the
times and coordinate vectors to the via points before and after the via in
question. As an example, the trajectory of Figure 9.6(b) is smoother than
the trajectory of Figure 9.6(a).

e Cubic via point interpolation ensures that velocities are continuous at via
points, but not accelerations. The approach is easily generalized to use
fifth-order polynomials and specifications of the accelerations at the via
points, at the cost of increased complexity of the solution.

If only two points are used (the start and end point), and the velocities at
each are zero, the resulting trajectory is identical to the point-to-point cubic
polynomial time-scaled trajectory discussed in Section 9.2.2.1.

There are many other methods for interpolating a set of via points. For
example, B-spline interpolation is popular. In B-spline interpolation, the path
may not pass exactly through the via points, but the path is guaranteed to be
confined to the convex hull of the via points, unlike the paths in Figure 9.6.
This can be important to ensure that joint limits or workspace obstacles are
respected.
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Figure 9.8: A path planner has returned a semicircular path of radius R around
an obstacle in (x,y) space for a robot with two prismatic joints. The path can
be represented as a function of a path parameter s as z(s) = z. + R cos sm and
y(s) = y. — Rsinsw for s € [0,1]. For a 2R robot, inverse kinematics would be
used to express the path as a function of s in joint coordinates.

9.4 Time-Optimal Time Scaling

In the case that the path 6(s) is fully specified by the task or an obstacle-
avoiding path planner (e.g., Figure 9.8), the trajectory planning problem reduces
to finding a time scaling s(t). One could choose the time scaling to minimize
energy consumed while meeting a time constraint, or to prevent spilling a glass
of water the robot is carrying. One of the most useful time scalings, however,
is the one that minimizes the time of motion along the path, subject to the
robot’s actuator limits. Such time-optimal trajectories maximize the robot’s
productivity.

While the trapezoidal time scalings of Section 9.2.2.2 can yield time-optimal
trajectories, this is only under the assumption that the maximum acceleration
a and maximum coasting velocity v are constant. For most robots, because of
state-dependent joint actuator limits and the state-dependent dynamics

M(0)6 +C(0,0)0 + g(6) =, (9.30)

the maximum available velocities and accelerations change along the path.

In this section we consider the problem of finding the fastest possible time
scaling s(t) that respects the robot’s actuator limits. We write the limits on the
ith actuator as

TG, 0) < 7 < T(9,0). (9.31)

The available actuator torque is typically a function of the state of the actuator.
For example, for a given maximum voltage of a DC motor, the maximum torque
available from the motor drops linearly with the motor’s speed.
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Before proceeding, we note that the Coriolis terms in Equation (9.30) can
be written equivalently as

C(9,0)0 = 67T (9)8,

where I'(0) is the three-dimensional tensor of Christoffel symbols constructed
of partial derivatives of components of the inertia matrix M () with respect to
¢. This form more clearly shows the Coriolis terms’ quadratic dependence on
velocities. Now beginning with Equation (9.30), replacing 6 by (df/ds)s and 6
by (df/ds)s + (d?6/ds?)s?, and rearranging, we get

2 T
<M(9(s))3i> i+ <M(9(s));lsz + (3?) F(@(s))ji) 249(0(s)) =T, (9.32)
_ 9(s)

m(s) (s)
expressed more compactly as the vector equation

m(s)s + c(s)$* +g(s) =T, (9.33)
where m(s) is the effective inertia of the robot confined to the path 6(s), c(s)$?
are the quadratic velocity terms, and g(s) is the gravitational torque.

Similarly, the actuation constraints (9.31) can be expressed as a function of
s:
TN (5, 8) < 1 < TX(s, 8). (9.34)

K2

Plugging in the components of Equation (9.33), we get
T (5,8) < my(s)5 4 ci(5)82 + gi(s) < T¥(s, §). (9.35)

Let L;(s,$) and U;(s, $) be the minimum and maximum accelerations § sat-
isfying the ith component of Equation (9.35). Depending on the sign of m;(s),
we have three possibilities:

Fmi(s) >0 Li(s) = 8:8) = ()5 — 9(5)

m;(s)
ThaX (5 §) — ¢(s5)§% — g(s
0= T8yt
if mi(s) <0: Li(s) = Tirnax(s"é)mjij)‘? —9() (9.36)
U;i(s) = M (s, 8) ;LZC(((;)S —9(s)

if mi(s) =0: zero-inertia point, discussed in Section 9.4.3
Defining

L(s,$) = max L;(s, ) and U(s,$) = minU,(s, $),
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time scaling $(s)

/
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Figure 9.9: A time scaling in the (s, $) phase plane is a curve with § > 0 at all
times connecting the initial path position and velocity (0,0) to the final position
and velocity (1,0).

the actuator limits (9.35) can be written as the state-dependent time-scaling
constraints
L(s,5) <3< Uf(s,$). (9.37)

The time-optimal time-scaling problem can now be stated:

Given a path 0(s), s € [0,1], an initial state (so,$0) = (0,0), and a final state
(sr,$¢) = (1,0), find @ monotonically increasing twice-differentiable time scaling

5:[0,T] — [0,1] that
(i) satisfies s(0) = $(0) = $(T) =0 and s(T) =1, and

(ii) minimizes the total travel time T along the path while respecting the actu-
ator constraints (9.37).

The problem formulation is easily generalized to the case of nonzero initial
and final velocity along the path, $(0) > 0 and $(T") > 0.

9.4.1 The (s,5) Phase Plane

The problem is easily visualized in the (s, $) phase plane of the path-constrained
robot, with s running from 0 to 1 on a horizontal axis and $ on a vertical
axis. Since s(¢) is monotonically increasing, $(¢) > 0 for all times ¢ and for all
s € [0,1]. A time scaling of the path is any curve in the phase plane that moves
monotonically to the right from (0,0) to (1,0) (Figure 9.9). Not all such curves
satisfy the acceleration constraints (9.37), however.

To see the effect of the acceleration constraints, at each (s, $) in the phase
plane, we can plot the limits L(s,$) < § < U(s, $) as a cone, as illustrated in
Figure 9.10(a). If L(s, $) > U(s, $), the cone disappears—there are no actuator
commands that can keep the robot on the path at this state. These inadmissible
states are indicated in grey in Figure 9.10(a). For any s, typically there is a
single limit velocity $;m(s) above which all velocities are inadmissible. The
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Figure 9.10: (a) Acceleration-limited motion cones at four different states. The
upper ray of the cone is the sum of U(s, $) plotted in the vertical direction
(change in velocity) and $ plotted in the horizontal direction (change in posi-
tion). The lower ray of the cone is constructed from L(s, $) and $. Points in
grey, bounded by the velocity limit curve, have L(s, s) > U(s, §)—the state is
inadmissible. On the velocity limit curve, the cone is reduced to a single tangent
vector. (b) The proposed time scaling is infeasible because the tangent to the
curve is outside the motion cone at the state indicated.

function $1im, (s) is called the welocity limit curve. On the velocity limit curve,
L(s,5) = U(s, $), and the cone reduces to a single vector.

For a time scaling to satisfy the acceleration constraints, the tangent of the
time-scaling curve must lie inside the feasible cone at all points on the curve.
This shows that the time scaling in Figure 9.10(b) is infeasible; it demands more
deceleration than the actuators can provide at the state indicated.

For a minimum-time motion, the “speed” § must be as high as possible
at every s while still satisfying the acceleration constraints and the endpoint
constraints. To see this, consider that the total time of motion T is given by

T
T / 1 dt. (9.38)
0

Making the substitution ds/ds = 1, and changing the limits of integration from
0 to T' (time) to 0 to 1 (s), we get

t T T 1
ds dt
T = 1 = —_— = —_— = ._1 . .
/0 dt /0 o dt /0 o ds /0 $7(s) ds (9.39)

Thus for time to be minimized, $~1(s) must be as small as possible, and therefore
5(s) must be as large as possible, at all s, while still satisfying the acceleration
constraints (9.37) and the boundary constraints.

This implies that the time scaling must always operate at the limit U(s, §) or
L(s, $), and our only choice is when to switch between these limits. A common
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Figure 9.11: (a) A time-optimal bang-bang time scaling integrates U (s, $) from
(0,0) and switches to L(s, $) at a switching point s*. Also shown is a non-
optimal time scaling with a tangent inside a motion cone. (b) Sometimes the
velocity limit curve prevents a single-switch solution.

solution is a bang-bang trajectory: maximum acceleration U(s, $) followed by
a switch to maximum deceleration L(s, $). (This is similar to the trapezoidal
motion profile that never reaches the coasting velocity v in Section 9.2.2.2.)
In this case, the time scaling is calculated by numerically integrating U(s, $)
forward in s from (0, 0), integrating L(s, §) backward in s from (1,0), and finding
the intersection of these curves (Figure 9.11(a)). The switch between maximum
acceleration and maximum deceleration occurs at the intersection.

In some cases, however, the velocity limit curve prevents a single-switch
solution (Figure 9.11(b)). These cases require an algorithm to find multiple
switching points.

9.4.2 The Time-Scaling Algorithm

Finding the optimal time scaling is reduced to finding the switches between
maximum acceleration U(s, $) and maximum deceleration L(s, $), maximizing
the “height” of the curve in the (s, $) phase plane.

Time-scaling algorithm.

1. Initialize an empty list of switches S = {} and a switch counter i = 0. Set
(si,8:) = (0,0).

2. Integrate the equation § = L(s, §) backward in time from (1,0) until L(s, $) >
U (s, $) (the velocity limit curve is penetrated) or s = 0. Call this phase plane
curve F.

3. Integrate the equation § = U(s, $) forward in time from (s;, $;) until it crosses
F or until U(s, $) < L(s, $) (the velocity limit curve is penetrated). Call this
curve A;. If A; crosses F', then increment 4, set (s;, $;) to the (s, $) value at
which the crossing occurs, and append s; to the list of switches S. This is a
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switch from maximum acceleration to maximum deceleration. The problem
is solved and S is the set of switches expressed in the path parameter. If
instead the velocity limit curve is penetrated, let (Sjim, $1im) be the point of
penetration and proceed to the next step.

4. Perform a binary search on the velocity in the range [0, $;im] to find the
velocity §' such that the curve integrating § = L(s, $) forward from (8, $')
touches the velocity limit curve without penetrating it. Set Snigh = $1im and
élow =0.

(a) Set the test velocity halfway between Siow and Snigh, Stest = (Shigh +
Slow)/2. The test point is (Siim, Stest)-

(b) If the curve from the test point penetrates the velocity limit curve, set
Shigh equal to Sese. If instead the curve from the test point hits s = 0,
set Siow equal to Stest. Return to step 4a.

Continue the binary search until a specified tolerance. Let (Stan, $tan) equal
the point where the resulting curve just touches the velocity limit curve
tangentially. The motion cone at this point is reduced to a single tangent
vector (L(s,s) = U(s, $)), tangent to the velocity limit curve.

5. Integrate § = L(s, $) backwards from (Stan, $tan) until it intersects A;. Incre-
ment i, set (s;,$;) to the (s, $) value at the intersection, and label as A; the
curve segment from (s;, ;) t0 (Stan, Stan). Append s; to the list of switches
S. This is a switch from maximum acceleration to maximum deceleration.

6. Increment i and set (S;, ;) t0 (Stan, Stan). Append s; to the list of switches
S. This is a switch from maximum deceleration to maximum acceleration.
Go to step 3.

The algorithm is illustrated in Figure 9.12.

9.4.3 Assumptions and Caveats

The description above covers the major points of the optimal time-scaling algo-
rithm. A few assumptions were glossed over, however; they are made explicit
below.

e Static posture maintenance. The algorithm, as described, assumes that the
robot can maintain its configuration against gravity at any state (s, $ = 0).
This ensures the existence of valid time scalings, namely, time scalings
that move the robot along the path arbirarily slowly. For some robots
and paths, this assumption may be violated due to weak actuators. For
example, some paths may require momentum to carry motion through
configurations the robot cannot maintain statically. The algorithm can be
modified to handle cases where this assumption is violated.
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Figure 9.12: The time-scaling algorithm. (Step 2) Integrating § = L(s, $) back-
ward from (1,0) until the velocity limit curve is reached. (Step 3) Integrating
§ =U(s, $) forward from (0,0) to the intersection (Siim, S1im) With the velocity
limit curve. (Step 4) Binary search to find (Sjim,$’) from which § = L(s, $),
integrated forward from (Sjim, '), touches the velocity limit curve tangentially.
(Step 5) Integrating backward along L(s,$) from (Stan, Stan) to find the first
switch from acceleration to deceleration. (Step 6) The second switch, from de-
celeration to acceleration, is at (sg2, $2) = (Stan, Stan). (Step 3) Integrating for-
ward along U(s, $) from (s, $2) results in intersection with F' at (ss, §3), where
a switch occurs from acceleration to deceleration. The optimal time scaling
consists of switches at & = {s1, s2, s3}.
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e Inadmissible states. The algorithm assumes that at every s there is a
unique velocity limit $;,(s) > 0 such that all velocities § < $jm(s) are
admissible and all velocities § > $i, () are inadmissible. For some models
of actuator dynamics or friction, this assumption may be violated—there
may be isolated “islands” of inadmissible states. The algorithm can be
modified to handle this case.

e Zero-inertia points. The algorithm assumes no zero-inertia points (Equa-
tion (9.36)). If m;(s) = 0 in (9.36), then the torque provided by actuator
1 has no dependence on the acceleration 3, and the ¢th actuator constraint
in (9.35) directly defines a welocity constraint on $. At a point s with
one or more zero components in m(s), the velocity limit curve is defined
by the minimum of (a) the velocity constraints defined by the zero-inertia
components and (b) the $ values satisfying L;(s, ) = U;(s, $) for the other
components. For the algorithm as described, singular arcs of zero-inertia
points on the velocity limit curve may lead to rapid switching between
§=1U(s,8) and § = L(s, $). In such cases, choosing an acceleration tan-
gent to the velocity limit curve, and between U (s, $) and L(s, $), preserves
time optimality without chattering controls.

It is worth noting that the time-scaling algorithm generates trajectories with
discontinuous acceleration, which could lead to vibrations. Beyond this, inaccu-
racies in models of robot inertial properties and friction make direct application
of the time-scaling algorithm impractical. Finally, since a minimum-time time
scaling always saturates at least one actuator, if the robot gets off the planned
trajectory, there may be no torque left for corrective action.

Despite these drawbacks, the time-scaling algorithm provides a deep under-
standing of the true maximum capabilities of a robot following a path.

9.5 Summary

o A trajectory 6(t), 0 : [0,T] — O, can be written as (s(t)), the composition
of a path 6(s), 6 : [0,1] — O, and a time scaling s(t), s : [0,T] — [0, 1].

e A straight-line path in joint space can be written 8(s) = (1—5)0start +S0end,
s € [0,1]. A similar form holds for straight-line paths in a minimum
set of task space coordinates. A “straight-line” path in SFE(3), where
X = (R,p), can be decoupled to a Cartesian path and a rotation path:

p(S) = (1 - S)pstart + SPend (940)
R(s) = Rstart exp(log(Rg;artRend)s). (9.41)

e A cubic polynomial s(t) = ag+at-+ast?+ast® can be used to time-scale a
point-to-point motion with zero initial and final velocity. The acceleration
undergoes a step change (infinite jerk) at ¢ = 0 and ¢ = T, however. An
impulse in jerk can cause vibration of the robot.
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e A quintic polynomial s(t) = ag+ a1t +ast? +ast® +ast* +ast® can be used
to time-scale a point-to-point motion with zero initial and final velocities
and accelerations. Jerk is finite at t =0 and t =T

e The trapezoidal motion profile is a popular time scaling in point-to-point
control, particularly control of a single motor. The motion consists of
three phases: constant acceleration, constant velocity, and constant decel-
eration, resulting in a trapezoid in $(¢). Trapezoidal motion involves step
changes in acceleration.

e The S-curve motion profile is also popular in point-to-point control of a
motor. It consists of seven phases: (1) constant positive jerk, (2) constant
acceleration, (3) constant negative jerk, (4) constant velocity, (5) constant
negative jerk, (6) constant deceleration, and (7) constant positive jerk.

e Given a set of via points including a start state, a goal state, and other
via states through which the robot’s motion must pass, as well as the
times T; these states should be reached, a series of cubic polynomial time
scalings can be used to generate a trajectory 6(t) interpolating the via
points. To prevent step changes in the acceleration at the via points, a
series of quintic polynomials can be used instead.

e Given a robot path 6(s), the dynamics of the robot, and limits on the
actuator torques, the actuator constraints can be expressed in terms of
(s, 5) as the vector inequalities

L(s,8)§ <5< U(s,8).

The time-optimal time scaling is the s(t) such that the “height” of the
curve in the (s, $) phase plane is maximized while satisfying s(0) = $(0) =
$(T) =0, s(T) = 1, and the actuator constraints. The optimal solution al-

ways operates at maximum acceleration U (s, $) or maximum deceleration
L(s, $).
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Figure 9.13: An elliptical path.

0.6 Exercises

1. Consider an elliptical path in the (z,y) plane. The path starts at (0,0)
and proceeds clockwise to (2,1), (4,0), (2,—1), and back to (0,0) (Figure 9.13).
Write the path as a function of s € [0, 1].

2. A cylindrical path in X = (z,y,2) is given by z = cos2ws, y = sin2rws,
z=2s, s €0,1], and its time scaling is s(t) = 1t + £¢,¢ € [0,2]. Write X and

3. Plot §(t) as a function of ¢t € [0, 7] for a point-to-point cubic time scaling.

4. Consider a straight-line path 0(s) = (1 — 8)0start + S0ena, s € [0,1] from
Ostart = (0,0) to Bena = (m,7/3). The feasible joint velocities are |91|, |t92| <
2 rad/s and the feasible joint accelerations are |6, |, |f2| < 0.5 rad/s. Find the
fastest motion time 7" using a cubic time scaling that satisfies the joint velocity
and acceleration limits.

5. Find the fifth-order polynomial time scaling that satisfies s(7') = 1 and
5(0) = $(0) = 3(0) = 3(T) = 8(T) = 0.

6. As a function of the total time of motion T', find the times at which the accel-
eration § of the fifth-order polynomial point-to-point time scaling is maximum
and minimum.

7. If you want to use a polynomial time scaling for point-to-point motion
with zero initial and final velocity, acceleration, and jerk, what would be the
minimum order of the polynomial?

8. Prove that the trapezoidal time scaling, using the maximum allowable ac-
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celeration a and velocity v, minimizes the time of motion 7.
9. Plot by hand the acceleration profile §(¢) for a trapezoidal time scaling.

10. If v and a are specified for a trapezoidal time scaling, prove that v?/a < 1
is a necessary condition for the robot to reach the maximum velocity v during
the path.

11. If v and T are specified for a trapezoidal time scaling, prove that vT > 1
is a necessary condition for the motion to be able to complete in time T". Prove
that vT < 2 is a necessary condition for a three-stage trapezoidal motion.

12. If a and T are specified for a trapezoidal time scaling, prove that a7? > 4
is a necessary condition to ensure that the motion completes in time.

13. Consider the case where the maximum velocity v is never reached in a
trapezoidal time scaling. The motion becomes a bang-bang motion: constant
acceleration a for time 7'/2 followed by constant deceleration —a for time 7/2.
Write the position s(t), velocity $(t), and acceleration §(t) for both phases,
analogous to Equations (9.16)-(9.24).

14. Plot by hand the acceleration profile §(¢) for an S-curve time scaling.

15. A seven-stage S-curve is fully specified by the time ¢; (duration of constant
positive or negative jerk), the time ¢, (duration of constant positive or negative
acceleration), the time ¢, (duration of constant velocity), the total time T, the
jerk J, the acceleration a, and the velocity v. Of these seven quantities, how
many can be specified independently? You may assume that any inequality
constraints needed for a seven-stage profile are satisfied.

16. A nominal S-curve has seven stages, but it can have fewer if certain inequal-
ity constraints are not satisfied. Indicate which cases are possible with fewer
than seven stages. By hand, approximately draw the $(¢) velocity profiles for
these cases.

17. If the S-curve achieves all seven stages and uses jerk J, acceleration a, and
velocity v, what is the constant velocity coasting time ¢, in terms of v, a, J,
and the total motion time 77

18. Write your own via point cubic polynomial interpolation trajectory gener-
ator program for a 2-DOF robot. A new position and velocity specification is
required for each joint at 1000 Hz. The user specifies a sequence of via point
positions, velocities, and times, and the program generates an array consisting
of the joint angles and velocities at every 1 ms from time ¢t = 0 to time ¢t = T,
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Figure 9.14: A, B, and C are candidate integral curves, originating from the
dots indicated, while a, b, and ¢ are candidate motion cones at § = 0. Two of
the integral curves and two of the motion cones are incorrect.

the total duration of the movement. For a test case with at least three via
points (start and end at rest, and at least one more via), plot (a) the path in
the joint angle space (similar to Figure 9.6) and (b) the position and velocity of
each joint as a function of time (similar to Figure 9.7).

19. Via points with specified positions, velocities, and accelerations can be
interpolated using fifth-order polynomials of time. For a fifth-order polynomial
segment between via points j and j+1, of duration AT}, with 35, 541, Bj, Bj#—h
B]v and B]‘Jr] specified, solve for the coefficients of the fifth-order polynomial
(similar to Equations (9.26)—(9.29)). A symbolic math solver will simplify the
problem.

20. By hand or by computer, plot a trapezoidal motion profile in the (s, $)
plane.

21. Figure 9.14 shows three candidate motion curves in the (s, $) plane (A, B,
and C) and three candidate motion cones at $ = 0 (a, b, and ¢). Two of the
three curves and two of the three motion cones cannot be correct for any robot
dynamics. Indicate which are incorrect and explain your reasoning. Explain
why the others are possibilities.

22. Under the assumptions of Section 9.4.3, explain why the time-scaling al-
gorithm of Section 9.4.2 is correct. In particular, (a) explain why in the binary
search of Step 4, the curve integrated forward from (Syim, $test) must either hit
(or run tangent to) the velocity limit curve or hit the § = 0 axis (and does not
hit the curve F, for example); (b) explain why the final time scaling can only
touch the velocity limit curve tangentially; and (c) explain why the acceleration
switches from minimum to maximum at points where the time scaling touches
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the velocity limit curve.

23. Explain how the time-scaling algorithm should be modified, if at all, to
handle the case where the initial and final velocity, at s = 0 and s = 1, are
nonzero.

24. Explain how the time-scaling algorithm should be modified if the robot’s
actuators are too weak to hold it statically at some configurations of the path
(static posture maintenance assumption is violated), but the assumptions on
inadmissible states and zero-inertia points are satisfied. Valid time scalings
may no longer exist. Under what condition(s) should the algorithm terminate
and indicate that no valid time scaling exists? (Under the assumptions of Sec-
tion 9.4.3, the original algorithm always finds a solution, and therefore does not
check for failure cases.) What do the motion cones look like at states (s, $ = 0)
where the robot cannot hold itself statically?

25. Create a computer program that plots the motion cones in the (s, $) plane
for a 2R robot in a horizontal plane. The path is a straight line in joint space
from (61,02) = (0,0) to (w/2,7/2). First derive the dynamics of the arm, then
rewrite the dynamics in terms of s,$,§ instead of 9,9,@. The actuators can
provide torques in the range —7; jimic — béi < 7 < Tilimit — béi, where b > 0
indicates the velocity dependence of the torque. The cones should be drawn at
a grid of points in (s,$). To keep the figure manageable, normalize each cone

ray to the same length.
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Chapter 10

Motion Planning

Motion planning is the problem of finding a robot motion from a start state
to a goal state while avoiding obstacles in the environment, joint limits, and
torque limits. Motion planning is one of the most active subfields of robotics,
and it is the subject of entire books. The purpose of this chapter is to provide a
practical overview of a few common techniques, using robot arms and wheeled
mobile robots as the primary example systems (Figure 10.1).

The chapter begins with a brief overview of motion planning, followed by
foundational material including configuration space obstacles, and concludes
with summaries of several different planning methods.

10.1 Overview of Motion Planning

A key concept in motion planning is configuration space, or C-space for short.
Every point in the C-space C corresponds to a unique configuration ¢ of the
robot, and every configuration of the robot can be represented as a point in
C-space. For example, the configuration of a robot arm with n joints can be
represented as a list of n joint angles, ¢ = (61,...,0,). The free C-space Ctreo

Figure 10.1: (Left) A robot arm executing a motion plan. (Right) A car-like
mobile robot parallel parking.
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consists of the configurations where the robot does not penetrate any obstacle
nor violate a joint limit.

In this chapter, unless otherwise stated, we assume that ¢ is an n-vector and
that C C R™. With some generalization, however, the concepts of this chapter
apply to non-Euclidean C-spaces like C = SE(3) (n = 6).

The control inputs available to drive the robot are written as an m-vector
u € U C R™, where m = n for a typical robot arm. If the robot has second-
order dynamics, like a robot arm, and the control inputs are forces (equivalently,
accelerations), the state of the robot is its configuration and velocity, x = (¢,v) €
X. For g € R™, typically we write v = ¢. If we can treat the control inputs as
velocities, the state x is simply the configuration g. The notation g(x) indicates
the configuration ¢ corresponding to the state x, and Xpee = {2 | ¢(2) € Cireo}-

The equations of motion of the robot are written

or, in integral form,
T
z(T) = z(0) +/O f(x(t),u(t))dt. (10.2)

10.1.1 Types of Motion Planning Problems

Given the definitions above, a fairly broad specification of the motion planning
problem is the following:

Given an initial state x(0) = Tsqre and a desired final state 4001, find a
time T and a set of controls u : [0,T] — U such that the motion (10.2) satisfies
z(T) = Tgoar and q(x(t)) € Cpree for all t € [0,T].

The goal state zg0a1 can be replaced by a set of acceptable states, Xgoal.

It is assumed that a feedback controller (Chapter 11) is available to ensure
that the planned motion z(t), t € [0,T], is followed closely. It is also assumed
that an accurate geometric model of the robot and environment is available to
evaluate Cgee during motion planning.

There are many variations of the basic problem; some are discussed below.

Path planning vs. motion planning. The path planning problem is a sub-
problem of the general motion planning problem. Path planning is the
purely geometric problem of finding a collision-free path ¢(s),s € [0, 1],
from a start configuration ¢(0) = ggtart t0 a goal configuration ¢(1) = ggoal,
without concern for dynamics, the duration of motion, or constraints on
the motion or control inputs. It is assumed that the path returned by the
path planner can be time scaled to create a feasible trajectory (Chapter 9).
This problem is sometimes called the piano mover’s problem, emphasizing
the focus on the geometry of cluttered spaces.



10.1. Overview of Motion Planning 251

Control inputs: m =n vs. m < n. If there are fewer control inputs m than
degrees of freedom n, the robot is incapable of following many paths, even
if they are collision-free. For example, a car has n = 3 (position and
orientation of the chassis in the plane) but m = 2 (forward/backward
motion and steering)—it cannot slide directly sideways into a parking
space.

Online vs. offline. A motion planning problem requiring an immediate result,
perhaps because obstacles appear, disappear, or move unpredictably, calls
for a fast, online planner. If the environment is static, an offline planner
may suffice.

Optimal vs. satisficing. In addition to reaching the goal state, we might want
the motion plan to minimize (or approximately minimize) a cost J, e.g.,

J:/O L(z(t), u(t))dt.

For example, minimizing with L = 1 yields a time-optimal motion while
minimizing with L = u” (r)u(r) yields a “minimum-effort” motion.

Exact vs. approximate. We may be satisfied with a final state x(7T) that is
sufficiently close to Zgoal, €.8., ||2(T) — Zgoal|| < €.

With or without obstacles. The motion planning problem can be challeng-
ing even in the absence of obstacles, particularly if m < n or optimality is
desired.

10.1.2 Properties of Motion Planners

Planners must conform to the properties of the motion planning problem as
outlined above. In addition, planners can be distinguished by the following
properties:

Multiple-query vs. single-query planning. If the environment is unchang-
ing and the robot will be asked to solve a number of motion planning
problems in the environment, it may be worth spending the time to build
a data structure that accurately represents Cgee. This data structure can
then be searched to efficiently solve multiple planning queries. Single-
query planners solve each new problem from scratch.

“Anytime” planning. An anytime planner is one that continues to look for
better solutions after a first solution is found. The planner can be stopped
at any time, for example when a specified time limit has passed, and the
best solution is returned.

Completeness. A motion planner is said to be complete if it is guaranteed to
find a solution in finite time if one exists and to report failure if not. A
weaker notion is resolution completeness. A planner is resolution complete



252

Motion Planning

if it is guaranteed to find a solution if one exists at the resolution of a
discretized representation of the problem, such as the resolution of a grid
representation of Cgee. Finally, a planner is probabilistically complete if
the probability of finding a solution, if one exists, tends to 1 as planning
time goes to infinity.

Computational complexity. The computational complexity of a planner refers

to characterizations of the amount of time the planner takes to run or the
amount of memory it requires. These are measured in terms of the de-
scription of the planning problem, such as the dimension of the C-space
or the number of vertices in the representation of the robot and obsta-
cles. For example, the time for a planner to run may be exponential in
n, the dimension of the C-space. The computational complexity may be
expressed in terms of the average case or the worst case. Some planning
algorithms lend themselves easily to computational complexity analysis,
while others do not.

10.1.3 Motion Planning Methods

There is no single planner applicable to all motion planning problems. Below
is a broad overview of some of the many motion planners available. Details are
left to the sections indicated.

Complete methods (Section 10.3). These methods focus on exact repre-

sentations of the geometry or topology of Cgee, ensuring completeness.
For all but simple or low-degree-of-freedom problems, these representa-
tions are mathematically or computationally prohibitive to derive.

Grid methods (Section 10.4). These methods discretize Cgee into a grid and

search the grid for a motion from gsa,¢ to a grid point in the goal region.
Modifications of the approach may discretize the state space or control
space, or use multi-scale grids to refine the representation of Cg.ce near
obstacles. These methods are relatively easy to implement and can return
optimal solutions, but for a fixed resolution, the memory required to store
the grid, and the time to search it, grows exponentially with the number
of dimensions of the space. This limits the approach to low-dimensional
problems.

Sampling methods (Section 10.5). A generic sampling method relies on a

random or deterministic function to choose a sample from the C-space
or state space; a function to evaluate whether the sample is in Xpee; a
function to determine the “closest” previous free-space sample; and a lo-
cal planner to try to connect to, or move toward, the new sample. This
process builds up a graph or tree representing feasible motions of the
robot. Sampling methods are easy to implement, tend to be probabilisti-
cally complete, and can even solve high-degree-of-freedom motion planning
problems. The solutions tend to be satisficing, not optimal, and it can be
difficult to characterize the computational complexity.
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Virtual potential fields (Section 10.6). Virtual potential fields create forces
on the robot that pull it toward the goal and push it away from obstacles.
The approach is relatively easy to implement, even for high-degree-of-
freedom systems, and fast to evaluate, often allowing online implementa-
tion. The drawback is local minima in the potential function: the robot
may get stuck in configurations where the attractive and repulsive forces
cancel, but the robot is not at the goal state.

Nonlinear optimization (Section 10.7). The motion planning problem can
be converted to a nonlinear optimization problem by representing the path
or controls by a finite number of design parameters, such as the coefficients
of a polynomial or a Fourier series. The problem is to solve for the design
parameters that minimize a cost function while satisfying constraints on
the controls, obstacles, and goal. While these methods can produce near-
optimal solutions, they require an initial guess at the solution. Because
the objective function or feasible solution space are generally not convex,
the optimization process can get stuck far away from a solution, let alone
an optimal solution.

Smoothing (Section 10.8). Often the motions found by a planner are jerky.
A smoothing algorithm can be run on the result of the motion planner to
improve the smoothness.

The major trend in recent years has been toward sampling methods, which
are easy to implement and can handle high-dimensional problems.

10.2 Foundations

Before discussing motion planning algorithms, we establish concepts used in
most of them: configuration space obstacles, collision detection, and graphs.

10.2.1 Configuration Space Obstacles

Determining whether a robot at a configuration ¢ is in collision with a known
environment generally requires a complex operation involving a CAD model of
the environment and robot. There are a number of free and commercial software
packages that can perform this operation, and we will not delve into them here.
For our purposes, it is enough to know that the workspace obstacles partition
the configuration space C into two sets, the free space Cgee and the obstacle
space Cobs, Where C = Ctroo |JCobs. Joint limits are treated as obstacles in the
configuration space.

With the concepts of Cgee and Copns, the path planning problem becomes
the problem of finding a path for a point robot among the obstacles Cops. If
the obstacles break Cp.e into disconnected connected components, and ggsgary and
@goa1 do not lie in the same connected component, then there is no collision-free
path.
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Figure 10.2: (Left) The joint angles of a 2R robot arm. (Middle) The arm
navigating among obstacles. (Right) The same motion in C-space.

For technical reasons, a configuration that has the robot just barely touching
an obstacle, without penetrating, is typically considered part of the C-space
obstacle (or C-obstacle for short). In other words, C-obstacles are closed (they
contain their boundaries), while Cpee is open: from any point in Cpee, it is
possible to move in any direction, perhaps only infinitesimally, while remaining
in Cfree'

The explicit mathematical representation of a C-obstacle can be exceedingly
complex, and for that reason C-obstacles are rarely represented exactly. Despite
this, the concept of C-obstacles is very important for understanding motion
planning algorithms. The ideas are best illustrated by examples.

10.2.1.1 A 2R Planar Arm

Figure 10.2 shows a 2R planar robot arm, with configuration ¢ = (61, 63), among
obstacles A, B, and C in the workspace. The C-space of the robot is represented
by a portion of the plane with 0 < 6; < 27, 0 < 03 < 27. In fact, however, the
topology of the C-space is a torus (or doughnut), since the edge of the square
at 61 = 27 is connected to the edge 6; = 0; similarly, 85 = 27 is connected
to @3 = 0. The square region of R? is obtained by slicing the surface of the
doughnut twice, at 8; = 0 and 6> = 0, and laying it flat on the plane.

The C-space in Figure 10.2 shows the workspace obstacles A, B, and C
represented as C-obstacles. Any configuration inside a C-obstacle corresponds
to penetration of the obstacle by the robot arm in the workspace. A free path for
the robot arm from one configuration to another is shown in both the workspace
and C-space. The path and obstacles illustrate the topology of the C-space.
Note that the obstacles break Cgee into three connected components.

Although the C-space is drawn as a subset of R2, it is correctly described as
St x S, where S* is the k-dimensional “sphere” embedded in R**!. Thus S*
is a circle on a plane, representing a single angle, and S? is a sphere in 3-space
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Figure 10.3: (a) A circular mobile robot (white) and a workspace obstacle (grey).
The configuration of the robot is represented by (z,y), the center of the robot.
(b) In the C-space, the obstacle is “grown” by the radius of the robot and the
robot is treated as a point. Any (z,y) configuration outside the dark boundary
is collision-free.

(e.g., the surface of the Earth). A robot with n revolute joints with no joint
limits has a C-space S! x ... x S (n times), which is written more compactly
as T™, the n-dimensional torus in R"*!. Note that S' x S' = T? # S?; the
topology of a 2-torus and a 2-sphere are different.

10.2.1.2 A Circular Planar Mobile Robot

Figure 10.3 shows a top view of a circular mobile robot whose configuration is
given by the (x,y) € R? location of its center. The robot translates in a plane
with a single obstacle. The corresponding C-obstacle is obtained by “growing”
the workspace obstacle by the radius of the mobile robot. Any point outside
this C-obstacle represents a free configuration of the robot. Figure 10.4 shows
the workspace and C-space for two obstacles, indicating that the mobile robot
cannot pass between the two obstacles.

10.2.1.3 A Polygonal Planar Mobile Robot

Figure 10.5 shows the C-obstacle for a polygonal mobile robot translating in
the presence of a polygonal obstacle. The C-obstacle is obtained by sliding the
robot along the boundary of the of the obstacle and tracing the position of the
robot’s reference point.

10.2.1.4 A Polygonal Planar Mobile Robot That Rotates

Figure 10.6 illustrates the C-obstacle for the workspace obstacle and triangular
mobile robot of Figure 10.5 if the robot is now allowed to rotate. The C-space
is now three-dimensional, given by (z,y,0) € R? x S*. The three-dimensional
C-obstacle is the union of two-dimensional C-obstacle slices at angles 6 € [0, 27).
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Figure 10.4: The grown C-space obstacles corresponding to two workspace ob-
stacles and a circular mobile robot. The overlapping boundaries mean that the
robot cannot move between the two obstacles.
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Figure 10.5: (a) The configuration of a triangular mobile robot, which can
translate but not rotate, is represented by the (z,y) location of a reference
point. Also shown is a workspace obstacle in grey. (b) The corresponding
C-space obstacle is obtained by sliding the robot around the boundary of the
obstacle and tracing the position of the reference point.

Even for this relatively low-dimensional C-space, an exact representation of the
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Figure 10.6: (Top) A triangular mobile robot that can rotate and translate,
represented by the configuration (x,y,0). (Left) The C-space obstacle from
Figure 10.5(b) when the robot is restricted to § = 0. (Right) The full 3-D
C-space obstacle shown in slices at 10° increments.

C-obstacle is quite complex. For this reason, C-obstacles are rarely described
exactly.

10.2.2 Distance to Obstacles and Collision Detection

Given a C-obstacle B and a configuration ¢, let d(g, B) be the distance between
the robot and the obstacle, where

d(q,B) >0 no contact with the obstacle
d(q,B) =0 contact
d(q,B) <0 penetration.

The distance could be defined as the Euclidean distance between the two closest
points of the robot and the obstacle.

A distance-measurement algorithm is one that determines d(q, B) for a given
B. A collision-detection routine determines whether d(g,B;) < 0 for any C-
obstacle B;. A collision-detection routine returns a binary result, and may or
may not utilize a distance-measurement algorithm at its core.

One popular distance-measurement algorithm is called the GJK (Gilbert-
Johnson-Keerthi) algorithm, which efficiently computes the distance between
two convex bodies, possibly represented by triangular meshes. Any robot or
obstacle can be treated as the union of multiple convex bodies. Extensions of
this algorithm are used in many distance-measurement algorithms and collision-
detection routines for robotics, graphics, and game physics engines.
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Figure 10.7: A lamp represented by spheres. The approximation improves as
the number of spheres used to represent the lamp increases.

An even simpler approach is to approximate the robot and obstacles as
unions of overlapping spheres. Approximations must always be conservative—
the approximation must cover all points of the object—so that if a collision-
detection routine indicates a free configuration g, we are guaranteed that the
actual geometry is collision-free. As the number of spheres in the representation
of the robot and obstacles increases, the closer the approximations come to the
actual geometry. An example is shown in Figure 10.7.

Given a robot at g represented by k spheres of radius R; centered at 7;(q),
i =1...k, and an obstacle B represented by ¢ spheres of radius B; centered at
bj, j = 1...¢, the distance between the robot and the obstacle can be calculated
as

d(g, B) = min [ri(q) — bj|| — Bi — B;.

Apart from determining whether a particular configuration of the robot is
in collision, another useful operation is determining whether the robot collides
during a particular motion segment. While exact solutions have been developed
for particular object geometries and motion types, the general approach is to
sample the path at finely spaced points and to “grow” the robot to ensure that
if two consecutive configurations are collision-free for the grown robot, then
the swept volume of the actual robot between the two configurations is also
collision-free.

10.2.3 Graphs and Trees

Many motion planners explicitly or implicitly represent the C-space or state
space as a graph. A graph consists of a collection of nodes N and a collection
of edges £, where each edge e connects two nodes. In motion planning, a node
typically represents a configuration or state, while an edge between nodes n; and
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Figure 10.8: (a) A weighted digraph. (b) A weighted undirected graph. (c) A
tree. Leaves are shaded grey.

no indicates the ability to move from n; to ny without penetrating an obstacle
or violating other constraints.

A graph can be either directed or undirected. In an undirected graph, each
edge is bidirectional: if the robot can travel from m; to mo, then it can also
travel from no to ny. In a directed graph, or digraph for short, each edge allows
travel in only one direction.

Graphs can also be weighted or unweighted. In a weighted graph, each edge
has its own positive cost associated with traversing it. In an unweighted graph,
each edge has the same cost (e.g., 1). Thus the most general type of graph we
consider is a weighted digraph.

A tree is a digraph in which (1) there are no cycles and (2) each node has at
most one parent node (i.e., at most one edge leading to the node). A tree has
one root node with no parents and a number of leaf nodes with no children.

A digraph, undirected graph, and tree are illustrated in Figure 10.8.

Given N nodes, any graph can be represented by a matrix A € RV*¥ | where
element a;; of the matrix represents the cost of the edge from node i to node j
(a zero indicates no edge between the nodes). A tree can be represented more
compactly as a list of nodes, each with a link (and perhaps a cost) to at most
one parent and a list of links (and costs) to its children.

10.3 Complete Path Planners

Complete path planners rely on an exact representation of Cgee. These tech-
niques tend to be mathematically and algorithmically sophisticated, and im-
practical for many real systems, so we do not delve into them in any detail.

One approach to complete path planning, which we will see in modified form
in Section 10.5, is based on representing the complex, high-dimensional space
Ctree by a one-dimensional roadmap R with the following properties:

(i) Reachability. From every point q € Cree, a free path to a point ¢’ € R can
be found trivially (e.g., a straight-line path).

(ii) Connectivity. For each connected component of Cpee, there is one con-
nected component of R.
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Figure 10.9: (a) The start and goal configurations for a square mobile robot
(reference point shown) in an environment with a triangular and a rectangular
obstacle. (b) The grown C-obstacles. (c) The visibility graph roadmap R of
Ciree- (d) The full graph consists of R plus nodes at gsgare and ggoar, along with
the links connecting these nodes to visible nodes of R. (e) Searching the graph
results in the shortest path in bold. (f) The robot traversing the path.

With such a roadmap, the planner can find a path between any two points in
the same connected component of Cgee by simply finding paths from ggtart to
a point ¢4+ € R, from a point qéoal € R t0 ¢goal, and from ¢l to qéoal on
the roadmap R. If a path can be found trivially between gstart and ggoal, the
roadmap may not even be used.

While constructing a roadmap of Cgee is complex in general, some problems
admit simple roadmaps. For example, consider a polygon translating among
polygonal obstacles in the plane. As we have seen in Figure 10.5, the C-obstacles
in this case are also polygons. A suitable roadmap is the weighted undirected
vistbility graph, with nodes at the vertices of the C-obstacles and edges between
nodes that can “see” each other (i.e., the line segment between the vertices
does not intersect an obstacle). The weight associated with each edge is the
Euclidean distance between the nodes.

Not only is this a suitable roadmap R, but it allows us to find a shortest
path between any two configurations in the same connected component of Cgee,
as the shortest path is guaranteed to either be a straight line from ggtart t0 ggoal,
or consist of a straight line from gspar, to a node ¢l € R, a straight line from
a node quoal € R 10 ggoal, and a path along the straight edges of R from ¢, to
goar (Figure 10.9). Note that the shortest path requires the robot to graze the
obstacles, so we implicitly treat Cee as closed (i.e., including its boundary).
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10.3.1 A* Search

As with many path planners, central to the visibility graph planner is a graph
search. A popular search algorithm is A* (pronounced “A star”), which ef-
ficiently finds a minimum-cost path on a graph when the cost of the path is
simply the sum of positive edge costs.

Given a graph described by a set of nodes N/ = {1,..., N}, where node
1 is the start node, and a set of edges £, A* makes use of the following data
structures:

e a sorted list OPEN of the nodes to be explored from, and a list CLOSED of
nodes that have already been explored from;

e an array past_cost[node] of the minimum cost found so far to reach
node node from the start node; and

e a search tree defined by an array parent [node], which contains a link for
each node to the node preceding it in the shortest path found so far to
node.

To initialize the search, the list OPEN is initialized to the start node 1, the cost to
reach the start node (past_cost[1]) is initialized as 0, and past_cost [nodel
for node € {2,..., N} is initialized as infinity (or a large number), indicating
that we currently have no idea of the cost to reach those nodes.

At each step of the algorithm, the first node in OPEN is removed from OPEN
and called current. The node current is also added to CLOSED. The first node
in OPEN is one that minimizes the total estimated cost of the best path to the
goal that passes through that node, and it is calculated as

est_total_cost[node] = past_cost[node] +
heuristic_cost_to_go(node)

where heuristic_cost_to_go(node) > 0 is an optimistic (underestimating)
estimate of the actual cost-to-go to the goal from node. For the visibility graph
example, an appropriate choice for the heuristic is the straight-line distance to
the goal, ignoring any obstacles.

Because OPEN is a sorted list according to the estimated total cost, inserting
a new node at the correct location in OPEN entails a small computational price.

If the node current is in the goal set, then the search is finished, and the
path is reconstructed from the parent links. If not, for each neighbor nbr of
current in the graph, which is not also in CLOSED, the tentative_past_cost
for nbr is calculated as past_cost[current] + cost[current,nbr]. If
tentative_past_cost < past_cost[nbr], then nbr can be reached less ex-
pensively than previously thought, so past_cost [nbr] is set to tentative_past_cost
and parent [nbr] is set to current. The node nbr is then added (or moved) in
OPEN according to its estimated total cost.

The algorithm proceeds by returning to pop off of OPEN the node with the
lowest estimated total cost. If OPEN is empty, then there is no solution.



262 Motion Planning

The A* algorithm is guaranteed to return a minimum-cost path, as nodes
are only checked for inclusion in the goal set when they have the minimum
total estimated cost of all nodes. If the node current is in the goal set, then
heuristic_cost_to_go(current) is zero, and since all edge costs are positive,
we know that any path found in the future must have a cost greater than
or equal to past_cost[current]. Therefore the path to current must be a
shortest path. (There may be other paths of the same cost.)

If the heuristic cost-to-go is calculated exactly, considering obstacles, then
A* will expand the minimum number of nodes necessary to solve the problem.
Of course, calculating the cost-to-go exactly is equivalent to solving the path
planning problem, so this is impractical. Instead, the heuristic cost-to-go should
be calculated quickly and should be as close as possible to the actual cost-to-
go to ensure that the algorithm runs efficiently. Using an optimistic cost-to-go
ensures an optimal solution.

A* is an example of the general class of best-first searches, which always
explore from the node currently deemed “best” by some measure. Not all types
of best-first searches are guaranteed to return a minimum-cost path, however.

The A* search algorithm is described in pseudocode in Algorithm 1.

Algorithm 1 A* search.

1: OPEN « {1}

2: past_cost[1] « 0, past_cost [node] + infinity for node € {2,...,N}

3: while OPEN is not empty do

4:  current < first node in OPEN, remove from OPEN

5:  add current to CLOSED

6:  if current is in the goal set then

7 return SUCCESS and the path to current

8 end if

9:  for each nbr of current not in CLOSED do

10: tentative_past_cost <— past_cost[current] + cost[current,nbr]

11: if tentative_past_cost < past_cost[nbr] then

12: past_cost [nbr] < tentative_past_cost

13: parent [nbr] < current

14: put (or move) nbr in sorted list OPEN according to
est_total_cost[nbr] < past_cost[nbr] +

heuristic_cost_to_go(nbr)
15: end if

16: end for
17: end while
18: return FAILURE

10.3.2 Other Search Methods

o Suboptimal A* search. If the heuristic cost-to-go is overestimated by mul-
tiplying the optimistic heuristic by a constant factor n > 1, A* search
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will be biased to explore from nodes closer to the goal rather than nodes
with a low past cost. This may cause a solution to be found more quickly,
but unlike the case of an optimistic cost-to-go heuristic, the solution will
not be guaranteed to be optimal. One possibility is to run A* with an
inflated cost-to-go to find an initial solution, then re-run the search with
progressively smaller values of 7 until the time allotted for the search has
expired or a solution is found with n = 1.

e Dijkstra’s method. If the heuristic cost-to-go is always estimated as zero,
then A* always explores from the OPEN node that has been reached with
minimum past cost. This variant is called Dijkstra’s algorithm, which
preceded A* historically. Dijkstra’s algorithm is also guaranteed to find a
minimum-cost path, but on many problems it runs slower than A* due to
the lack of a heuristic look-ahead function to help guide the search.

e Breadth-first search. If each edge in £ has the same cost, Dijkstra’s algo-
rithm reduces to breadth-first search. All nodes one edge away from the
start node are considered first, then all nodes two edges away, etc. This
also results in a minimum-cost path.

e Depth-first search. Depth-first search primarily applies to trees. The
search follows one path through the tree as far as it can go, until it reaches
a goal node or hits a leaf. If it hits a non-goal leaf, the search backtracks
up the tree to the most recent decision that has never been taken, then
follows a path down the tree again to a new leaf. The search terminates
when all leaves have been explored (failure) or a node in the goal set has
been reached. Depth-first search is rarely used in motion planning due to
the likelihood of finding long paths before shorter ones.

10.4 Grid Methods

A search like A* requires a discretization of the search space. The simplest
discretization of C-space is a grid. For example, if the configuration space is
n-dimensional and we desire k grid points along each dimension, the C-space is
represented by k™ grid points.

The A* algorithm can be used as a path planner for a C-space grid, with
the following minor modifications:

e The definition of a “neighbor” of a grid point must be chosen: is the robot
constrained to move in axis-aligned directions in configuration space, or
can it move in multiple dimensions simultaneously? For example, for a
two-dimensional C-space, neighbors could be 4-connected (on the cardi-
nal points of a compass: north, south, east, and west) or 8-connected
(diagonals allowed), as shown in Figure 10.10(a). If diagonal motions are
allowed, the cost to diagonal neighbors should be penalized appropriately.
For example, the cost to a N/S/E/W neighbor could be 1, while the cost
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Figure 10.10: (a) A 4-connected grid point and an 8-connected grid point for a
space n = 2. (b) Grid points spaced at unit intervals. The Euclidean distance
between the two points indicated is v/5 while the Manhattan distance is 3. (c) A
grid representation of the C-space and a minimum-length Manhattan-distance
path for the problem of Figure 10.2.

to a diagonal neighbor could be v/2. If integers are desired, for efficiency
of the implementation, the approximate costs 10 and 14 could be used.

e If only axis-aligned motions are used, the heuristic cost-to-go should be
based on the Manhattan distance, not the Euclidean distance. The Man-
hattan distance counts the number of “city blocks” that must be trav-
eled, considering that diagonals through a block are not possible (Fig-
ure 10.10(b)).

e A node nbr is only added to OPEN if the step from current to nbr is
collision-free. (The step may be considered collision-free if a grown version
of the robot at nbr does not intersect any obstacles.)

e Other optimizations can be achieved due to the known regular structure
of the grid.

An A* grid-based path planner is resolution-complete: it will find a solution
if one exists at the level of discretization of the C-space. The path will be a
shortest path subject to the allowed motions.

Figure 10.10(c) illustrates grid-based path planning for the 2R robot example
of Figure 10.2. The C-space is represented as a grid with k = 32, i.e., a resolution
of 360°/32 = 11.25° for each joint. This yields a total of 32?2 = 1024 grid points.

The grid-based planner, as described, is a single-query planner: it solves
each path planning query from scratch. On the other hand, if the same ggoal
will be used in the same environment for multiple path planning queries, it may
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Figure 10.11: A wavefront planner on a 2D grid. The goal configuration is
given a score of 0. Then all collision-free 4-neighbors are given a score of 1. The
process continues, breadth-first, with each free neighbor (that does not have a
score already) assigned the score of its parent plus 1. Once every grid cell in
the connected component of the goal configuration is assigned a score, planning
from any location in the connected component is trivial: at every step, the
robot simply moves “downhill” to a neighbor with a lower score. Grid points in
collision receive a high score.

be worth preprocessing the entire grid to enable fast path planning. This is the
wavefront planner, illustrated in Figure 10.11.

Although grid-based path planning is easy to implement, it is only appro-
priate for low-dimensional C-spaces. This is because the number of grid points,
and hence the computational complexity of the path planner, increases expo-
nentially with the number of dimensions n. For instance, a resolution k£ = 100 in
a C-space with n = 3 dimensions leads to 1 million grid nodes, while n = 5 leads
to 10 billion grid nodes and n = 7 leads to 100 trillion nodes. An alternative
is to reduce the resolution k along each dimension, but this leads to a coarse
representation of C-space that may to miss free paths.

10.4.1 Multi-Resolution Grid Representation

One way to reduce the computational complexity of a grid-based planner is to
use a multi-resolution grid representation of Cgee. Conceptually, a grid point
is considered an obstacle if any part of the rectangular cell centered on the
grid point touches a C-obstacle. To refine the representation of the obstacle, an
obstacle cell can be subdivided into smaller cells. Each dimension of the original
cell is split in half, resulting in 2™ sub-cells for an n-dimensional space. Any of
the cells that are still in contact with a C-obstacle are then subdivided further,
up to a specified maximum resolution.

The advantage of this representation is that only portions of C-space near
obstacles are refined to high resolution, while portions away from obstacles
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Figure 10.12: At the original C-space cell resolution, a small obstacle (indicated
by a dark square) causes the whole cell to be labeled an obstacle. Subdividing
the cell once shows that at least 3/4 of the cell is actually free. Three levels of
subdivision results in a representation using ten total cells: four at subdivision
level 3, three at subdivision level 2, and three at subdivision level 1. The cells
shaded grey are the obstacle cells in the final representation. The subdivision
of the original cell is also shown as a tree, where the leaves of the tree are the
final cells in the representation.

are represented by a coarse resolution. This allows the planner to find paths
using short steps through cluttered spaces while taking large steps through wide
open space. The idea is illustrated in Figure 10.12, which uses only 10 cells to
represent an obstacle at the same resolution as a fixed grid that uses 64 cells.

For n = 2, this multiresolution representation is called a quadtree, as each
obstacle cell subdivides into 2™ = 4 cells. For n = 3, each obstacle cell subdivides
into 2" = 8 cells, and the representation is called an octree.

The multi-resolution representation of Cgee can be built in advance of the
search or incrementally as the search is being performed. In the latter case, if
the step from current to nbr is found to be in collision, the step size can be
halved until the step is free or the minimum step size is reached.

10.4.2 Grid Methods with Motion Constraints

The previous grid-based planners operate under the assumption that the robot
can go from a cell to any neighbor cell in a regular C-space grid. This may
not be possible for some robots. For example, a car cannot reach, in one step,
a “neighbor” cell that is to the side of it. Also, motions for a fast-moving
robot arm should be planned in the state space, not just C-space, to take the
arm dynamics into account. In the state space, the robot arm cannot move in
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Figure 10.13: Sample trajectories emanating from three initial states in the
phase space of a dynamic system with ¢ € R. If the initial state has ¢ > 0,
the trajectory cannot move to the left (negative motion in ¢) instantaneously.
Similarly, if the initial state has ¢ < 0, the trajectory cannot move to the right
instantaneously.
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Figure 10.14: Discretizations of the control sets for unicycle, diff-drive, and
car-like robots.

certain directions (Figure 10.13).

Grid-based planners must be adapted to account for the motion constraints
of the particular robot. In particular, the constraints may result in a directed
grid graph, unlike the undirected graphs discussed so far. One approach is to
discretize the robot controls while still making use of a grid on the C-space or
state space, as appropriate. Details for a wheeled mobile robot and a dynamic
robot arm are described next.

10.4.2.1 Grid-Based Path Planning for a Wheeled Mobile Robot

In Chapter 77, we saw that the controls for simplified models of unicycle, diff-
drive, and car-like robots are (v,w), the forward-backward linear velocity and
the angular velocity. The control sets for these mobile robots are shown in
Figure 10.14. Also shown are proposed discretizations of the controls, as dots.
Other discretizations could be chosen.

Using the control discretization, the A* search can be modified slightly to a
Dijkstra algorithm (Algorithm 2).
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Algorithm 2 Grid-based Dijkstra planner for a wheeled mobile robot.

1: OPEN < {qstart }

2: past_cost[gsart] < 0

3: counter + 1

4: while OPEN is not empty and counter < MAXCOUNT do

5:  current < first node in OPEN, remove from OPEN

6:  if current is in the goal set then

7 return SUCCESS and the path to current

8: end if

9:  if current is not in a previously occupied C-space grid cell then
10: mark grid cell occupied

11: counter < counter + 1

12: for each control in the discrete control set do

13: integrate control forward a short time At from current to guew
14: if the path to guew is collision-free then

15: compute cost of the path to gnew

16: place gnew in OPEN, sorted by cost

17: parent [gnew] < current

18: end if

19: end for
20:  end if

21: end while
22: return FAILURE

The search expands from gg;ar¢ by integrating forward each of the controls for
a time At, creating new nodes for the paths that are collision-free. Each node
keeps track of the control used to reach the node as well as the cost of the path
to the node. The cost of the path to a new node is the sum of the cost of the
previous node current plus the cost of the action, which is typically a constant
(due to the constant integration time At) plus perhaps a penalty if the action
changed from the one used to reach current. The constant term expresses the
preference for paths of short duration, while the penalty expresses a preference
for smooth paths minimizing control changes, particularly direction reversals.

Integration of the controls does not move the mobile robot to exact grid
points. Instead, the C-space grid comes into play in lines 9 and 10. When a
node is expanded, the grid cell it sits in is marked “occupied.” In future, any
node in this occupied cell will be pruned from the search. This prevents the
search from expanding nodes that are close by nodes reached with a lower cost.

If there is a cost for changing the control from one step to the next, then
we have to be careful about when we prune a node in an “occupied” cell, since
the path cost is no longer simply the sum of edge costs. One solution is to
maintain several copies of the C-space grid, one for each control in the discrete
set. Then a node current is only pruned from the search if its grid cell had
been previously occupied (explored from) by a node previous and if previous
had been reached by the same control step that current used.
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Figure 10.15: (Left) A minimum-cost path for a car-like robot where each action
has identical cost, favoring a short path. (Right) A minimum-cost path where
reversals are heavily penalized.

No more than MAXCOUNT nodes, where MAXCOUNT is a value chosen by the
user, are considered during the search.

The time At should be chosen small enough that each motion step is “small.”
The size of the grid cells should be chosen as large as possible while ensuring
that integration of any control for time At will move the mobile robot outside
of its current grid cell.

The planner terminates when current lies inside the goal region, when there
are no more nodes left to expand (perhaps due to obstacles), or when MAXCOUNT
nodes have been considered. Any path found is optimal for the choice of cost
function and other parameters to the problem. The planner actually runs faster
in somewhat cluttered spaces, as the obstacles help guide the exploration.

Some examples of motion plans for a car are shown in Figure 10.15.

10.4.2.2 Grid-Based Motion Planning for a Robot Arm

One method for planning the motion for a robot arm is to decouple the problem
into a path planning problem followed by a time-scaling of the path:

(i) Apply a grid-based or other path planner to find an obstacle-free path in
C-space.

(ii) Time scale the path to find the fastest trajectory along the path that
respects the robot’s dynamics, as described in Chapter 9.4. Or use any
less aggressive time scaling.

Since the motion planning problem is broken into two steps (path planning plus
time scaling), the resultant motion will not be time-optimal in general.
Another approach is to plan directly in the state space. Given a state (g, ¢)
of the robot arm, let A(q, ) represent the set of feasible accelerations based on
the limited joint torques. To discretize the controls, the set A(qg, ¢) is intersected
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Figure 10.16: The instantaneously available acceleration set A(q, ¢) for a two-
joint robot, intersected with a grid spaced at a; in §; and as in §¢a, gives the
discretized control actions shown in bold.

with a grid of points of the form

n
E C;a;€q,
i=1

where ¢; is an integer, a; > 0 is the acceleration step size in the §; direction,
and e; is a unit vector in the ith direction (Figure 10.16).

As the robot moves, the acceleration set A(q, ¢) changes, but the grid remains
fixed. Because of this, and assuming a fixed integration time At at each “step”
in a motion plan, the reachable states of the robot (after any integral number of
steps) are confined to a grid in state space. To see this, consider a single joint
angle of the robot, g1, and assume for simplicity zero initial velocity ¢1(0) = 0.
The velocity at timestep k takes the form

ql(k) = ql(k — 1) + cl(k:)alAt,

where ¢ (k) is chosen from a finite set of integers. By induction, the velocity at
any timestep must be of the form a1k, At, where k, is an integer. The position
at timestep k takes the form

D) = aalk = 1)+ @ak — DA+ Ser(Kan(AH°.

Plugging in the form of the velocity, we find that the position at any timestep
must be of the form a1k, (At)?/2 + ¢1(0), where k,, is an integer (Exercise ?77).

To find a trajectory from a start node to a goal set, a breadth-first search
can be employed to create a search tree on the state space nodes. When a node
(g, 4) in the state space is explored from, the set A(q, ¢) is evaluated to find the
discrete set of control actions. New nodes are created by integrating the control
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actions for time At. A node is discarded if the path to it is in collision or if it
has been reached previously (i.e., by a trajectory taking the same or less time).

Because the joint angles and angular velocities are bounded, the state space
grid is finite, and therefore it can be searched in finite time. The planner
is resolution complete and returns a time-optimal trajectory, subject to the
resolution constraints in the control grid and timestep At.

The control grid stepsizes a; must be chosen small enough that A(g, ¢), for
any feasible state (g,¢), contains a representative set of points of the control
grid. Choosing a finer grid for the controls, or a smaller timestep At, creates a
finer grid in the state space and a higher likelihood of finding a solution amidst
obstacles. It also allows choosing a smaller goal set while keeping points of the
state space grid inside the set.

Finer discretization comes at a computational cost, however. If the resolu-
tion of the control discretization is increased by a factor of 7 in each dimension
(i-e., each a; is reduced to a;/r), and the timestep size is divided by a factor of
7, the computation time spent growing the search tree for a given robot motion
duration increases by a factor of »™", where n is the number of joints. For ex-
ample, increasing the control grid resolution by a factor of » = 2 and decreasing
the timestep by a factor of 7 = 4 for a three-joint robot results in a search that
is likely to take 23** = 4096 times longer to complete. The high computational
complexity of the planner makes it impractical beyond a few degrees of freedom.

The description above ignores one important issue: the feasible control set
A(q,q) changes during a timestep, so the control chosen at the beginning of
the timestep may no longer be feasible by the end of the timestep. For that
reason, a conservative approximation A(q, ¢) C A(qg, ¢) should be used instead.
This set should remain feasible over the duration of a timestep regardless of
which control action is chosen. How to determine a conservative approximation
fl(q7 ) is beyond the scope of this chapter, but it has to do with bounds on how
rapidly the arm’s inertia matrix M (q) changes with ¢ and how fast the robot is
moving. At low speeds ¢ and short durations At, the conservative set A(q, q) is
very close to A(g, q).

10.5 Sampling Methods

Each of the grid-based methods discussed above delivers optimal solutions sub-
ject to the chosen discretization. A drawback of the approaches is their high
computational complexity, making them unsuitable for systems of more than a
few degrees of freedom.

A different class of planners, known as sampling methods, relies on a random
or deterministic function to choose a sample from the C-space or state space;
a function to evaluate whether a sample or motion is in Xpee; a function to
determine nearby previous free-space samples; and a simple local planner to try
to connect to, or move toward, the new sample. This process builds up a graph
or tree representing feasible motions of the robot.

Sampling methods generally give up on the resolution-optimal solutions of
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a grid search in exchange for the ability to find satisficing solutions quickly in
high-dimensional state spaces. The samples are chosen to form a roadmap or
search tree that quickly approximates the free space Xpee using fewer samples
than would typically be required by a fixed high-resolution grid, where the
number of grid points increases exponentially with the dimension of the search
space. Most sampling methods are probabilistically complete: the probability of
finding a solution, when one exists, approaches 100% as the number of samples
goes to infinity.

Two major classes of sampling methods are rapidly-exploring random trees
(RRTSs) and probabilistic roadmaps (PRMs). RRTs use a tree representation for
single-query planning in either C-space or state space, while PRMs are primarily
C-space planners that create a roadmap graph for multiple-query planning.

10.5.1 The RRT

The RRT algorithm searches for a collision-free motion from an initial state
Tstart 10 a goal set Xgoa1. It applies to kinematic problems, where the state
x is simply the configuration ¢, as well as dynamic problems, where the state
includes the velocity. The basic RRT grows a single tree from xg.,¢ as outlined
in Algorithm 3.

Algorithm 3 RRT algorithm.
1: initialize search tree T with Zgtart
2: while T is less than the maximum tree size do
3:  Zsamp < sample from X
Znearest < Dearest node in 7' to Zgamp
employ a local planner to find a motion from ZTpearest t0 Tpew N
the direction of Zgamp
if the motion is collision-free then
add zyew to T with an edge from Tpearest 10 Tnew
if Zpew is in Xgoa then
return SUCCESS and the motion to Zpew
10: end if
11:  end if
12: end while
13: return FAILURE

In a typical implementation for a kinematic problem (where z is simply ¢),
the sampler in line 3 chooses Zgamp randomly from an almost-uniform distribu-
tion over X', with a slight bias toward states in Xgoa1. The closest node Zyearest in
T (line 4) is the one minimizing the Euclidean distance to Zsamp. The state Zpew
(line 5) is chosen as the state a small distance d from pearest O the straight line
t0 Tsamp. Because d is small, a very simple local planner, e.g., one that returns
a straight line motion, will often find a motion connecting Zpearest t0 Tnew- 1f
the motion is collision-free, the new state x,eyw is added to T'.
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Figure 10.17: (Left) A tree generated by applying a uniformly-distributed ran-
dom motion from a randomly chosen tree node results in a tree that does not
explore very far. (Right) A tree generated by the RRT algorithm using samples
drawn randomly from a uniform distribution. Both trees have 2000 nodes.

The net effect is that the nearly uniformly distributed samples “pull” the
tree toward them, causing the tree to rapidly explore Xf.e. An example of the
effect of this pulling action on exploration is shown in Figure 10.17.

The basic algorithm leaves many choices: how to sample from X (line 3),
how to define the “nearest” node in T (line 4), and how to plan the motion
to make progress toward Zgamp (line 5). Even a small change to the sampling
method, for example, can yield a dramatic change in the running time of the
planner. A wide variety of planners have been proposed in the literature based
on these choices and other variations. Some of these variations are described
below.

10.5.1.1 Line 3: The Sampler

The most obvious sampler is one that samples randomly from a uniform distri-
bution over X. This is straightforward for Euclidean C-spaces R™; for n-joint
robot C-spaces T" = S* x ... x S! (n times), where we can choose a uniform
distribution over each joint angle; and for the C-space R? x S! for a mobile
robot in the plane, where we can choose a uniform distribution over R? and
S! individually. The notion of a uniform distribution on some other curved
C-spaces, notably SO(3), are less straightforward.

For dynamic systems, a uniform distribution over the state space can be de-
fined as the cross-product of a uniform distribution over C-space and a uniform
distribution over a bounded velocity set.

Although the name “rapidly-exploring random trees” gets its name from
the idea of a random sampling strategy, the samples need not be generated
randomly. For example, a deterministic sampling scheme that generates a pro-
gressively finer (multi-resolution) grid on X could be employed instead. To
reflect this more general view, the approach has been called rapidly-exploring
dense trees (RDTs), emphasizing the key point that the samples should even-
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Figure 10.18: Which of the three dashed configurations of the car is “closest”
to reaching the configuration in grey?

tually become dense in the state space (i.e., as the number of samples goes to
infinity, the samples become arbitrarily close to every point in X').

10.5.1.2 Line 4: Defining the Nearest Node

Finding the “nearest” node depends on a definition of distance on X. For an
unconstrained kinematic robot on C = R™, a natural choice for the distance
between two points is simply the Euclidean distance. For other spaces, the
choice is less obvious.

As an example, for a car-like robot with a C-space R? x S, which configu-
ration is closest to the configuration zg,mp: one that is rotated twenty degrees
relative to Tsamp, one that is 2 meters straight behind it, or one that is 1 meter
straight to the side of it (Figure 10.18)7 Since the motion constraints prevent
spinning in place or moving directly sideways, the configuration that is 2 meters
straight behind is best positioned to make progress toward Zsamp. Thus defining
a notion of distance requires

e combining components of different units (e.g., degrees, meters, degrees/second,
meters/second) into a single distance measure; and

e taking into account the motion constraints of the robot.

The closest node Zpearest Should perhaps be defined as the one that can reach
Zsamp the fastest, but computing this is as hard as solving the motion planning
problem.

A simple choice of a distance measure from z to Zsamp is the weighted sum of
the distances along the different components of xsamp — . The weights choose
the relative importance of the different components. If more is known about
the time-limited reachable sets of a motion-constrained robot from a state x,
this information can be used in determining the nearest node. In any case,
the nearest node should be computed quickly. Finding a nearest neighbor is a
common problem in computational geometry, and various algorithms, such as
kd trees and hashing, can be used to solve it efficiently.
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10.5.1.3 Line 5: The Local Planner

The job of the local planner is to find a motion from Zjearest t0 sSome point
ZTnew Which is closer to Zgamp. The planner should be simple and it should run
quickly. Two examples are:

Straight-line planner. This is for kinematic systems with no motion con-
straints. The plan is a straight line to Zpew, Which may be chosen at
Tsamp OF at a fixed distance d from Zpearest 0N the straight line to Tsamp.

Discretized controls. For systems with motion constraints, such as wheeled
mobile robots or dynamic systems, the controls can be discretized into a
discrete set {uy,us,...}, as in the grid methods with motion constraints
(Section 10.4.2 and Figures 10.14 and 10.16). Each control is integrated
from Zpearest for a fixed time At using @ = f(x,u). The resulting state
that is closest to Zsamp is chosen as Tpew-

Wheeled robot planners. For a wheeled mobile robot, local plans can be
found using Reeds-Shepp curves or polynomial functions of time of the
differentially flat output, as described in Chapter ?7.

Other robot-specific local planners can be designed.

10.5.1.4 Other RRT Variants

The performance of the basic RRT algorithm depends heavily on the choice
of the sampling method, the distance measure, and the local planner. Beyond
these choices, two other variants of the basic RRT are outlined below.

Bidirectional RRT. The bidirectional RRT grows two trees: one “forward”
from Zgare and one “backward” from zgoa. The algorithm alternates between
growing the forward tree and the backward tree, and every so often attempts
to connect the two trees by choosing zgamp from the other tree. The advantage
of this approach is that a single goal state zga1 can be reached exactly, rather
than just a goal set Xgoa1. Another advantage is that in many environments,
the two trees are likely to find each other much faster than a single “forward”
tree will find a goal set.

The major problem is that the local planner might not be able to connect
the two trees exactly. For example, the discretized controls planner of Sec-
tion 10.5.1.3 is highly unlikely to create a motion exactly to a node in the other
tree. In this case, the two trees may be considered more-or-less connected when
points on each tree are sufficiently close. The “broken” discontinuous trajectory
can be returned and patched by a smoothing method (Section 10.8).

RRT*. The basic RRT algorithm returns SUCCESS once a motion to Xgoal
is found. An alternative is to continue running the algorithm and to terminate
the search only when another termination condition is reached (e.g., maximum
running time or maximum tree size). Then the motion with the minimum cost
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Figure 10.19: (Left) The tree generated by an RRT after 20,000 nodes. The goal
region is the square at the top right corner, and the shortest path is indicated.
(Right) The tree generated by RRT* after 20,000 nodes.

can be returned. In this way, the RRT solution may continue to improve as
time goes by. Because edges in the tree are never deleted or changed, however,
the RRT generally does not converge to an optimal solution.

RRT* is a variation of the single-tree RRT that continually rewires the search
tree to ensure that it always encodes the shortest path from xg..t to each node
in the tree. The basic approach works for C-space path planning with no motion
constraints, allowing exact paths from any node to any other node.

To modify the RRT to the RRT*, line 7 of the RRT algorithm, which inserts
Tnew 0 T with an edge from Tpearest 1O Tnew, 18 replaced by a test of all nodes
T € Xyear in T that are sufficiently near to Zpew. An edge to Tpey is created
from the & € Xpear that (1) has a collision-free motion by the local planner and
(2) minimizes the total cost of the path from Zsart t0 Zpew, not just the cost of
the added edge. The total cost is the cost to reach the candidate x € X, car plus
the cost of the new edge.

The next step is to consider each x € Xpear to see if it could be reached by
lower cost by a motion through zpey. If so, the parent of x is changed to ey -
In this way, the tree is incrementally rewired to eliminate high-cost motions in
favor of the minimum-cost motions available so far.

The definition of Xy, depends on the number of samples in the tree, details
of the sampling method, the dimension of the search space, and other factors.

Unlike the RRT, the solution provided by RRT* approaches the optimal
solution as the number of sample nodes increases. Like the RRT, RRT* is
probabilistically complete. The time to produce a rewired tree by the RRT*
algorithm is within a constant factor of the time to produce a tree of the same
size by the RRT. Figure 10.19 demonstrates the rewiring behavior of RRT*
compared to RRT for a simple example in C = R?.
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10.5.2 The PRM

The PRM uses sampling to build a roadmap representation of Cgee (Section 10.3)
before answering any specific queries. The roadmap is an undirected graph: the
robot can move in either direction along any edge exactly from one node to the
next. For this reason, PRMs primarily apply to kinematic problems for which
an exact local planner exists that can find a path (ignoring obstacles) from any
q1 to any ¢o. The simplest example is a straight-line planner for a robot with
no kinematic constraints.

Once the roadmap is built, a particular start node gstart can be added to
the graph by attempting to connect it to the roadmap, starting with the closest
node. The same is done for the goal node ggoa1. The graph is then searched for
a path, typically using A*. Thus the query can be answered efficiently once the
roadmap has been built.

PRMs allow the possibility of building a roadmap quickly and efficiently
relative to constructing a roadmap using a high-resolution grid representation.
This is because the volume fraction of the C-space that is “visible” by the local
planner from a given configuration does not typically decrease exponentially
with increasing dimension of the C-space.

The algorithm to construct a roadmap R with N nodes is outlined in Algo-
rithm 4 and illustrated in Figure 10.20.

Algorithm 4 PRM roadmap construction algorithm (undirected graph).
1: fort=1...N do
2 q; < sample from Cpyee
3 add ¢; to R
4: end for

5. fori=1...N do

6

7

8

N (q;) + k closest neighbors of ¢;

for each g € N(¢;) do
if there is a collision-free local path from ¢ to ¢; and
there is not already an edge from ¢ to ¢; then

9: add an edge from ¢ to ¢; to the roadmap R
10: end if

11:  end for

12: end for

13: return R

A key choice in the PRM roadmap construction algorithm is how to sample
from Cgee. While the default might be sampling randomly from a uniform
distribution on C and eliminating configurations in collision, it has been shown
that sampling more densely near obstacles can improve the likelihood of finding
narrow passages, thus significantly reducing the number of samples needed to
properly represent the connectivity of Cgee. Another option is deterministic
multi-resolution sampling.
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Figure 10.20: An example PRM roadmap for a point robot in C = R?. The
k = 3 closest neighbors are considered for connection to a sample node ¢q. The
degree of a node can be greater than three since it may be a close neighbor of
many nodes.

10.6 Virtual Potential Fields

Virtual potential field methods are inspired by potential energy fields in nature,
such as gravitational and magnetic fields. From physics we know that a potential
field U(q) defined over C induces a force F' = —9U/dq that drives an object from
high to low potential. For example, if h is the height above the Earth’s surface in
a uniform gravitational potential field (g = 9.81 m/s?), then the potential energy
of a mass m is U(h) = mgh and the force acting on it is F' = —0U/0h = —myg.
The force will cause the mass to fall to the Earth’s surface.

In robot motion control, the goal configuration gga is assigned a low virtual
potential energy and obstacles are assigned a high virtual potential. Applying a
force to the robot proportional to the negative gradient of the virtual potential
naturally pushes the robot toward the goal and away from the obstacles.

A virtual potential field is very different from the planners we have seen so
far. Typically the gradient of the field can be calculated quickly, so the motion
can be calculated in real time (reactive control) instead of planned in advance.
With appropriate sensors, the method can even handle obstacles that move or
appear unexpectedly. The drawback of the basic method is that the robot can
get stuck in local minima of the potential field, away from the goal, even when
a feasible motion to the goal exists. In certain cases it is possible to design the
potential to guarantee that the only local minimum is at the goal, eliminating
this problem.
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10.6.1 A Point in C-space

Let’s begin by assuming a point robot in its C-space. A goal configuration ggeal
is typically encoded by a quadratic potential energy “bowl” with zero energy at
the goal,

1
Ugoal(‘]) = Q(q - ngal)TK(q - ngal)v

where K is a symmetric positive-definite weighting matrix (for example, the
identity matrix). The force induced by this potential is

aUgoal
dq

Fgoal(q) = - = K(ngal - Q)a

an attractive force proportional to the distance from the goal.
The repulsive force induced by a C-obstacle B can be calculated from the
distance d(g, B) to the obstacle (Section 10.2.2):

k

Us(q) = 2(¢.B)’

where k& > 0 is a scaling factor. The potential is only properly defined for points
outside the obstacle, d(q, B) > 0. The force induced by the obstacle potential is

oUgp k od

Feld) = =5 = BB ag

The total potential is obtained by summing the attractive goal potential and
the repulsive obstacle potentials,

U(q) goal + Z UB

yielding a total force
F( ) goal + Z FB

A bowl-like attractive potential and obstacle repulsive potentials are illustrated
for a point in R? in *** Figure ***,

To actually control the robot using the calculated F(g), we have several
options, two of which are:

e Apply the calculated force plus damping,
u= F(q) + Bq, (10.3)

where B is a positive semidefinite matrix. If B is positive definite, then
it dissipates energy for all ¢ # 0, reducing oscillation and guaranteeing
that the robot will come to rest. If B = 0, the robot continues to move
while maintaining constant total energy, which is the sum of the initial
kinetic energy £ (0)M (g(0))¢(0) plus the initial virtual potential energy
U(q(0)).
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e Treat the calculated force as a commanded velocity instead:

Q= Flq). (10.4)
This automatically eliminates oscillations.

Figure *** shows the motion of point robots in the plane using the velocity
control law (10.4). Tt also shows a local minimum of the potential, which is the
main drawback of potential fields.

It is important to note that obstacle potentials go to infinity at the bound-
aries of the obstacles, resulting in steep gradients and therefore large Fi(q) near
an obstacle boundary. A simple solution is to saturate Fp(q) after calculating
it. Another issue is that even distant obstacles have a small effect on the motion
of the robot. To speed up evaluation of the repulsive terms, distant obstacles
could be ignored. We can define a range of influence of the obstacles d;ange > 0
so that the potential is zero for all d(q, B) > drange:

2
k ( drange—d(q,B) .
2 (#d(qqlﬁ)) if d(q, B) < drange

Us(q) =

0 otherwise.

Another issue is that d(g, B) and its gradient is generally difficult to calculate.
An approach to dealing with this is described in Section ?7.

10.6.2 Navigation Functions

A significant problem with the potential field method is local minima. While
potential fields may be appropriate for relatively uncluttered spaces, or for rapid
response to unexpected obstacles, they are likely to get the robot stuck in local
minima for many practical applications.

One exception is the wavefront planner of Figure 10.11. The wavefront
algorithm creates the equivalent of a potential function, with high potential at
grid points in obstacles and zero potential at the goal. If a solution exists to
the motion planning problem, then simply moving “downhill” at every step is
guaranteed to bring the robot to the goal.

Another approach to gradient-following planning is based on replacing the
virtual potential function with a navigation function. A navigation function
©(q) is a type of virtual potential function that

(1) is smooth (or at least twice-differentiable) on g;

(ii) has a bounded maximum value (e.g., 1) on the boundaries of all obstacles;
1)
)

(ili) has a single minimum at ggoar; and

(iv) has a full-rank Hessian 9%¢/0q? at all critical points ¢ where d¢/dq = 0
(i-e., ©(q) is a Morse function).
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Figure 10.21: Examples of critical points in two dimensions: a maximum, a
saddle (minimum in some directions and maximum in others), and a minimum.
*** From Choset book, replace

Condition 1 ensures that the Hessian 92¢/0q? exists. Condition 2 puts an upper
bound on the virtual potential energy of the robot. The key conditions are 3
and 4. Condition 3 ensures that of the critical points of ¢(¢) (including minima,
maxima, and saddles, as shown in Figure 10.21), there is only one minimum, at
Jgoal- This ensures that ggoa1 is at least locally attractive. However, there may
be saddle points which are minima along a subset of directions. Condition 4
ensures that the set of initial states that are attracted to any saddle point has
empty interior (zero measure), and therefore almost every initial state converges
to the unique minimum ggoal.

While constructing navigation potential functions with only a single mini-
mum is non-trivial, Rimon and Koditschek showed how to construct them for
the particular case of an n-dimensional Cgee consisting of all points inside an
n-sphere of radius R and outside of smaller spherical obstacles B; of radius r;
centered at ¢;, i.e., {g € R™ | ||q|| < R and ||g — ¢;|| > r; for all i}. This is called
a sphere world. While a real C-space is unlikely to be a sphere world, Rimon
and Koditschek showed that the boundaries of the obstacles, and the associated
navigation function, can be deformed to a much broader class of star-shaped
obstacles. A star-shaped obstacle is one that has a center point from which
the line segment to any point on the obstacle boundary is contained completely
within the obstacle. A star world is a C-space which has star-shaped obstacles.
Thus finding a navigation function for an arbitrary star world reduces to find-
ing a navigation function for a “model” sphere world that has centers at the
centers of the star-shaped obstacles, then stretching and deforming that navi-
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Figure 10.22: (Left) A model “sphere world” with five circular obstacles. The
contour plot of a navigation function is shown. The goal is at (0,0). Note
that the obstacles induce saddle points near the obstacles, but no local minima.
(Right) A “star world” obtained by deforming the obstacles and the potential
while retaining a navigation function.

gation function to one that fits the star world. Rimon and Koditschek give a
systematic procedure for accomplishing this.

Figure 10.22 shows a deformation of a navigation function on a model sphere
world to a star world for the case C C R2.

10.6.3 Workspace Potential

A difficulty in calculating the repulsive force from an obstacle is calculating the
distance to the obstacle, d(g, B). One approach that avoids the exact calculation
is to represent the boundary of an obstacle as a set of point obstacles, and to
represent the robot by a small set of control points. Let the Cartesian location
of control point i on the robot be written f;(¢) € R® and boundary point j of the
obstacle be ¢; € R3. Then the distance between the two points is || f;(¢) — ¢;]|,
and the potential at the control point ¢ due to the obstacle point j is

k
UZ/ q = 7,
e
yielding the repulsive force at the control point
oU;; k
Fl(q)=—-——F2 = fi(q) — ¢j).
=" T TR e O )

To turn the linear force Fy;(q) € R? into a generalized force Fj;(q) € R"
acting on the robot arm or mobile robot, we first find the Jacobian J;(q) relating
¢ to the linear velocity of the control point f;:

. Ofi. .
fi= aj; q=Ji(q)q-
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By the principle of virtual work, the generalized force Fj;(q) due to the repulsive
linear force Fj;(q) is simply

Fii(q) = J (@) Ff;(q).

Now the total force F'(¢) acting on the robot is the sum of the easily calculated
attractive force Fyoai(g) and the repulsive forces Fj;(q) for all ¢ and j.

10.6.4 Wheeled Mobile Robots

The preceding analysis assumes that a control force u = F(q) + B¢ (for control
law (10.3)) or a velocity ¢ = F(q) (for control law (10.4)) can be applied in any
direction. If the robot is a wheeled mobile robot subject to rolling constraints
A(q)¢ = 0, however, the calculated F'(¢) must be projected to controls Fj,u0i(q)
that move the robot tangent to the constraints. For a kinematic robot employing
the control law ¢ = Fpy0;(g), a suitable projection is

Fonoi () = (T = AT(@)(A(@)A" (0)) T A() ) F(g).

For a dynamic robot employing the control law v = Fj,;0j(¢)+ B¢, the projection
is discussed in Chapter 11.4.2.

10.6.5 Use of Potential Fields in Planners

A potential field can be used in conjunction with a path planner. For example,
a best-first search like A* can use the potential as an estimate of the cost-to-go.
Incorporating search prevents the planner from getting permanently stuck in
local minima.

10.7 Nonlinear Optimization

The motion planning problem can be expressed as a general nonlinear optimiza-
tion with equality and inequality constraints, taking advantage of a number of
software packages to solve such problems. Nonlinear optimization problems can
be solved by gradient-based methods, like sequential quadratic programming
(SQP), and non-gradient methods, like simulated annealing, Nelder-Mead op-
timization, and genetic programming. Like many nonlinear optimization prob-
lems, however, these methods are not generally guaranteed to find a feasible
solution when one exists, let alone an optimal one. For methods that use gradi-
ents of the objective function and constraints, however, we can expect a locally
optimal solution if we start the process with a guess that is “close” to a solution.
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The general problem can be written

find u(t), q(t), T (10.5)
minimizing J(u(t),q(t),T) (10.6)
subject to 2(t) = flz(t),u(t)) vt € [0,T] (10.7)
u(t) el vt € [0,T] (10.8)

q(t) € Crree Yt € 0,7 (10.9)

2(0) = Zotart (10.10)

2(T) = zgoal (10.11)

To approximately solve this problem by nonlinear optimization, the con-
trol u(t), trajectory ¢(t), and equality and inequality constraints (10.7)—(10.11)
must be discretized. This is typically done by ensuring that the constraints are
satisfied at a fixed number of points distributed evenly over the interval [0, 17,
and by choosing a finite-parameter representation of the position and/or con-
trol histories. We have three choices of how to parameterize the position and
controls:

(i) Parameterize the trajectory q(t). In this case, we solve for the parameter-
ized trajectory directly. The control forces u(t) at any time are calculated
using the equations of motion. This approach does not apply to systems
with fewer controls than configuration variables, m < n.

(ii) Parameterize the control u(t). We solve for u(t) directly. Calculating the
state x(t) requires integrating the equations of motion.

(iii) Parameterize both q(t) and u(t). We have a larger number of variables,
since we are parameterizing both ¢(t) and w(t). Also, we have a larger
number of constraints, as ¢(¢) and u must satisfy the dynamic equations
& = f(x,u) explicitly, typically at a fixed number of points distributed
evenly over the interval [0,7]. We must be careful to choose the param-
eterizations of ¢(t) and u(t) to be consistent with each other, so that the
dynamic equations can be satisfied at these points.

A trajectory or control history can be parameterized in any number of ways.
The parameters can be the coefficients of a polynomial in time, the coefficients
of a truncated Fourier series, spline coefficients, wavelet coefficients, piecewise
constant acceleration or force segments, etc. For example, the control w;(t)
could be represented by p + 1 coefficients a; of a polynomial in time:

p
ui(t) = Z ajtj.
7=0

In addition to the parameters for the state or control history, the total time
T may be another control parameter. The choice of parameterization has im-
plications for the efficiency of the calculation of ¢(¢) and u(t) at a given time ¢.
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The choice of parameterization also determines the sensitivity of the state and
control to the parameters, and whether each parameter affects the profiles at all
times [0, 7] or just on a finite-time support base. These are important factors
in the stability and efficiency of the numerical optimization.

10.8 Smoothing

The axis-aligned motions of a grid planner and the randomized motions of sam-
pling planners may lead to jerky motion of the robot. One approach to dealing
with this issue is to let the planner handle the work of searching globally for a
solution, then post-process the resulting motion to make it smoother.

There are many ways to do this; two possibilities are outlined below.

Nonlinear optimization. While gradient-based nonlinear optimization may
fail to find a solution if initialized with a random initial trajectory, it can make
an effective post-processing, since the plan initializes the optimization with a
“reasonable” solution. The initial motion must be converted to a parameterized
representation of the controls, and the cost J(u(t),q(t),T) can be expressed as
a function of u(t) or ¢(t). For example,

— TaT i
J—/O (t)ya(t)dt

penalizes the rate of control change. This has an analogy in human motor
control, where the smoothness of human arm motions has been attributed to
minimizing the rate of change of acceleration of the joints.

Subdivide and reconnect. A local planner can be used to attempt a con-
nection between two distant points on a path. If this new connection is collision-
free, it replaces the original path segment. Since the local planner is designed
to produce short, smooth paths, the new path is likely shorter and smoother
than the original. This test-and-replace procedure can be applied iteratively to
randomly chosen points on the path. Another possibility is to use a recursive
procedure that subdivides the path first into two pieces and attempt to replace
each piece with a shorter path; then, if either portion could not be replaced by
a shorter path, subdivide again; etc.

10.9 Summary

e A fairly general statement of the motion planning problem is: Given an
initial state 2(0) = Zgtary and a desired final state zgoa1, find a time 7'
and a set of controls u : [0,7] — U such that the motion (10.2) satisfies
2(T) € Xgoal and q(z(t)) € Cpee for all t € [0, 7.
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Motion planning problems can be classified in the following categories:
path planning vs. motion planning; fully actuated vs. constrained or un-
deractuated; online vs. offline; optimal vs. satisficing; exact vs. approxi-
mate; with or without obstacles.

Motion planners can be characterized by the following properties: multiple-
query vs. single-query; anytime planning or not; complete, resolution com-
plete, probabilistically complete, or none of the above; and computational
complexity.

Obstacles partition the C-space into free C-space Cgee and obstacle space
Cobs; C = Ctree [JCobs. Obstacles may split Cree into multiple connected
components. There is no feasible path between configurations in different
connected components.

A conservative check of whether a configuration ¢ is in collision uses a sim-
plified “grown” representation of the robot and obstacles. If there is no
collision between the grown bodies, then the configuration is guaranteed
collision-free. Checking if a path is collision-free usually involves sampling
the path at finely spaced points, and ensuring that if the individual con-
figurations are collision-free, then the swept volume of the robot path is
collision-free.

The C-space geometry is often represented by a graph consisting of nodes
and edges between the nodes, where edges represent feasible paths. The
graph can be undirected (edges flow both directions) or directed (edges
only flow one direction). Edges can be unweighted or weighted according
to their cost of traversal. A tree is a directed graph with no cycles and
where each node has at most one parent.

A roadmap path planner uses a graph representation of Cgee, and any path
planning problem can be solved using a simple path from ggat onto the
roadmap, a path along the roadmap, and a simple path from the roadmap

to Jgoal-

A* is a popular search method that finds minimum-cost paths on a graph.
It operates by always exploring from the node that is (1) unexplored and
(2) expected to be on a path with minimum estimated total cost. The
estimated total cost is the sum of edge weights to reach the node from the
start node plus an estimate of the cost-to-go to the goal. The cost-to-go
estimate should be optimistic to ensure that the search returns an optimal
solution.

A grid-based path planner discretizes the C-space into a graph consisting
of neighboring points on a regular grid. A multi-resolution grid can be
used to allow large steps in wide-open spaces while allowing smaller steps
near obstacle boundaries.
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e Discretizing the control set allows robots with motion constraints to take
advantage of grid-based methods. If integrating a control does not land
the robot exactly on a grid point, the new state may still be pruned if a
state in the same grid cell was already achieved with a lower cost.

e The basic RRT algorithm grows a single search tree from xg,,¢ to find a
motion to Xgoa1. It relies on a sampler to find a sample Zgamp in X; an
algorithm to find the closest node Tyearest in the search tree; and a local
planner to find a motion from Zpearest to a point closer to Tsamp. The
sampling is chosen to cause the tree to explore Xyee quickly.

e The bidirectional RRT grows a search tree from both Zgtary and xgea and
attempts to join them up. RRT* returns solutions that tend toward the
optimal as planning time goes to infinity.

e The PRM builds a roadmap of Cgee for multiple-query planning. The
roadmap is built by sampling Cg..e N times, then using a local planner to
attempt to connect each sample with several of its nearest neighbors. The
roadmap is searched for plans using A*.

e Virtual potential fields are inspired by potential energy fields such as grav-
itational and electromagnetic fields. The goal point creates an attractive
potential while obstacles create a repulsive potential. The total poten-
tial U(q) is the sum of these, and the virtual force applied to the robot
is F'(q) = —0U/9q. The robot is controlled by applying this force plus
damping, or by simulating first-order dynamics and driving the robot with
F(q) as a velocity. Potential field methods are conceptually simple but
tend to result in local minima where the robot gets stuck away from the
goal.

e A navigation function is a potential function with no local minima. Nav-
igation functions result in near-global convergence to ggoa1. While navi-
gation functions are difficult to design in general, they can be designed
systematically for certain systems.

e Motion planning problems can be converted to general nonlinear optimiza-
tion problems with equality and inequality constraints. While optimiza-
tion methods can be used to find smooth, near-optimal motions, they tend
to get stuck in local minima in cluttered C-spaces. Optimization methods
typically require a good initial guess at a solution.

e Motions returned by grid-based and sampling-based planners tend to be
jerky. Smoothing the plan using nonlinear optimization or subdivide-and-
reconnect can improve the quality of the motion.
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reference
point

Figure 10.23: Exercise 4.

10.10 Exercises

1. A path is homotopic to another if it can be continuously deformed into the
other without moving the endpoints. In other words, it can be stretched and
pulled like a rubber band, but it cannot be cut and pasted back together. For
the C-space of Figure 10.2, draw a path from the start to the goal that is not
homotopic to the one shown.

2. Label the connected components in Figure 10.2. For each connected com-
ponent, draw a picture of the robot for one configuration in the connected
component.

3. Assume that 65 joint angles in the range [175°, 185°] result in self-collision
for the robot of Figure 10.2. Draw the new joint limit C-obstacle on top of the
existing C-obstacles and label the resulting connected components of Cg.ee. For
each connected component, draw a picture of the robot for one configuration in
the connected component.

4. Draw the C-obstacle corresponding to the obstacle and translating planar
robot in Figure 10.23.

5. Write a program that accepts as input the coordinates of a polygonal robot
(relative to a reference point on the robot) and the coordinates of a polygonal
obstacle and produces as output a drawing of the corresponding C-space obsta-
cle. In Mathematica, you may find the function ConvexHull useful. In Matlab,
try convhull.

6. Calculating a square root is typically computationally expensive. For a
robot and an obstacle represented as collections of spheres (Section 10.2.2),
provide a method for calculating the distance between the robot and obstacle
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@ goal

o
start

Figure 10.24: Planning problem for Exercise 8.

that minimizes the use of square roots.

7. For Figure 10.8(c), give the order that the nodes in the tree are visited in
a complete breadth-first search and a complete depth-first search. Assume that
leftmost branches are always followed first.

8. Draw the visibility roadmap for the C-obstacles and gstart and ggoal in Fig-
ure 10.24. Indicate the shortest path.

9. Not all edges of the visibility roadmap described in Section 10.3 are needed.
Prove that an edge between two vertices of C-obstacles need not be included in
the roadmap if either end of the edge does not hit the obstacle tangentially. In
other words, if the edge ends by “colliding” with an obstacle, it will never be
used in a shortest path.

10. You will implement an A* path planner for a point robot in a plane with
obstacles. The planar region is a 100x100 area. The program will generate a
graph consisting of N nodes and E edges, where N and E are chosen by the
user. After generating N randomly chosen nodes, the program should connect
randomly chosen nodes with edges until E unique edges have been generated.
The cost associated with each edge is the Euclidean distance between the nodes.
Finally, the program should display the graph, search the graph using A* for the
shortest path between nodes 1 and N, and display the shortest path or indicate
FAILURE if no path exists. The heuristic cost-to-go is the Euclidean distance
to the goal.

11. Modify the A* planner in Exercise 10 to use a heuristic cost-to-go equal
to ten times the distance to the goal node. Compare the running time to the
original A* when they are run on the same graphs. Are the solutions found with
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the new heuristic optimal?

12. Modify the A* algorithm from Exercise 10 to use Dijkstra’s algorithm
instead. Comment on the relative running time between A* and Dijkstra’s
algorithm when each is run on the same graphs.

13. Write a program that accepts the vertices of polygonal obstacles from a
user, as well as the specification of a 2R robot arm, rooted at (z,y) = (0,0), with
link lengths L; and Ls. Each link is simply a line segment. Generate the C-space
obstacles for the robot by sampling the two joint angles at k-degree intervals
(e.g., k = 5) and checking for intersection between the line segments and the
polygon. Plot the obstacles in the workspace and the C-space grid using a black
square or dot for C-obstacles. (Hint: At the core of this program is a subroutine
to see if two line segments intersect. If the segments’ corresponding infinite lines
intersect, you can check if this intersection is within the line segments.)

14. Write an A* grid path planner for the 2R robot with obstacles, and display
found paths on the C-space. (See Exercise 13 and Figure 10.10.)
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Robot Control

A robot arm can exhibit a number of different behaviors, depending on the task
and its environment. It can act as a source of programmed motions for tasks
such as moving an object from one place to another, or tracing a trajectory for
a spray paint gun. It can act as a source of forces, as when applying a polishing
wheel to a workpiece. In tasks such as writing on a chalkboard, it must control
forces in some directions (the force pressing the chalk against the board) and
motions in others (motion in the plane of the board). When the purpose of the
robot is to act as a haptic display, rendering a virtual environment, we may
want it to act like a spring, damper, or mass, yielding in response to forces
applied to it.

In each of these cases, it is the job of the robot controller to convert the task
specification to forces and torques at the actuators. Control strategies to achieve
the behaviors described above are known as motion control, force control,
hybrid motion-force control, and impedance control. Which of these
behaviors is appropriate depends on both the task and the environment. For
example, a force control goal makes sense when the end-effector is in contact with
something, but not when it is moving in free space. We also have a fundamental
constraint imposed by mechanics, irrespective of the environment: the robot
cannot independently control the motion and force in the same direction. If
the robot imposes a motion, then the environment will determine the force, and
vice-versa.

Once we have chosen a control goal consistent with the task and environ-
ment, we can use feedback control to achieve it. Feedback control uses position,
velocity, and force sensors to measure the actual behavior of the robot, compare
it to the desired behavior, and modulate the control signals sent to the actua-
tors. Feedback is used in nearly all robot systems. Feedforward control uses a
model of the dynamics of the robot and its environment to determine actuator
signals that achieve the desired change in state. Because of modeling errors,
feedforward control is rarely used by itself!, but it is often used in conjunction

L An exception is a stepper motor-driven robot operating with predictable loads.
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with feedback control.
In this chapter we focus on feedback and feedforward control for motion
control, force control, hybrid motion-force control, and impedance control.

11.1 Control System Overview

A typical control block diagram is shown in Figure 11.1(a). Sensors are typically
potentiometers, encoders, or resolvers for joint position/angle sensing; tachome-
ters for joint velocity sensing; strain gauge joint force/torque sensors; and/or
multi-axis force-torque sensors at the “wrist” between the end of the arm and
the end-effector. The controller samples the sensors and updates its control
signals to the actuators at a rate of hundreds to a few thousands of Hz. In most
robotic applications, higher control update rates are of limited benefit, given
time constants associated with the dynamics of the robot and environment. In
our analysis, we ignore the nonzero sampling time and treat controllers as if
they are implemented in continuous time.

While tachometers can be used for direct velocity sensing, a common ap-
proach is to use a digital filter to numerically difference position signals at
successive time steps. A low-pass filter is often used in combination with the
differencing filter to reduce high-frequency jitter due to the quantization of the
differenced position signals.

Actuators could be brushed DC motors, brushless DC motors, hydraulic ac-
tuators, or pneumatic actuators, among others. Typically gears or other trans-
missions are used to lower the speed and increase the force or torque of the
actuator. Electric motors are coupled with a power amplifier that converts sig-
nals from the controller to high currents to drive the motor. Local feedback of
motor current or joint torque may be used in an inner control loop to achieve
the forces or torques requested by the controller.

For each robot joint, we will lump the amplifier, actuator, and transmission
together and treat them as a transformer from low-power control signals to forces
and torques. This assumption, along with the assumption of perfect sensors,
allows us to simplify the block diagram of Figure 11.1(a) to the one shown
in Figure 11.1(b), where the controller produces forces and torques directly.
The rest of this chapter deals with the control algorithms that go inside the
“Controller” box in Figure 11.1(b).

Real robot systems are subject to flexibility and vibrations in the joints
and links, backlash at gears and transmissions, actuator saturation limits, and
limited resolution of the sensors. These raise significant issues in design and
control, but are beyond the scope of this chapter.

11.2 Motion Control

Typically a motion control task is to have the end-effector follow a desired
trajectory. If the robot is redundant, there may be more than one set of joint
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Figure 11.1: (a) A typical robot control system. An inner control loop is used to
help the amplifier and actuator achieve the desired force or torque. For example,
a DC motor amplifier in torque control mode may sense the current actually
flowing through the motor and implement a local controller to better match
the desired current, since the current is proportional to the torque produced
by the motor. (b) A simplified model with ideal sensors and a controller block
that directly produces forces and torques. This assumes ideal behavior of the
amplifier and actuator blocks in part (a).

variable histories that yield this end-effector trajectory. We begin by assuming
that inverse kinematics and its derivatives, possibly with redundancy resolution,
have already been applied to yield a unique set of target joint histories as a
function of time, 64(¢). The controller is fed a steady stream of positions 04(t)
and velocities 04(t) to track, and the goal is to construct a controller that drives
the robot to track this trajectory. We consider the case of a trajectory expressed
in the task space in Section 11.2.4.

11.2.1 Motion Control of a Multi-Joint Robot with Velocity
Inputs
Some motor amplifiers come with a built-in velocity control mode. In this mode

of operation, the command to the motor amplifier is a joint velocity, and the
amplifier uses joint position feedback to try to achieve the commanded velocity.
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Figure 11.2: A single-joint robot rotating in a gravity field.

If the amplifier’s operation were perfect, then motion control of a multi-joint
robot would be trivial: at all times, you would simply command the velocity

écom (t) = éd (t) 5

where éd(t) comes from the desired trajectory. To accommodate accumulating
position errors, you could add a simple feedback controller:

écom(t) = gd(t) + Kp(ad(t) - g(t))v

where 0,(t) is the desired set of joint angles, §(¢) is the measured set of joint
angles, and K, is a diagonal matrix of positive gains. The added feedback term
creates a corrective velocity at each joint that is proportional to the current
position error of that joint.

In practice, robot control engineers do not rely on the velocity-control modes
of off-the-shelf amplifiers, because these velocity-control algorithms generally do
not make use of dynamic models of the robot. Instead, robot control engineers
use amplifiers in torque-control mode: the input to the amplifier is the desired
torque (or force). This allows the robot control engineer to make use of dynamic
models of the robot. The ideas are well illustrated by a robot with a single joint,
so we begin there, then generalize to a multi-joint robot.

11.2.2 Motion Control of a Single Joint with Torque or Force
Input

Consider a single motor attached to a single link, as shown in Figure 11.2. Let
7 be the motor’s torque and 6 be the angle of the link. The dynamics can be
written as )

T = MO+ mgrcos?, (11.1)

where M is the inertia of the link about the axis of rotation, m is the mass of
the link, r is the distance from the axis to the center of mass of the link, and
g > 0 is gravitational acceleration.

According to the model (11.1), there is no dissipation: if the link is made to
move and 7 is then set to zero, the link would move forever. This is unrealistic,
of course; there is friction at the various bearings, gears, and transmissions.
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Friction modeling is an active research area, but a simple model of rotational
friction is viscous friction, )
Tric = b0, (11.2)

where b > 0. Adding the friction torque, our final model is
7 = M + mgr cos 6 + bo), (11.3)
which we may write more compactly as
T = M+ h(6,6), (11.4)

where h contains all terms that depend only on the state, not the acceleration.

For concreteness in the following simulations, we set M = 0.5 kgm?, m =
1 kg, r = 0.1 m, and b = 0.1 Nms/rad. In some examples, the link moves in
a horizontal plane, so g = 0. In other examples, the link moves in a vertical

plane, so g = 9.81 m/sQ.

11.2.2.1 Feedback Control: PID Control

The most common feedback control algorithm is linear PID (proportional-integral-
derivative) control. Defining the error between the desired angle 64 and actual
angle 6 as

O, =04—0, (11.5)

the PID controller is simply

7= K,0. + K, / 0. (t)dt + K40, (11.6)

where the control gains K,, K;, and Ky are nonnegative. The proportional gain
K, acts as a virtual spring that tries to reduce the position error ., = 64 — 6,
and the derivative gain Ky acts as a virtual damper that tries to reduce the
velocity error 6, = 65 — 6. The integral gain, as we will see later, can be used
to eliminate steady-state errors when the joint is at rest. See the block diagram
in Figure 11.3.

For now let’s consider the case where K; = 0. This is known as PD control.
(We can similarly define PI, P, I, and D control by setting other gains to zero.
PD and PI control are the most common variants of PID control.) Let’s also
assume the robot moves in a horizontal plane, so g = 0. Plugging the control
law (11.6) into the dynamics (11.3), we get

MO+ 00 = K04 — 0) + Kq(6a — 6). (11.7)

If the goal state is rest at a constant 64, then 0, = d, = 0. This is called
setpoint control. Using 0. = 04 — 6, 6. = —0, and 6, = —0, Equation (11.7)
can be rewritten as the linear mass-spring-damper error dynamics

M0, + (b+ Kq)f. + Kb, = 0. (11.8)



296 Robot Control

0 G
d +
_>@ ¢ > arm
N dynamics
0

\ 4
-~
&

Figure 11.3: Block diagram of a PID controller.

Stability Error dynamics, such as Equation (11.8), are an important concept
in the study of control systems. A minimum requirement is that the error dy-
namics be stable, i.e., initial errors tend to zero with time. A linear homogeneous
ordinary differential equation of the form

anﬂén) + an_lﬁénfl) + ...+ asb, + a10. + agh. =0

is stable if and only if all of the complex roots si,...,s, of its characteristic
equation
AnS™ + an_15"" 4. . Fass’+ais+ag=0

have real components less than zero, i.e., Re(s;) < O for all i = 1...n. A
necessary condition for stability, regardless of the order n of the dynamics, is
that a; > 0 for all 7. This condition is also sufficient for second-order dynamics
such as Equation (11.8). For third-order dynamics, it is also required that
asa1 > asag.

PD Control and Second-Order Error Dynamics To study the second-
order error dynamics (11.8) more formally, we assume stability and rewrite in
the standard second-order form

b+ Ky K i .
i 46, + TF0e=0 = Bt 2Awabe +wrbe =0, (11.9)

0+
where the damping ratio ¢ and the natural frequency w,, are

¢ b+ Ky K,
=, wn _—.

2. /K, M M
The characteristic equation of Equation (11.9) is

s% + 2Cwys + w2 =0, (11.10)
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with complex roots
s1,2 = —Cwn Twpy/ (2 — 1.

There are three types of solutions to the differential equation (11.9), de-
pending on whether the roots s; 2 are real and unequal (¢ > 1), real and equal
(¢ =1), or complex conjugates (¢ < 1):

e Overdamped: ¢ > 1. The roots s;2 are real and distinct, and the
solution is
0.(t) = cre®!" + coe®?t,

where c¢; and ¢y depend on the initial conditions. The response is the sum
of two decaying exponentials, with time constants 71 o = —1/s7 2, where
the time constant is the time it takes the exponential to decay to 37% of
its original value. The “slower” time constant in the solution is given by
the less negative root, s1 = —Cw, + wp/(2 — 1.

e Critically damped: ¢ = 1. The roots s; 2 = —(w,, are equal and real,
and the solution is
0.(t) = (c1 + cot)e™Cwnt,

i.e., a decaying exponential multiplied by a linear function of time. The
time constant of the decaying exponential is 7 = 1/(Cwy,).

e Underdamped: ¢ < 1. The roots s; 2 are complex conjugates at s; 2 =

—Cwy, £ wy, where wg = wp/1 — (2 is the damped natural frequency.
The solution is

0. (t) = (c1 cos(wgt) + co sin(wgt)) e =@t

i.e., a decaying exponential (time constant 7 = 1/(Cwy,)) multiplied by a
sinusoid.

To see how to apply these solutions, imagine that the link is originally at rest
at = 0. At time t = 0, the desired position is suddenly changed from 6; = 0 to
04 = 1. This is called a step input and the resulting motion of the system 60(t)
is called the step response. Our interest is in the error response 6.(t). We can
solve for ¢1 2 in the specific solution by solving 8(0) = 1 (the error immediately
becomes 1) and 6,,(0) = 0 (both 64(0) and 8(0) are zero).

The error response can be described by a transient response and a steady-
state response (Figure 11.4). The steady-state response is characterized by
the steady-state error egs, which is the asymptotic error 6.(t) as t — co. For
the link in zero gravity with a stable PD controller, e = 0. The transient
response is characterized by the overshoot and (2%) settling time. The 2%
settling time is the first time 7' such that |0.(t) — ess] < 0.02(1 — egs) for all
t > T, and is approximately equal to 47, where 7 is the slowest time constant
in the solution. Overshoot occurs if the error response initially overshoots the
final steady-state error, and in this case overshoot is defined as

ee,min — €ss

x 100%
1 — e

overshoot =
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essI 0
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Figure 11.4: The error response to a step input for an underdamped second-
order system, showing steady-state error ey, overshoot, and 2% settling time.

where ¢ min is the least positive value achieved by the error. The overshoot can
be calculated to be

overshoot = e~ ™/V17¢* % 100%, 0<¢ < 1.

A good transient response is characterized by a low settling time and little or
no overshoot.

Figure 11.5 shows the relationship of the location of the roots of Equa-
tion (11.10) to the transient response. For a fixed Ky and a small K,,, we have
¢ > 1, the system is overdamped, and the response is sluggish due to the “slow”
root. As K, is increased, the damping ratio decreases. The system is critically
damped (¢ = 1) at K, = (b+ K4)?/(4M), and the two roots are coincident on
the negative real axis. This situation corresponds to a relatively fast response
and no overshoot. As K, continues to increase, ¢ drops below 1, the roots move
off the negative real axis, and we begin to see overshoot and oscillation in the
response. The settling time is unaffected as K, is increased beyond critical
damping, as (w, is unchanged. In general, critical damping is desirable.

Practical Bounds on Feedback Gains According to our simple model,
we could increase K, and Ky without bound to make the real components
of the roots more and more negative, achieving arbitrarily fast response. In
practice, however, large gains lead to actuator saturation, rapid torque changes
(chattering), vibrations of the structure due to unmodeled flexibility in the joints
and links, and possibly even instability due to the finite servo rate frequency.
Thus there are practical limits on the set of useful gains.
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Figure 11.5: (Left) The complex roots of the characteristic equation of the PD-
controlled joint for a fixed K4 = 10 Nms/rad as K, increases from zero. This is
known as a “root locus” plot. (Right) The response of the system to an initial
error 0, = 1, 6. = 0 is shown for overdamped (¢ = 1.5, roots at “17), critically
damped (¢ = 1, roots at “2”), and underdamped (¢ = 0.5, roots at “3”) cases.

PID Control and Third-Order Error Dynamics Now consider the case
of setpoint control where the link moves in a vertical plane, i.e., g > 0. With
the PD control law above, the system can now be written

M0, + (b+ Kg). + K,0. = mgr cos 6. (11.11)

This implies that the system comes to rest at a configuration 0 satisfying K,0. =
mgr cos ), i.e., the final error 6. is not zero when 65 # £7. This is because the
robot must provide a nonzero torque to hold the link at rest at ¢ # =7, but the
PD control law only creates a nonzero torque at rest if 6, # 0. We can make
this steady-state error small by increasing the gain K, but as discussed above,
there are practical limits.

To eliminate the steady-state error, we return to the PID controller by setting
K; > 0. This allows a nonzero steady-state torque even with zero position
error; only the integrated error must be nonzero. Figure 11.6 demonstrates the
addition of the integral term to the controller.

To see how this works, write the setpoint error dynamics

M0, + (b+ Kg). + K,0. + K; / 0o (t)dt = Taist, (11.12)

where Tqist is a disturbance torque substituted for the gravity term mgr cosé6.
Taking derivatives of both sides, we get the third-order error dynamics

MO® + (b+ Kg)be + Ky, + Kife = Faist. (11.13)

If 74ist 1S constant, then the right-hand side of Equation (11.13) is zero. If the
PID controller is stable, then (11.13) shows that 6, converges to zero. (While
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Figure 11.6: (Left) The tracking errors for a PD controller with K; =
2 Nms/rad, K, = 2.205 Nm/rad for critical damping, and a PID controller
with the same PD gains and K; = 1 Nm/(rad s). The arm starts at 6(0) =
—7/2,6(0) = 0, with a goal state §; = 0,6, = 0. (Middle) The individual
contributions of the terms in the PD and PID control laws. (Right) The initial
and final configurations.

the disturbance torque due to gravity is not constant as the link rotates, it
approaches a constant as 0 approaches zero, and therefore similar reasoning
holds close to the equilibrium.)

Integral control is useful to eliminate steady-state error in setpoint control,
but it may adversely affect the transient response. This is because integral
control essentially responds to delayed information—it takes time for the system
to respond to error as it integrates. It is well known in control theory that
delayed feedback can cause instability. To see this, consider the characteristic
equation of Equation (11.13) when 74;s is constant:

Ms® + (b+ Kg)s* + Kps + K; = 0. (11.14)

For all roots to have negative real part, we require b + Kq > 0 and K, > 0 as
before, but there is also an upper bound on the new gain K; (Figure 11.7):

(b + Kd)Kp

<K;
0< < i

Thus a reasonable design strategy is to choose K, and K, for a good transient
response, then choose K; small so as not to adversely affect stability. In the
example of Figure 11.6, the relatively large K; worsens the transient response,
giving significant overshoot. In practice, K; = 0 for many robot controllers.

Pseudocode for the PID control algorithm is given in Figure 11.8.

While our analysis has focused on setpoint control, the PID controller applies
perfectly well to trajectory following, where éd(t) # 0. Integral control will not
eliminate tracking error along arbitrary trajectories, however.
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Figure 11.7: The three roots of Equation (11.14) as K; increases from zero. First
a PD controller is chosen with K, and K, yielding critical damping, giving rise
to two collocated roots on the negative real axis. Adding an infinitesimal gain
K; > 0 creates a third root at the origin. As we increase K;, one of the two
collocated roots moves to the left on the negative real axis, while the other two
roots move toward each other, meet, break away from the real axis, begin curving
to the right, and finally move into the right-half plane when K; = (b+K4)K,/M.
The system is unstable for larger values of K;.

11.2.2.2 Feedforward Control

Another strategy for trajectory following is to use a model of the robot’s dy-
namics to proactively generate torques, instead of waiting for errors. Let the
controller’s model of the dynamics be

7= M(0)0 + h(6,6), (11.15)

where the model is perfect if M(0) = M(0) and h(0,6) = h(6,6). Note that
the inertia model M (0) is written as a function of the configuration 6. While
the inertia of our simple one-joint robot is not a function of configuration, writ-
ing this way allows us to re-use Equation (11.15) for multi-joint systems in
Section 11.2.3.

Given 6y, 64, and 6, from the trajectory generator, the commanded torque
is calculated as

7= M(04)04 + h(64,64). (11.16)

If the model of the robot dynamics is exact, and there are no initial state errors,
then the robot exactly follows the desired trajectory. This is called feedforward
control, as no feedback is used.



302 Robot Control

time = 0 // dt = cycle time

eint = 0 // error integral

gprev = senselngle // initial joint angle q
loop

[qd,qdotd] = trajectory(time) // from trajectory generator

q = senseAngle // sense actual joint angle
qdot = (q - gprev)/dt // simple velocity calculation
gprev = q

e=qd - q

edot = qdotd - qdot
eint = eint + exdt

tau = Kp*e + Kd*edot + Ki*eint
commandTorque (tau)

time = time + dt

end loop

Figure 11.8: Pseudocode for PID control.
time = 0 // dt = cycle time
loop

[qd,qdotd,qdotdotd] = trajectory(time) // from trajectory generator
tau = Mhat(qd)*qdotdotd + hhat(qd,qdotd) // calculate dynamics
commandTorque (tau)
time = time + dt

end loop

Figure 11.9: Pseudocode for feedforward control.

A pseudocode implementation of feedforward control is given in Figure 11.9.

Figure 11.10 shows two examples of trajectory following for the link in grav-
ity. Here, the controller’s dynamic model is correct except that it has 7 = 0.08 m,
when actually » = 0.1 m. In Task 1, the error stays small, as unmodeled gravity
effects provide a spring-like force to § = —m /2, accelerating the robot at the be-
ginning and decelerating it at the end. In Task 2, unmodeled gravity effects act
against the desired motion, resulting in a larger tracking error. Because there
are always modeling errors, feedforward control is always used in conjunction
with feedback, as discussed next.
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Figure 11.10: Results of feedforward control with an incorrect model: 7 =
0.08 m, but » = 0.1 m. The desired trajectory in Task 1 is 64(t) = —7/2 —
(w/4) cos(t) for 0 < t < w. The desired trajectory for Task 2 is 04(t) = 7/2 —
(m/4) cos(t),0 <t <.

11.2.2.3 Feedforward Plus Feedback Linearization

All practical controllers use feedback, as no model of robot and environment
dynamics will be perfect. Nonetheless, a good model can be used to improve
performance and simplify analysis. R

Let’s combine PID control with a model of the robot dynamics {M,h} to
achieve the error dynamics

fc + Kabe + K,0. + K,-/Ge(t)dt =0 (11.17)

along arbitrary trajectories, not just to a setpoint. The error dynamics (11.17)
and proper choice of PID gains ensure exponential decay of trajectory error.

Since 8. = 6; — 0, to achieve the error dynamics (11.17), we choose the
robot’s commanded acceleration to be

Ocom = g — 0. then plug in Equation (11.17) to get

=04+ K40, + K,0. + K; / 0. (t)d. (11.18)

Plugging feom into a model of the robot dynamics {]\/4\ ,ﬁ}7 we get the feedfor-
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Figure 11.11: Feedback linearizing control. The feedforward acceleration Gy is
added to the acceleration g, computed by the PID feedback controller to create
the commanded acceleration 0.qp.

ward plus feedback linearizing controller

7= DM(0) (éd + Kb + Ki/ee(t)dt + Kdée) + h(6,6). (11.19)

This controller includes a feedforward component, due to the use of the planned
acceleration 6,4, and is called feedback linearizing because feedback of # and 0
is used to generate linear error dynamics. The h(6,0) term cancels dynamics
that depend nonlinearly on the state, and the inertia model M (0) converts
desired joint accelerations into joint torques, realizing the simple linear error
dynamics (11.17).

A block diagram of the controller is shown in Figure 11.11. The gains K, K,
and K4 are chosen to place the roots of the characteristic equation as desired
to achieve good transient response. Under the assumption of a perfect dynamic
model, we would choose K; = 0.

Figure 11.12 shows typical behavior of feedback linearizing control relative
to feedforward and feedback only. Pseudocode is given in Figure 11.13.

11.2.2.4 A Closer Look at Friction

For simplicity, we have been assuming a viscous model of friction at bearings
and gears. In reality, friction is a complex phenomenon which is the subject
of considerable current research, and any friction model is a gross attempt to
capture average behavior of the micromechanics of contact. Friction forces may
be a function of the loading force at the contact, the time the contact has been at
rest, position (due to spring-like forces before sliding begins, or non-uniformity
in bearings), velocity, temperature, etc.

One noteworthy limitation of a viscous friction model is its implication of
zero friction force at zero velocity. In fact, common experience indicates that
friction forces can be large at zero velocity. For example, you can apply sig-
nificant horizontal forces to a book on a table before it begins to slide. The
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Figure 11.12: Performance of feedforward only (ff), feedback only (fb), and
feedback linearizing control (ff+fb). PID gains are taken from Figure 11.6, and
the feedforward modeling error is taken from Figure 11.10. The desired motion
is Task 2 from Figure 11.10. The middle plot shows the tracking performance
of the three controllers. Also plotted is [ 7%(t)d¢, a standard measure of control
effort, for each of the three controllers. These plots show typical behavior: the
feedback linearizing controller yields better tracking than either feedforward or
feedback alone, with less control effort than feedback alone.

time = 0 // dt = cycle time

eint = 0 // error integral

gprev = senselAngle // initial joint angle q
loop

[qd,qdotd,qdotdotd] = trajectory(time) // from trajectory generator

q = senseAngle // sense actual joint angle
qdot = (q - qprev)/dt // simple velocity calculation
gprev = q

e=qd - q

edot = qdotd - qdot
eint = eint + exdt

tau = Mhat(q)*(qdotdotd + Kp*e + Kd*edot + Ki*eint) + hhat(q,qdot)
commandTorque (tau)

time = time + dt
end loop

Figure 11.13: Pseudocode for the feedback linearizing controller.

force resisting motion at rest is known as static friction and is not included
in the viscous model. For a robot joint, nonzero static friction implies that
some torque can be applied to the joint at rest without causing any motion.
The discontinuity of friction force at zero velocity significantly complicates the
problem of controlling low-speed motions involving switches in direction. To
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Figure 11.14: Examples of velocity-dependent friction models. (a) Viscous fric-

tion. (b) Coulomb friction, Tpic = bsgn(f). Taie can take any value in [~b, ] at

zero velocity. (c) Static plus viscous friction, Tgic = bstatic SE(E) + byiscoust. (d)
Static and kinetic friction, requiring Tgic > |Dstatic| to initiate motion, and then

Ttric = bkinetic $¢n(0) during motion, where bstatic > bkinetic- (€) Static, kinetic,
and viscous friction. (f) A friction law exhibiting the Stribeck effect—at low
velocities, friction decreases as velocity increases.

address this issue, a more sophisticated model of joint friction can be included
in the nonlinear dynamics compensation term h(6, ) in feedforward or feedback
linearizing control. See Figure 11.14 for some examples of velocity-dependent
friction. Other ways of dealing with friction include “dithering” (imposing a
high-frequency zero-mean control signal on top of the nominal control signal, to
effectively smooth the friction discontinuity at zero velocity) and using larger
PID gains in the neighborhood of zero velocity.

11.2.2.5 The Effect of Gearing

Until now we have been considering our actuator as a source of torque, without
considering how the actuator generates that torque. For example, if we choose
a DC motor with an appropriate power rating for our robot joint, we will likely
find that it is capable of producing high speed, up to 10,000 RPM or more, but
only low torque. Most robotic applications require significantly lower speeds and
higher torques. Therefore, gears, belts and pulleys, and other transmissions are
usually used to reduce speed by a gear ratio G > 1, while ideally increasing the
available torque by a factor of G, thereby preserving power:

in

Ev Tout = GTin,  Pour = 7-outéout = (GTiII)(éil’l/G) = P,.

Hout =

In practice, however, some power is dissipated due to friction in the gearing,
and the torque available at the output is less than Gry,. This effect tends to
increase with the gear ratio G. Typical choices of G are from single digits to
over a hundred.

Another option is to directly drive a robot joint with G = 1. Motors used
in direct-drive configurations typically have much higher power ratings than
needed for the application (and therefore tend to be quite heavy), so that they
can provide sufficient torque without gearing. These motors never approach
their top-end speeds in typical applications.
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Now consider the inertia M of our one-joint robot. It is actually a lumped
parameter capturing not only the inertia of the link, but also the inertia of the
motor’s rotor. Typically the motor’s inertia Iot0r is much smaller than the
inertia of the link Ij;,. When there is gearing G > 1, however, the motor spins
faster than the link; if the link angular velocity is é, then the motor speed is
GO. We can write the kinetic energy of the link-rotor system as

1 . . 1 .
K= 5 (Ilink(92 + Imotor(G9)2> = 5 (Ilink + G2Imotor) 927

M

where G?Iot0r is the inertia of the motor seen from the gearing output shaft.
This is called the motor’s reflected inertia through the gearbox: the effective
inertia of the motor as seen at the output of the gearbox.

As an example, consider [ = 1 kg‘m2 and Lot = 1073 kng. For G =1,
99.9% of the total inertia is due to the link. With a gear ratio G = 100, however,
the effective inertia of the geared motor is ten times the inertia of the link.

When G is chosen so that G = \/Dink/Imotor, half of the torque is used to
accelerate each of the motor and the link, and the system is said to be inertia
matched, maximizing the power transferred to the link (Exercise 9).

Summarizing, we can make two observations comparing direct-drive and
highly geared systems:

e The behavior of geared systems is generally less sensitive to changes in
the link inertia, as when the arm carries a load, since the link inertia is a
smaller percentage of the total inertia due to the high reflected inertia of
geared motor.

e Friction forces are larger in highly geared systems. In the limit where
friction forces dominate inertial forces, the joint dynamics may be closer
to a first-order viscous system than a second-order inertial system.

These properties play an important role in the analysis of control laws for
multi-joint systems, discussed next.

11.2.3 Motion Control of a Multi-jont Robot with Torque or
Force Inputs

The methods applied above for a single-joint robot carry over directly to n-joint
robots. The difference is that the dynamics (11.4) now take the more general
vector-valued form

7= M(0)d + h(6,6),

where the n x n positive-definite inertia matrix M is now a function of the
configuration . We will sometimes find it convenient to explicitly write the
components of the term h(0,0):

7= M)+ C(6,0)0 + g(0) + b(6), (11.20)
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where C(0, 9)9 are Coriolis and centripetal terms, g() are potential (e.g., grav-
ity) terms, and b(f) are friction terms. In general, the dynamics (11.20) are
coupled—the force or torque at a joint may be a function of the positions,
velocities, and accelerations of other joints.

We distinguish between two types of control of multi-joint robots: decen-
tralized control, where each joint is controlled separately with no sharing of
information between joints, and centralized control, where full state informa-

tion for each of the n joints is available to calculate the controls for each joint.

11.2.3.1 Decentralized Multi-Joint Control

The simplest method for controlling a multi-joint robot is to apply an inde-
pendent controller at each joint. Decentralized control is appropriate when the
dynamics of the joints can be decoupled, or at least approximately decoupled.
The dynamics are decoupled when the acceleration of each joint depends only
on the torque applied at that joint. This requires that the inertia matrix be
diagonal, as in Cartesian or gantry robots, where the first three axes are pris-
matic and orthogonal along the z-y-z axes. This kind of robot is equivalent to
three single-joint systems.

Approximate decoupling is also achieved in highly geared robots in the ab-
sence of gravity. The inertia matrix M () is nearly diagonal, as it is dominated
by the reflected inertias of the motors themselves. Variations in M (6) due to
different joint configurations are small. Significant friction at the individual
joints also contributes to the decoupling of the dynamics.

11.2.3.2 Centralized Multi-Joint Control

When gravity forces and torques are significant and coupled, or when the inertia
matrix M(0) is not well approximated by a diagonal matrix, decentralized con-
trol may not yield acceptable performance. In this case, the feedback linearizing
control law (11.19) of Figure 11.11 can be generalized. The configurations 6 and
04 and the error ., = 6; — 6 are now n-vectors, and the positive scalar gains
become positive-definite matrices K, K;, Kg4:

7= M(0) (é)’d + K0, + Ki/Be(t)dt + Kdée) + h(8,6). (11.21)

Typically we choose the gain matrices as k,Z, k;Z, kqZ, where T is the n x n
identity matrix and kp, k;, and k; are nonnegative scalars. In the case of an
exact dynamics model M and ?L, the dynamics of each joint reduces to the
linear dynamics (11.17). The block diagram and pseudocode for this control
algorithm are found in Figures 11.11 and 11.13, respectively.

Implementing the control law (11.21) requires calculating potentially com-
plex dynamics. We may not have a good model of these dynamics, or the
equations may be too computationally expensive to calculate at servo rate. In
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this case, if the desired velocities and accelerations are small, an approximation
to (11.21) can be obtained using only PID control and gravity compensation:

= K60+ K / 0, (1)dt + K46, +5(6). (11.22)

With zero friction, perfect gravity compensation, and PD setpoint control (K; =
0 and 04 = 64 = 0), the controlled dynamics can be written

M(6)6 + C(6,0)0 = K 0, — Kab, (11.23)
where the Coriolis and centripetal terms are written C(6,0)0. We can now

define a virtual “error energy,” which is the sum of an “error potential energy”
stored in the virtual spring and an “error kinetic energy”:

: 1 1. .
V(0e,0.) = 5931{1[,06 + 5931\4(9)96. (11.24)
Since 6 = 0, this reduces to
. 1 1. .
V(0.,0) = 5tﬂ)eTKpae + §0TM(9)0. (11.25)

Taking the time derivative and plugging in (11.23), we get

V=—-0"K,0. + 6" M(6)6 + 59TM(9)9

T, 0, + 07 (ere ~ K46 — O, 9)9) + 50721 (0)0. (11.26)

Rearranging, and using the fact that M — 2C is skew-symmetric (Proposi-
tion 8.4), we get

V=—6TK,0, + 07 (ere - Kd9> + 567 (M(o) — 20, 9)) 0
=—0TK40 <o0. (11.27)

This shows that the error energy is decreasing when 0 # 0. If 6 = 0 and
0 # 6,4, the virtual spring ensures that 0 #0, so 6, will again become nonzero
and more energy will be dissipated. Thus by the Krasovskii-LaSalle invariance
principle (Exercise 13), the total error energy decreases monotonically and the
robot converges to rest at 64 (6. = 0) from any initial state.

11.2.4 Task Space Motion Control

In Section 11.2.3, we focused on motion control in joint space. This is convenient
because joint limits are easily expressed in this space, and the robot should be
able to execute any joint-space path respecting these limits. Trajectories are
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naturally described by the joint variables, and there are no issues of singularities
or redundancy.

On the other hand, since the robot interacts with the external environment
and objects in it, it may be more convenient to express the motion as a trajectory
of the end-effector in task space. Let the end-effector trajectory be specified by
(X(t),V(t)), where X € SE(3) or X € R", for example, with V € R" the
velocity. Provided the corresponding trajectory in joint space is feasible, we
now have two options for control: (1) convert to a joint-space trajectory and
proceed with control as in Section 11.2.3 or (2) express the robot dynamics and
control law in the task space.

The first option is to convert the trajectory to joint space. The forward
kinematics are X = f(#) and V = J(8)6, where .J(6) is the appropriate Jacobian
based on the chosen velocity representation V. Then the joint space trajectory
is obtained from the task space trajectory by

(inverse kinematics) () = f~1(X(t)) (11.28)
) WV(t) (11.29)

) (v(t) - J(e(t))é(t)) . (11.30)

If the robot is redundant, i.e., J(#) has more columns than rows, a redundancy
resolution scheme must be used to solve for f~! and J~!.

A drawback of this approach is that we must calculate the inverse kinematics,
which may require significant computing power. The second option is to express
the robot’s dynamics in task-space coordinates, as discussed in Chapter 8.6.
Recall the task-space dynamics

F=AB)V +10,V).

The joint forces and torques 7 are related to the forces F expressed in the
end-effector frame by 7 = JZ(0).F.

We can now write a control law in task coordinates inspired by the feedback
linearizing control law in joint coordinates (11.21),

r=JT(9) (K(e) (vd + K, X, + K; / X (t)dt + KdVe) +7(0, V>> )

(11.31)
where V; is the desired acceleration and {7\, 7} represents the controller’s dy-
namics model.

The task-space control law (11.31) makes use of the configuration error X,
and velocity error V.. When X is expressed in a minimal set of coordinates
(X eR") and V = X, a natural choice is X, = X; — X,V. = V; — V. When
X = (R,p) € SE(3), however, there are a number of possible choices, including
the following:
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o V =1V, and J(0) = Jp(6): spatial velocities are represented in the end-
effector frame {b}. A natural choice would use [X.] = log(X ~1X,) and
Ve = [Adx-1x,]Va — V. The spatial velocity X. € RS is the velocity,
expressed in the end-effector frame, which, if followed for unit time, would
move the current configuration X to the desired configuration X;. The
transform [Adx-1x,] expresses the desired spatial velocity Vg, which is
expressed in the frame X, as a spatial velocity in the end-effector frame
at X, in which the actual velocity V is represented.

e V and J(6) chosen so that V = (w,v), where w is the angular velocity
of the end-effector expressed in the {s} frame and v = p. The matrix
representation of the angular velocity that takes R to R4 in unit time,
expressed in the end-effector frame {b}, is [wp] = log(RT Ry4), so a natural
choice for error coordinates would be

wa

Xe:{ } and V. =V, — V.
Pa —P

These choices lead to different behaviors of the robot. In particular, the second
choice decouples the rotational and linear corrective terms.

11.3 Force Control

When the goal is not to create motions at the end-effector, but to apply forces
and torques to the environment, the task requires force control. Pure force
control is only possible if the environment provides resistance forces in every
direction (e.g., when the end-effector is embedded in concrete or attached to
a damper providing resistance in every motion direction). Pure force control
is a bit of an abstraction, as robots are usually able to move freely in at least
some direction. It is a useful abstraction, however. It also leads to hybrid
motion-force control in Section 11.4.

In ideal force control, the force applied by the end-effector is unaffected by
disturbance motions applied to the end-effector. This is dual to the case of ideal
motion control, where the motion is unaffected by disturbance forces. Force
control is dual to motion control in the sense that forces are dual to velocities,
with their product being power, an intrinsic, coordinate-free concept.

Let Fiip be the force that the manipulator applies to the environment. The
manipulator dynamics can be written

M(0)+ C(6,0)6 + g(0) + b(6) + J7(0) Fuipy = T, (11.32)

where the Jacobian J(f) satisfies V = J(6)d. Since the robot typically moves
slowly (or not at all) during a force control task, we ignore the acceleration and

velocity terms to get
g(0) + JT(0) Foip = 7. (11.33)
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six-axis
force-torque
sensor

Figure 11.15: A six-axis force-torque sensor, highlighted in yellow, mounted
between the Barrett WAM robot arm and its end-effector.

In the absence of any direct measurements of the force-torque at the robot
end-effector, joint angle feedback alone can be used to implement the force
control law

T =g(0) + JT(0)F4, (11.34)

where g(0) is the model of gravitational torques and Fy is the desired force. This
control law requires a good model for gravity compensation as well as precise
control of the torques produced at the robot joints. In the case of a direct-drive
joint, torque control can be achieved by current control of the motor. In the
case of a highly geared actuator, however, large friction torque in the gearing
can degrade the quality of torque control achieved using only current control.
In this case, the output of the gearing can be instrumented with strain gauges
to directly measure the joint torque, which is fed back to a local controller that
modulates the motor current to achieve the desired output torque.

A more common solution is to equip the robot arm with a six-axis force-
torque sensor between the arm and the end-effector to directly measure the
end-effector spatial force Fp (Figure 11.15). Force-torque measurements are
often noisy, so the time derivative of these measurements may not be meaningful.
In addition, the desired force Fy is typically constant or only slowly changing.
These characteristics suggest a PI force controller with a feedforward term and
gravity compensation,

T=40)+J"(0) <]:d+Kfp]:e+Kfi/fe(t)dt>, (11.35)

where F, = F4 — Fiip and Ky, and Ky; are positive-definite proportional and
integral gain matrices, respectively. In the case of perfect gravity modeling,
plugging the force controller (11.35) into the dynamics (11.33), we get the error
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dynamics

KppFe+ Ky /]—"e(t)dt =0. (11.36)

In the case of a constant force disturbance on the right-hand side of (11.36),
arising from an incorrect model of g(6), for example, we take the derivative to
get )

KepFe + KpiFe =0, (11.37)

showing that F. converges to zero for positive-definite Ky, and Kjy;.

The control law (11.35) is simple and appealing, but potentially dangerous if
incorrectly applied. If there is nothing for the robot to push against, the robot
will accelerate in a failing attempt to create end-effector forces. Since a typical
force control task requires little motion, we can limit this acceleration by adding
velocity damping. This gives the modified control law

T = @\(9) + JT(Q) (]:d + Kfp]:e + Kfi /]:e(t)dt — Kdampv> , (11.38)

where Kgamp is positive definite.

11.4 Hybrid Motion-Force Control

Most tasks requiring the application of controlled forces also require the applica-
tion of controlled motions. Control to achieve this is called hybrid motion-force
control. If the the task space is n-dimensional, then we are free to specify n
of the 2n forces and motions at any time ¢; the other n are determined by the
environment. Apart from this constraint, we also should not specify forces and
motions in the “same direction,” as they are not independent.

As an example, consider a two-dimensional environment modeled by a damper,

F = BenyV, where
2 1
Benv - { 1 1 } .

Defining the components of V and F as (V1,Vs2) and (F1, Fz), we have F; =
2V1 + Vo, Fo = V1 + Vo, We have n = 2 freedoms to choose among the 2n = 4
velocities and forces at any time. For example, we can specify both F; and V;
independently, because Bepy is not diagonal. Then Vs, and F5 are determined
by Benv- We cannot independently control both F; and 2V; 4+ Vs, however, as
these are in the “same direction” according to the damper.

11.4.1 Natural and Artificial Constraints

A particularly interesting case is when the environment is infinitely stiff (rigid
constraints) in k directions and unconstrained in n — k directions. In this case,
we cannot choose which of the 2n motions and forces to specify—the contact
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with the environment chooses the k directions in which the robot can freely
apply forces and the n — k directions of free motion. As an example, consider
the task space to have the n = 6 dimensions of SE(3). Then a robot opening a
cabinet door has 6 — kK = 1 motion freedom, rotation about the cabinet hinges,
and therefore k = 5 force freedoms—the robot can apply any force and torque
that has zero moment about the axis of the hinges.

As another example, a robot writing on a chalkboard may freely control the
force into the board (k = 1), but it cannot penetrate the board; and it may
freely move with 6 — k = 5 degrees of freedom (two specifying the motion of the
tip of the chalk in the plane of the board, and three describing the orientation
of the chalk), but it cannot independently control forces in these directions.

The chalk example comes with two caveats. The first is due to friction—
the chalk-wielding robot can actually control forces tangent to the plane of the
board, provided the requested motion in the plane of the board is zero and the
requested tangential forces do not exceed the static friction limit determined by
the friction coefficient and the normal force into the board (see friction modeling
in Chapter 12). Within this regime, the robot has three motion freedoms and
three force freedoms. Second, the robot could decide to pull away from the
board. In this regime, the robot has six motion freedoms and no force freedoms.
Thus the configuration of the robot is not the only determinant in the directions
of motion and force freedoms. Nonetheless, in this section we consider the
simplified case where the motion and force freedoms are determined solely by the
robot’s configuration, and all constraints are equality constraints. For example,
the inequality velocity constraint of the board (the chalk cannot penetrate the
board) is treated as an equality constraint (the robot also does not pull the
chalk away from the board).

As a final example, consider a robot erasing a chalkboard using an eraser
modeled as a rigid block (Figure 11.16). Let the configuration X (¢) be expressed
in coordinates ¢ = (¢,p) = (¢z, Oy, ¢-,, Y, 2), where ¢ are exponential coordi-
nates for the orientation. The velocity is represented as ¥V = ¢. When the eraser
is in contact with the board, its configuration X (t) is subject to the constraints

¢z:O
¢y:0
Zz=2cC

where c¢ is half the thickness of the eraser. These constraints can be expressed
differentially as

¢z:O
(ﬁy:O
z=0

In the language of Chapter 2, these constraints are holonomic—the differential
constraints can be integrated to give the configuration constraints.
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Figure 11.16: The fixed space frame {s} attached to the chalkboard and the
body frame {b} attached to the center of the eraser.

These constraints are called natural constraints, specified by the environ-
ment. In light of the natural constraints, we can specify any motion of the eraser
satisfying these k = 3 velocity constraints, giving 6 — k = 3 motion freedoms.
We are also free to specify k = 3 forces, F, Fy,, and Fy . These motion and
force specifications are called artificial constraints. Below is a typical set of
artificial constraints corresponding to the natural constraints:

natural constraints artificial constraints
¢r =0 Fp, =0
éy =0 Fo, =0
Fs. =0 $. =0
Fe=0 =k
F,=0 y=0
2=0 F. =ko

The artificial constraints cause the eraser to move with an z-velocity k; while
applying a constant force ko against the board.

11.4.2 A Hybrid Controller

We now return to the problem of designing a hybrid motion-force controller. If
the environment is rigid, then we express the k natural constraints on velocity
in task space as

AX)Y =0, (11.39)

where A(X) € R¥*™ and n = 6 for X € SFE(3). (Alternatively, these constraints
could be written in a minimal set of task coordinates as A(q)¢ = 0.) This
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formulation includes holonomic and nonholonomic contact constraints with the
environment, as well as closure constraints in parallel mechanisms.
If the task-space dynamics of the robot, in the absence of constraints, are

F=AO)V+n(0,V),
then the constrained dynamics are

F=AO)YV+n(0,V) + AT(X)A, (11.40)
]:.

where A € R” are Lagrange multipliers and Fiip are forces that the robot applies
against the constraints. The requested force F; must lie in the column space of
AT(X).
Since Equation (11.39) must be satisfied at all times, we can replace (11.39)
by the time derivative
AX)V +AX)Y =0. (11.41)

Now, solving Equation (11.40) for V, plugging the result into (11.41), and solving
for A, we get

A= (AATTATY Y AAY(F —n) + AV)
= (AATAT) ANV (F — ) — AV), (11.42)

where we have plugged in —AY = AV by Equation (11.41). With Equa-
tion (11.42), we can calculate the forces Fii, = AT (g)A the robot applies against
the constraints.

Plugging Equation (11.42) into Equation (11.40) and manipulating, the n
equations of the constrained dynamics (11.40) can be expressed as the n — k
independent motion equations

P(X)F = P(X)(AO)Y +1(6,V)) (11.43)

where
P=T—-AT(AAT1AT)1AA! (11.44)

and Z is the identity matrix. The nxn matrix P(X) has rank n—k and projects
an arbitrary manipulator force F onto the subspace of forces that move the end-
effector tangent to the constraints. The rank k matrix Z — P(X) projects an
arbitrary force F to the subspace of forces against the constraints. Thus P
partitions the m-dimensional force space into forces that address the motion
control task and forces that address the force control task.

Our hybrid motion-force controller is simply the sum of a task-space motion
controller, derived from the feedback linearizing control law (11.31), and a task-
space force controller (11.35), each projected to generate forces in its appropriate



11.5. Impedance Control 317

subspace:

r=J7) [ P(X) (7\(9) {vd + K, X + K; /Xe(t)dt + KdVeD

motion control

+ (I - P(X)) (]—"d + K Fo + Kpy / ]—"e(t)dt>

force control

+ 6, V) ] . (11.45)
li ti
nonlinear compensation

Because the dynamics of the two controllers are decoupled by the orthogonal
projections P and Z — P, the controller inherits the error dynamics and stabil-
ity analyses of the individual force and motion controllers on their respective
subspaces.

A difficulty in implementing the hybrid control law (11.45) in rigid envi-
ronments is knowing precisely the constraints A(X)V = 0 active at any time.
This is necessary to specify the desired motion and force and to calculate the
projections, but any model of the environment will have some uncertainty. One
approach to dealing with this issue is to use a real-time estimation algorithm to
identify the constraint directions based on force feedback. Another is to sacri-
fice some performance by choosing low feedback gains, which makes the motion
controller “soft” and the force controller more tolerant of force error. We can
also build passive compliance into the structure of the robot itself to achieve
a similar effect. In any case, some passive compliance is unavoidable, due to
flexibility in the joints and links.

11.5 Impedance Control

Ideal hybrid motion-force control in rigid environments demands extremes in
robot impedance, which characterizes the change in endpoint motion as a func-
tion of disturbance forces. Ideal motion control corresponds to high impedance
(little change in motion due to force disturbances) while ideal force control cor-
responds to low impedance (little change in force due to motion disturbances).
In practice, there are limits to a robot’s achievable impedance range.

In this section, we consider the problem of impedance control, where the
robot end-effector renders particular mass, spring, and damper properties.? For
example, a robot used as a haptic surgical simulator could be tasked with mim-
icking the mass, stiffness, and damping properties of a virtual surgical instru-
ment in contact with virtual tissue.

A one-degree-of-freedom environment can be written

mi + bi: + ka = f, (11.46)

2 A popular subcategory of impedance control is stiffness control or compliance control,
where the robot renders a virtual spring only.
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Figure 11.17: A robot creating a one-degree-of-freedom mass-spring-damper
virtual environment. The human hand applies a force f to the haptic interface.

where x is the position, m is the mass, b is the damping, and k is the stiffness,
and f is the force applied to the environment (Figure 11.17). Collectively, we
refer to the parameters {m,b, k} as the impedance. Loosely, we say that the
environment has high impedance if one or more of these parameters, usually
including b or k, is large. Similarly, we say that the impedance is low if all of
these parameters are small.

More formally, taking the Laplace transform of Equation (11.46), we get

(ms® +bs + k)X (s) = F(s), (11.47)

and the impedance is defined by the transfer function from position pertur-
bations to forces, Z(s) = F(s)/X(s). Thus impedance is frequency depen-
dent, with low-frequency response dominated by the spring and high-frequency
response dominated by the mass. Admittance is the inverse of impedance,
Y(s)=Z"1(s) = X(s)/F(s).

A good motion controller is characterized by high impedance (low admit-
tance), since AX = YAF'. If the admittance Y is small, then force perturbations
AF produce only small position perturbations AX. Similarly, a good force con-
troller is characterized by low impedance (high admittance), since AF = ZAX,
and small Z implies that motion perturbations produce only small force pertur-
bations.

The goal of impedance control is to implement the task-space behavior

DV + BV + KX = Fuy, (11.48)

where X € R” and V = X are the task-space position and velocity; D, B, and
K are the positive-definite virtual inertia, damping, and stiffness to be created
by the robot; and Fey is a force applied to the robot, perhaps by a user. The
values of D, B, and K may change depending on the location in the virtual
environment, to represent distinct objects for instance, but we will focus on the
case of constant values.

There are at least two ways to achieve the behavior (11.48):

e The robot senses the motion X (¢) and commands joint torques to create
—Fext, the force to display to the user. Such a robot is called impedance
controlled, as it implements a transfer function Z(s) from motions to
forces. These robots tend to be lightweight and backdrivable, and are
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often cable-driven. They are typically good at displaying low impedances,
and not as good at displaying stiff, high impedance environments.

e The robot senses Fext using a wrist force-torque sensor and controls mo-
tions in response. Such a robot is called admittance controlled, as it
implements a transfer function Y'(s) from forces to motions. These robots
tend to be highly geared. They are typically good at displaying stiff, high
impedance environments, and not as good at displaying low impedances.

11.56.1 Impedance Control Algorithm

In an impedance control algorithm, encoders, tachometers, and possibly ac-
celerometers are used to estimate the joint and endpoint positions, velocities,
and possibly accelerations. Often impdance-controlled robots are not equipped
with a force-torque sensor, and instead rely on their ability to precisely control
joint torques with little friction to display the appropriate end-effector force
—Fext (from (11.48)) to the user. An ideal control law might be

r=J7(0) AOY +7(0,V) — (DV+BV+KX) |. (11.49)
—_———
arm dynamics compensation Foxt

Addition of an end-effector force-torque sensor allows the use of feedback terms
to more closely achieve the desired interaction force —Fext.

In the control law (11.49), it is assumed that V, V, and X are measured
directly. Measurement of the acceleration V is likely to be noisy, however, and
there is the problem of attempting to compensate for the robot’s inertia after
the acceleration has been sensed. Therefore, it is not uncommon to eliminate
the inertial compensation term A(#)V and to set D = 0. The inertia of the arm
will be apparent to the user, but impedance-controlled manipulators are often
designed to be lightweight.

Instability can arise when (11.49) is used to simulate stiff environments.
Small changes in position, as measured by encoders for example, lead to large
changes in motor torques. This effective high gain, coupled with delays, sensor
quantization, and sensor errors, can lead to oscillatory behavior in stiff virtual
environments. On the other hand, the effective gains are low when emulating
low impedance environments. A lightweight backdrivable? manipulator can
excel at impedance control.

11.56.2 Admittance Control Algorithm

In an admittance control algorithm, the force Fex applied by the user is sensed
by the wrist load cell, and the robot responds with an end-effector acceleration

3 A manipulator joint is backdrivable if it moves easily in response to an external force, as
with joints with low gear ratios.
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satisfying Equation (11.48). A simple approach is to calculate the desired end-
effector acceleration V; according to

DVy+ BY + KX = Fex,
where (X, V) is the current state. Solving, we get
Vi = D™V (Fue — BY — KX). (11.50)

Given Vd, V, and X, integration over the servo timestep At yields the desired
position and velocity X4 and Vy. The reference Xy, Vg, V, can be plugged into
the feedback linearizing control law in task coordinates (11.31). To make the
response smoother, the force readings can be low-pass filtered.

Simulating a low impedance environment is challenging for an admittance
control algorithm, as small forces produce large accelerations. The effective
large gains can produce instability. On the other hand, admittance control by
a highly geared robot can excel at emulating stiff environments.

11.6 Other Topics

Robust Control While all stable feedback controllers confer some amount of
robustness to uncertainty, the field of robust control deals with designing con-
trollers that explicitly guarantee the performance of a robot subject to bounded
parametric uncertainties, such as in its inertial properties.

Adaptive Control Adaptive control of robots involves estimating the
robot’s inertia parameters during execution and updating the control law in
real-time to incorporate those estimates.

Iterative Learning Control Iterative learning control (ILC) generally
focuses on repetitive tasks. For example, if a robot performs the same pick-and-
place operation over and over, the trajectory errors from the previous execution
can be used to modify the feedforward control for the next execution. In this
way, the robot improves its performance over time, driving execution error to-
ward zero. ILC differs from adaptive control in that the “learned” information
is generally nonparametric and useful only for a single trajectory. On the other
hand, ILC can account for effects that have not been parametrized in a model.

Passive Compliance and Flexible Manipulators All robots unavoidably
have some passive compliance. Models of this compliance could be as simple as
assuming torsional springs at each revolute joint (e.g., to account for finite stiff-
ness in the flexsplines of harmonic drive gearing) or as complicated as treating
links as flexible beams. Two significant effects of flexibility are (1) a mismatch
between the motor angle reading, the true joint angle, and the endpoint of the
attached link, and (2) increased order of the dynamics of the robot. These issues
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raise challenging problems in control, particularly when vibration modes are at
low frequencies.

Some robots are specifically designed for passive compliance, particularly
those meant for contact interactions with humans or the environment. Such
robots may sacrifice motion control performance in favor of safety. One passively
compliant actuator is the series elastic actuator (see Exercise ?7?), which consists
of an electric motor, a gearbox, and a torsional or linear spring connecting the
gearbox to the link. This spring provides passive compliance between the stiff,
highly geared motor and the robot link.

Variable Impedance Actuators The impedance of a joint is typically con-
trolled using a feedback control law, as described in Section 11.5. There are lim-
its to the bandwidth of this control, however; a joint that is actively controlled
to behave as a spring will only achieve spring-like behavior to low-frequency
perturbations.

A new class of actuators, called variable impedance actuators or vari-
able stiffness actuators, aims to give actuators the desired passive mechanical
impedance without the bandwidth limitations of an active control law. As an
example, a variable stiffness actuator may consist of two motors, allowing the
actuator to independently control the mechanical stiffness of the joint (e.g.,
based on the setpoint of an internal nonlinear spring) and the torque produced
by the actuator.

11.7 Summary

e A PID joint-space feedback controller takes the form
7= K,0. + K, / 0. (t)dt + K40,

where 0. = 0; — 0 and 0, is the vector of desired joint angles. The pro-
portional term acts like a virtual spring, to pull the robot joints to the
desired positions; the derivative term acts like a virtual damper, acting to
reduce velocity differences between the actual and desired velocities; and
the integral term can be used to eliminate steady-state error in setpoint
control.

e The linear error dynamics
aneg") + an_lﬁgn_l) + ...+ asl, + a6, + agh. =0

are stable, i.e., initial errors converge exponentially to zero, if and only if
all of the complex roots si,...,s, of the characteristic equation

A" + ap_ 18"+ .t as® +ars+ag=0

have real components less than zero, i.e., Re(s;) <0 foralli=1...n.
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Stable second-order linear error dynamics can be written in the standard
form ) )
0e + 2Cw, 0. + wi@e =0,

where ( is the damping ratio and w,, is the natural frequency. The roots
of the characteristic equation are

51,2 = _Cwn iWn V CQ - L

The system is overdamped if ( > 1, critically damped if ( = 1, and
underdamped if ( < 1. The step response of a stable second-order system
is generally characterized by its overshoot, 2% settling time, and steady-
state error.

Highly geared robots tend to have greater decoupling of their dynamics
due to high friction and large reflected motor inertias.

The joint-space feedback linearizing (or computed torque) controller is
T =DM(0) (éd + Kb, + K; / 0. (t)dt + Kdée> + (0, 6).

This controller cancels nonlinear terms, uses feedforward control to antic-
ipate the desired acceleration, and uses linear feedback control for stabi-
lization.

For robots without joint friction and a perfect model of gravity forces,
joint-space PD setpoint control plus gravity compensation

7= K0, + Kb +5(0)

yields global convergence to . = 0 by the Krasovskii-LaSalle invariance
principle.

The task-space feedback linearizing motion controller is
T =J7(0) (7\((9) (Vd + K, X+ K; /Xe(t)dt + Kdve) + (0, V)> .

There are several possible choices for calculating X, and V..

Task-space force control can be achieved by the controller
T=3g(0) + J () <}'d + KepFe + Ky /]—'e(t)dt — Kdampv> ,

consisting of gravity compensation, feedforward force control, PI force
feedback, and damping to prevent fast motion.
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e In an n-dimensional task space (where typically n = 6), rigid constraints
specify n — k free motion directions and k constraint directions in which
forces can be applied. These constraints can be represented as A(X)V = 0.
A force F can be partitioned as F = P(X)F + (Z — P(X))F, where P(X)
projects to forces that move the end-effector tangent to the constraints
and Z — P(X) projects to forces against the constraints. The projection
matrix P(X) is written in terms of the task-space inertia matrix A(6) and
constraints A(X) as

P=T7—-AT(ANTTAT) "1 ANL
e A hybrid motion-force controller using the projection P(X) can be written

() { P(X) (Kw) {Vd KX+ K[ X+ KMD

motion control

+ (- P(X)) (fd K F + Ky / ]-'e(t)dt>

force control

nonlinear compensation

e An impedance controller measures end-effector motions and creates end-
point forces to mimic a mass-spring-damper system. An admittance con-
troller measures end-effector forces and creates endpoint motions to achieve
the same purpose.
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11.8 Exercises

1. Classify the following robot tasks as motion control, force control, hybrid
motion-force control, impedance control, or some combination. Justify your
answer.

(i
(ii

Tightening a screw with a screwdriver.
Pushing a box on the floor.

(iii) Pouring a glass of water.

(iv) Shaking hands with a human.

(v

)
)
)
)

) Throwing a baseball to hit a target.
(vi) Shoveling snow.
)

)
)
)

(vii) Digging a hole.

(viii) Giving a back massage.

(ix) Vacuuming the floor.

(x

Carrying a tray of glasses.

2. The 2% settling time of an underdamped second-order system is approxi-
mately ¢ = 4/(Cwy), based on e~ ¢“»* = 0.02. What is the 5% settling time?

3. Solve for any constants and give the specific equation for an underdamped
second-order system with w, = 4, { = 0.2, 6.(0) = 1, and 6.(0) = 0 (a step
response). Calculate the damped natural frequency, approximate overshoot,
and 2% settling time. Plot the solution on a computer and measure the exact
overshoot and settling time.

4. Solve for any constants and give the specific equation for an underdamped
second-order system with w, = 10, ( = 0.1, 6.(0) = 0, and 6.(0) = 1. Calculate
the damped natural frequency. Plot the solution on a computer.

5. Consider a pendulum in gravity ¢ = 10 m/s?. The pendulum consists of a
2 kg mass at the end of a 1 m massless rod. The pendulum joint has a viscous
friction coefficient of b = 0.1 Nms/rad.

(i) Write the equation of motion of the pendulum in terms of 8, where § = 0
corresponds to the “hanging down” configuration.
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(i)

(iii)

(iv)

Linearize the equation of motion about the stable “hanging down” equi-
librium. To do this, replace any trigonometric terms in 6 with the linear
term in the Taylor expansion. Give the effective mass and spring con-
stants m and k in the linearized dynamics mf + b0 + k6 = 0. At the stable
equilibrium, what is the damping ratio? Is the system underdamped, crit-
ically damped, or overdamped? If it is underdamped, what is the damped
natural frequency? What is the time constant of convergence to the equi-
librium and the 2% settling time?

Now write the linearized equations of motion for # = 0 at the balanced
upright configuration. What is the effective spring constant k?

You add a motor at the joint of the pendulum to stabilize the upright
position, and you choose a P controller 7 = K,0. For what values of K,
is the upright position stable?

6. You will develop a controller for a one-degree-of-freedom mass-spring-damper
system of the form m# +bi + kx = f, where f is the control force and m = 4 kg,
b=2Ns/m, and k = 0.1 N/m.

(i)

What is the damping ratio of the uncontrolled system? Is the uncon-
trolled system overdamped, underdamped, or critically damped? If it is
underdamped, what is the damped natural frequency? What is the time
constant of convergence to the origin?

Choose a P controller f = K,z., where x. = x4 — x is the position error
and zq = 0. What value of K, yields critical damping?

Choose a D controller f = Kyi., where 4 = 0. What value of Ky yields
critical damping?

Choose a PD controller that yields critical damping and a 2% settling time
of 0.01 s.

For the PD controller above, if x4 = 1 and ©4 = #4 = 0, what is the
steady-state error z.(t) as t goes to infinity? What is the steady-state
control force?

Now plug a PID controller in for f. Assume x4 # 0 and &4 = &4 = 0.
Write the error dynamics in terms of Z., @, Te, and [ x.(t)dt on the
left-hand side and a constant forcing term on the right-hand side. (Hint:
You can write kxz as —k(xq — ) + kzg4.) Take the time derivative of this
equation and give the conditions on K,, K;, and K, for stability. Show
that zero steady-state error is possible with a PID controller.

7. Simulation of a one-degree-of-freedom robot and robot controller.
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(i)

(i)

(iii)

(iv)

Robot Control

Write a simulator for a one-joint robot consisting of a motor rotating a
link in gravity using the model parameters given in Section 11.2.2. The
simulator should consist of (1) a dynamics function that takes as input the
current state of the robot and the torque applied by the motor and gives as
output the acceleration of the robot; and (2) a numerical integrator that
uses the dynamics function to calculate the new state of the system over a
series of timesteps At. A first-order Euler integration method suffices for
this problem (e.g., O(k + 1) = 0(k) + O(k)At, 0(k + 1) = (k) + 6(k)At).
Test the simulator in two ways: (a) starting the robot at rest at § = —7/2
and applying a constant torque of 0.5 Nm and (b) starting the robot at
rest at § = —7/4 and applying a constant torque of 0 Nm. For both
examples, plot the position as a function of time for sufficient duration to
see the basic behavior. Make sure the behavior makes sense. A reasonable
choice of At is 1 ms.

Add two more functions to your simulator: (1) a trajectory generator
function that takes the current time and returns the desired state and
acceleration of the robot, and (2) a control function that takes the cur-
rent state of the robot and information from the trajectory generator and
returns a control torque. The simplest trajectory generator would return
0 =604 and § =60 =0 forall timet < T, and 6 = 040 # 041 and § =6 =0
for all time ¢t > T'. This trajectory is a step function in position. Use PD
feedback control for the control function and set K, = 10 Nm/rad. For a
well-tuned choice of Ky, give K (including units) and plot the position as
a function of time over 2 seconds for an initial state at rest at § = —m/2
and a step trajectory with 647 = —7/2 and 645 = 0. The step occurs at
T=1s.

Demonstrate two different choices of Ky that yield (1) overshoot and (2)
sluggish response with no overshoot. Give the gains and the position plots.

Add a nonzero K; to your original well-tuned PD controller to eliminate
steady-state error. Give the PID gains and plot the results of the step
test.

8. Modify the simulation of the one-joint robot in Exercise 7 to model a flexible
transmission from the motor to the link with a stiffness of 500 Nm/rad. Tune a
PID controller to give a good step response from § = —7/2 to § = 0. Give the
gains and plot the response.

9. Consider a motor with rotor inertia I, otor connected through a gearhead of
gear ratio G to a load of inertia ljj,x. The load and motor are said to be inertia
matched if, for any given torque 7, at the motor, the acceleration of the load
is maximized. The acceleration of the load can be written

. Gt
0= — .
Ilink + Gz]motor
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Solve for the inertia matching gear ratio \/Iink/Imotor Dy solving dé/dG =0.
Show your work.

10.

Simulation of a two-degree-of-freedom robot and robot controller (Fig-

ure 11.18).

(1)

(i)

(iii)

Dynamics. Derive the dynamics of a 2R robot in gravity (Figure 11.18).
The mass of link ¢ is m;, the center of mass is a distance r; from the joint,
the inertia of link ¢ about the joint is I;, and the length of link ¢ is L;.
There is no friction at the joints.

Direct drive. Assume each joint is directly driven by a DC motor with
no gearing. Each motor comes with specifications of the mass mjttor
and inertia I5*%" of the stator and the mass mi°*°" and inertia IT°*" of
the rotor (the spinning portion). For the motor at joint 4, the stator is
attached to link ¢ — 1 and the rotor is attached to link i. The links are

thin uniform-density rods of mass m; and length L;.

In terms of the quantities given above, for each link i € {1,2} give equa-
tions for the total inertia I; about the joint, mass m;, and distance r; from
the joint to the center of mass. Think about how to assign the mass and
inertia of the motors to the different links.

Geared robot. Assume motor i has gearing with gear ratio G;, and that the
gearing itself is massless. As in the part above, for each link ¢ € {1, 2}, give
equations for the total inertia I; about the joint, mass m;, and distance r;
from the joint to the center of mass.

Simulation and control. As in Exercise 7, write a simulator with (at
least) four functions: a dynamics function, a numerical integrator, a tra-
jectory generator, and a controller. Assume zero friction at the joints,
g = 9.81 m/s? in the direction indicated, L; = 1 m, 7; = 0.5 m, m; = 3 kg,
my = 2 kg, I; = 2 kgm?, and I, = 1 kgm?. Write a PID controller, find
gains that give a good response, and plot the joint angles as a function of
time for a trajectory with a reference at rest at (0y1,603) = (—7/2,0) for
t <1sand (01,02) = (0,—m/2) for ¢ > 1 s. The initial state of the robot
is at rest with (0y,6,) = (—7/2,0).

Torque limits. Real motors have limits on torque. While these limits are
generally velocity dependent, here we assume that each motor’s torque
limit is independent of velocity, 7, < |7/°**|. Assume 7{"** = 100 Nm
and 75" = 20 Nm. If the control law requests greater torque, the ac-
tual torque is saturated to these values. Rerun the previous PID control
simulation and plot the torques as well as the position as a function of

time.

Friction. Add a viscous friction coefficient of b; = 1 Nms/rad to each joint
and rerun the previous PID control simulation.
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Figure 11.18: A two-link robot arm. The length of link ¢ is L; and its inertia
about the joint is I;. Gravity is g = 9.81 m/s%.

11. For the two-joint robot of Exercise 10, write a more sophisticated trajectory
generator function. The trajectory generator should take as input

e the desired initial position, velocity, and acceleration of each joint;
e the desired final position, velocity, and acceleration; and
e the total time of motion 7.
A call of the form
[qd,qdotd,qdotdotd] = trajectory(time)

returns the desired position, velocity, and acceleration of each joint at time
time. The trajectory generator should provide a trajectory that is a smooth
function of time.
As an example, each joint could follow a fifth-order polynomial trajectory of
the form
0a(t) = ap + art + agt?® + azt® + ast* + ast®. (11.51)

Given the desired positions, velocities, and accelerations of the joints at times
t =0 and t = T, you can uniquely solve for the six coeflicients ag...as by
evaluating Equation (11.51) and its first and second derivatives at t = 0 and
t="T.

Tune a PID controller to track a fifth-order polynomial trajectory moving
from rest at (01,62) = (—7/2,0) to rest at (01,62) = (0,—7/2) in T = 2 s. Give
the values of your gains and plot the reference position of both joints and the
actual position of both joints. You are free to ignore torque limits and friction.

12. For the two-joint robot of Exercise 10 and fifth-order polynomial trajectory
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of Exercise 11, write a feedback linearizing controller to stabilize the trajectory.
The robot has no joint friction or torque limits. The model of the link masses
should be 20% greater than their actual values to create error in the feedforward
model. Give the PID gains and plot the reference and actual joint angles for
both the feedback linearizing controller as well as PID control only.

13. The Krasovskii-LaSalle invariance principle states the following: Given a
system & = f(z),z € R™ such that f(0) = 0, and any energy-like function V' (x)
such that

e V(x) >0 for all x # 0;

oV

) >
x) — 00 as T — o0;
) =V(0) =0; and

e V(0
oV x) < 0 along all trajectories of the system.

Let S be the largest set of R™ such that V(x) = 0 and trajectories beginning
in § remain in S for all time. Then if S contains only the origin, the origin is
globally asymptotically stable—all trajectories converge to the origin.

Show how the Krasovskii-LaSalle principle is violated for centralized multi-
joint PD setpoint control with gravity compensation, using the energy function
V(z) from Equation (11.24), if K, = 0 or K4 = 0. For a practical robot system,
is it possible to use the Krasovskii-LaSalle invariance principle to demonstrate
global asymptotic stability even if Ky = 07 Explain your answer.

14. The two-joint robot of Exercise 10 can be controlled in task space using
the endpoint task coordinates X = (x,y), as shown in Figure 11.18. The task
space velocity is V = X. Give the Jacobian J (0) and the task-space dynamics
model {K(G), 7(0,V)} in the feedback linearizing control law (11.31).

15. Choose appropriate space and end-effector reference frames {s} and {b}
and express natural and artificial constraints, six each, that achieve the following
tasks: (a) opening a cabinet door; (b) turning a screw that advances linearly a
distance p for every revolution; and (c) drawing a circle on a chalkboard with a
piece of chalk.

16. Assume the end-effector of the two-joint robot in Figure 11.18 is constrained
to move on the line 2 —y = 1. The robot’s link lengths are Ly = Ly = 1. (a)
Write the constraint as A(X)V = 0, where X = (z,y) and V = X. (b) Write
the constraint as A(6)8 = 0.

17. Derive the constrained motion equations (11.43) and (11.44). Show all the
steps.



330 Robot Control

I'measured current
sensor
Tcom I / Teom X Lerror PI PWM .
—»|/com Tcom_ﬁ controller »| H-bridge
Tmeasured torque
sensor
Teom X Terror Pl PWM m
—_— »| Hobri | gear
+ controller H-bridge =G LD X
strain

gauge

Figure 11.19: Two methods for controlling the torque at a joint driven by a
geared DC motor. (Top) The current to the motor is measured by measuring
the voltage across a small resistance in the current path. A PI controller works
to make the actual current better match the requested current I.op. (Bottom)
The actual torque delivered to the link is measured by a strain gauge.

18. We have been assuming that each actuator delivers the torque requested by
the control law. In fact, there is typically an inner control loop running at each
actuator, typically at a higher servo rate than the outer loop, to try to track
the torque requested. Figure 11.19 shows two possibilities for a DC electric
motor, where the torque 7 delivered by the motor is proportional to the current
I through the motor, 7 = K;I. The torque from the DC motor is amplified by
the gearhead with gear ratio G.

In one control scheme, the motor current is measured by a current sensor and
compared to the desired current I.qpn,; the error is passed through a PI controller
which sets the duty cycle of a low-power pulse-width-modulation (PWM) digital
signal; and the PWM signal is sent to an H-bridge that generates the actual
motor current. In the second scheme, a strain gauge torque sensor is inserted
between the output of the motor gearing and the link, and the measured torque
is compared directly to the requested torque 7¢on,. Since a strain gauge measures
deflection, the element it is mounted on must have a finite torsional stiffness.
Series elastic actuators are designed to have particularly flexible torsional ele-
ments, so much so that encoders are used to measure the larger deflection. The
torque is estimated from the encoder reading and the torsional spring constant.

(i) For the current sensing scheme, what multiplicative factor should go in
the block labeled Icom/Teom? Even if the PI current controller does its job
perfectly (Iorror = 0) and the torque constant K; is perfectly known, what
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effect may contribute to error in the generated torque?

(ii) For the strain gauge measurement method, explain the drawbacks, if any,
of having a flexible element between the gearhead and the link.



332 Robot Control



Chapter 12

Grasping and Manipulation

Most of the book so far has been concerned with kinematics, dynamics, motion
planning, and control of the robot itself. Only in Chapter 11, on the topics
of force control and impedance control, did the robot finally begin interacting
with an environment other than free space. This is when a robot really becomes
valuable—when it can perform useful work on objects in the environment.

In this chapter our focus moves outward, from the robot itself to the interac-
tion between the robot and its environment. The desired behavior of the robot
hand or end-effector, whether motion control, force control, hybrid motion-force
control, or impedance control, is assumed to be achieved perfectly using the
methods discussed so far. Our focus is on the contact interface between the
robot and objects, as well as contacts among objects and between objects and
constraints in the environment. In short, our focus is on manipulation rather
than the manipulator. Examples of manipulation include grasping, pushing,
rolling, throwing, catching, tapping, etc. To limit our scope, we will assume
that the manipulator, objects, and obstacles in the environment are rigid.

To simulate, plan, and control robotic manipulation tasks, we need an under-
standing of (at least) three elements: contact kinematics; forces applied through
contacts; and the dynamics of rigid bodies. Contact kinematics studies how rigid
bodies can move relative to each other without penetration, and classifies these
feasible motions according to whether the contacts are rolling, sliding, or sepa-
rating. Contact force models address the normal and frictional forces that can
be transmitted through rolling and sliding contacts. Finally, the actual motions
of the bodies are those that simultaneously satisfy the kinematic constraints,
contact force model, and rigid-body dynamics. The environment is assumed to
consist of one or more rigid movable parts; perhaps stationary constraints such
as floors, walls, and fixtures; and one or more controlled manipulators (e.g., “fin-
gers”) which could be under motion, force, hybrid motion-force, or impedance
control.

333
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12.1 Contact Kinematics

Contact kinematics is the study of how two or more rigid bodies can move
relative to each other while respecting the impenetrability constraint. It also
classifies motion in contact as either rolling or sliding. Let’s start by looking at
a single contact between two rigid bodies.

12.1.1 First-Order Analysis of a Single Contact

Consider two rigid bodies whose configuration is given by the local coordinate
column vectors ¢; and g9, respectively. Writing the composite configuration
as ¢ = [¢f, ¢} )", we define a distance function d(q) between the parts that is
positive when they are separated, zero when they are touching, and negative
when they are in penetration. When d(g) > 0, there are no constraints on the
motions of the parts; each is free to move with six degrees of freedom. When
the parts are in contact (d(q) = 0), we look at the time derivatives d, d, etc., to
determine if the parts stay in contact or break apart as they follow a particular
trajectory ¢(t). This can be determined by the following table of possibilities:

d d d
>0 no contact
<0 infeasible (penetration)
=0 >0 in contact, but breaking free
=0 <0 infeasible (penetration)
=0 =0 >0 in contact, but breaking free
=0 =0 <0 infeasible (penetration)
ete.

The contact is maintained only if all time derivatives are zero.
Now let’s assume that the two bodies are initially in contact (d = 0) at a
single point. The first two time derivatives of d are written

. ad

d= =g 12.1
9g4 (12.1)

; 9%d . ad

d=¢"—=q¢+ —i. 12.2
@ 5zit 5,1 (12.2)

The terms dd/dq and 8?d/0q? carry information about the local contact geom-
etry. The gradient vector dd/dq corresponds to the separation direction in ¢
space associated with the contact normal (Figure 12.1). The matrix 02d/dq>
encodes information about the relative curvature of the parts at the contact
point.

In this chapter we assume that only contact normal information 9d/dq is
available at contacts. Other information about the local contact geometry, in-
cluding the contact curvature ?d/9q? and higher derivatives, is unknown. With
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-
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Figure 12.1: (Left) The parts A and B in single-point contact define a contact
tangent plane and a contact normal vector n perpendicular to the tangent plane.
By default, the positive direction of the normal is chosen into body A. Since
contact curvature is not addressed in this chapter, the contact places the same
restrictions on the motions of the rigid bodies in the middle and right panels.

this assumption, we truncate our analysis at Equation (12.1) and assume bodies
remain in contact if d = 0. Since we deal only with the first-order contact deriva-
tive dd/dq, we refer to our analysis as a first-order analysis. By a first-order
analysis, the contacts in Figure 12.1 are treated identically.

As indicated in the table above, a second-order analysis incorporating con-
tact curvature 9%d/9q¢®> may indicate that the contact is actually breaking or
penetrating even when d = d = 0. We will see examples of this, but a detailed
analysis of second-order contact conditions is beyond the scope of this chapter.

12.1.2 Contact Types: Rolling, Sliding, and Breaking Free

Given two bodies in single-point contact, they undergo a roll-slide motion
if the contact is maintained. The constraint that contact is maintained is a
holonomic constraint, as discussed in Chapter ?7?. A necessary condition for
maintaining contact is d=0.

Let’s write the velocity constraint d = 0 in a form that does not require an
explicit distance function, based on the contact normal (Figure 12.1). Let 72 be
a unit vector aligned with the contact normal, expressed in a world frame. Let
pa be a representation of the point in contact on part A in the world frame,
and pp be the point in contact on part B. The condition d = 0 is written

A" (pa —pp) = 0. (12.3)

Since the contact normal is defined as into body A, the impenetrability con-
straint d > 0 is written

AT (pa —pg) > 0. (12.4)

Let us rewrite the constraint (12.4) in terms of the twists V4 = (wa,v4) and
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Vg = (wp,vp) of parts A and B in a space frame, respectively.! Note that

DA =Va+wa Xpa=v4+walpa

P =vB +wp X pp = vp + [WB|PB.

We can also write the wrench F = (m, f) corresponding to a unit force applied
along the contact normal:

F = (pA X ’ﬁ,ﬁ) = ([PA]ﬁ;ﬁ)

While it is not necessary to appeal to forces in a purely kinematic analysis of
rigid bodies, we will find it convenient to adopt this notation now in anticipation
of contact forces in Section 12.2.

With these expressions, the inequality constraint (12.4) can be written

(impenetrability constraint) FL(Va —Vgp) >0. (12.5)
(See Exercise 1). If
(active constraint) FT(V4—Vgp) =0, (12.6)

then, to first order, the constraint is active and the parts remain in contact.
In the case that B is a stationary fixture, the impenetrability constraint
(12.5) simplifies to
FIv,>o. (12.7)

If the condition (12.7) is satisfied, 7 and V4 are said to be repelling. If
FTV4 =0, F and V, are said to be reciprocal and the constraint is active.

Twists V4 and Vp satisfying (12.6) are called first-order roll-slide mo-
tions—the contact may be either sliding or rolling. Roll-slide contacts may
be further separated into rolling contacts and sliding contacts. The contact
is rolling if the parts have no motion relative to each other at the contact:

(rolling constraint) pa =va+ [walpa =vp + [wslps =p.  (12.8)

Note that “rolling” contacts include those where the two parts remain stationary
relative to each other, i.e., no relative rotation.

If the twists satisfy Equation (12.6) but not the rolling equations of (12.8),
then they are sliding.

We assign a rolling contact the contact label R, a sliding contact the label
S, and a contact that is breaking free (the impenetrability constraint (12.5) is
satisfied but not the active constraint (12.6)) the label B.

The distinction between rolling and sliding contacts becomes especially im-
portant when we consider friction forces in Section 12.2.

LAll twists and wrenches are expressed in an inertial space frame in this chapter.
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Figure 12.2: Example 12.1. (Left) The body B makes contact with A at pa =
pp = (1,2,0) with normal # = (0,1,0). (Middle) The velocities V4 and their
corresponding contact labels for B stationary and A confined to a plane. The
contact normal force F is m, = 1, f, = 0, f, = 1. (Right) Looking down the
—V A, axis.

Example 12.1. Consider the contact shown in Figure 12.2. Parts A and B
are in contact at pa = pp = (1, 2,0) with contact normal direction 7 = (0, 1,0).
The impenetrability constraint (12.5) is
F'(Va—Vp) >0
([palf, )" (wa — wp,va —vp) >0
[07 07 ]-7 07 ]-7 0] [WAI - waawAy - wBvaAz — WBz,
VAx — UBz,VAy — UBy,VAz — UBz]T > 0
WA, —wB, + VAy — UBy > Oa
and therefore roll-slide twists satisfy

WAz — WBz +VAy —UBy = 0. (12.9)

Equation (12.9) defines an 11-dimensional hyperplane in the 12-dimensional
space of twists (Va,Vg).
The rolling constraints (12.8) are

VAz + WAzPAy — WAyPAz = UBx + WBzPBy — WByPB:z
VAy T WAzDAx — WAzPAz = UBy + WB2PBx — WBzDBz

VAz T WAzPAy — WAyPAz = UBz + WB2PBy — WByDBu,
and plugging in for p4 and pp, we get

Vaz +2Wa, = VB + 2wB, (12.10)
Vay + WA, =VUBy + WB- (12.11)
VAz + 2WAr — WAy = VB; + 2WBy — WBy- (12.12)
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The constraint equations (12.10)—(12.12) define a 9-dimensional hyperplane sub-
set of the 11-dimensional hyperplane of roll-slide twists.

To visualize the constraints in a low-dimensional space, let’s assume that
B is stationary (Vg = 0) and A is confined to the z = 0 plane, ie., V4 =
(WAz, WAy, WAz, VAg, VAy, Vaz) = (0,0,waz, Vag, Vay,0). The wrench F is writ-
ten (ms, fz, fy) = (1,0,1). The roll-slide constraint (12.9) reduces to

WAz + 04y = 0,
while the rolling constraints simplify to

Vaz +2wa, =0

Vay twa, =0

The single roll-slide constraint yields a plane in the (was,vag, vay) space, and
the two rolling constraints yield a line in that plane. Because Vg = 0, the
constraint surfaces pass through the origin V4 = 0. If Vg # 0, this is no longer
the case in general.

Figure 12.2 graphically shows that nonpenetrating twists V4 must have a
nonnegative dot product with the constraint wrench F when Vp = 0.

12.1.3 Multiple Contacts

Now suppose that A is subject to several contacts, from B and perhaps other
parts. Each impenetrability constraint (12.5) constrains V4 to a half-space of
its six-dimensional twist space bounded by a five-dimensional hyperplane of the
form FTV4 = FTVg. Unioning the set of constraints from all the contacts, we
get a polyhedral convex set (polytope? for short) V of feasible twists in the
V4 space, written

V={Va| F'(Va—Vi) >0 Vi},

where F; corresponds to the ith contact normal and V; is the twist of the other
part in contact at contact 7. A contact constraint ¢ is redundant if the half-space
constraint contributed by F; does not change the feasible twist polytope V. In
general, the feasible twist polytope for a part can consist of a six-dimensional
interior (where no contact constraint is active), five-dimensional faces where one
constraint is active, four-dimensional faces where two constraints are active, and
so on, down to one-dimensional edges and zero-dimensional points. A twist V4
on an n-dimensional facet of the polytope indicates that 6 — n independent
(non-redundant) contact constraints are active.

If all of the bodies providing constraints are stationary, such as fixtures, then
each constraint hyperplane defined by (12.5) passes through the origin of the V4
space. We call such a constraint homogeneous. The feasible twist set becomes

2We use the term “polytope” to refer generally to a convex set bounded by hyperplanes in
an arbitrary vector space. The set need not be finite; it could be a cone with infinite volume.
It could also be a point at the origin, or the null set if the constraints are incompatible with
the rigid-body assumption.
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a cone rooted at the origin, called a (homogeneous) polyhedral convex cone.
Let F; be the constraint wrench of stationary contact ¢. Then the feasible twist
cone V is

V={Va|FVa>0 Vi}.

If the F; positively span the six-dimensional wrench space, or, equivalently, the
convex hull of the F; contains the origin in the interior, then the feasible twist
polytope reduces to a point at the origin, the stationary contacts completely
constrain the motion of the part, and we have form closure, discussed in more
detail in Section 12.1.7.

As mentioned in Section 12.1.2, each point contact ¢ can be given a label
corresponding to the type of contact: B if the contact is breaking, R if the
contact is rolling, and S if the contact is sliding, i.e., (12.6) is satisfied but
(12.8) is not. The contact mode for the entire system can be written as the
concatenation of the contact labels at the contacts. Since we have three distinct
contact labels, a system of bodies with & contacts can have a maximum of 3*
contact labels. Some of these contact modes may not be feasible, however, as
their corresponding kinematic constraints may not be compatible.

Example 12.2. Figure 12.3 shows triangular fingers contacting a hexagonal
part A. To more easily visualize the contact constraints, the hexagon is re-
stricted to translational motion in a plane only, so that its twist can be written
V4 =(0,0,0,v44,v4y,0). In Figure 12.3(a), the single stationary finger creates
a contact wrench F; that can be drawn in the V4 space. All feasible twists
have a nonnegative component in the direction of F;. Roll-slide twists satisfy-
ing F{' V4 = 0 lie on the constraint line. Since no rotations are allowed, the
only twist yielding a rolling contact is V4 = 0. In Figure 12.3(b), the union of
the constraints due to two stationary fingers creates a cone of feasible twists.
Figure 12.3(c) shows three fingers in contact, one of which is moving with twist
V3. Because the moving finger has nonzero velocity, its constraint half-space is
displaced from the origin by V5. The result is a closed polygon of feasible twists.

Example 12.3. Figure 12.4 shows the contact normals of three stationary
contacts with a planar part A, not shown. The part moves in a plane, so v, =
Wiy = way = 0. In this example we do not distinguish between rolling and
sliding motions, so the locations of the contacts along the normals are irrelevant.
The three contact wrenches, written (m., fz, fy), are F1 = (0,1,-2),F, =
(—1,0,1), and F3 = (1,0, 1), yielding the motion constraints

VAy — 2wa, 20
—VAzx + WAz 2 0
Vaz +wa, > 0.

These constraints describe a polyhedral convex cone of feasible twists rooted at
the origin, as illustrated in Figure 12.4.
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Figure 12.3: Motion-controlled fingers contacting a hexagon that is constrained
to translate in a plane only (Example 12.2). (a) A single stationary finger pro-
vides a single half-space constraint on the hexagon’s twist V4. The feasible mo-
tion half-space is shaded gray. The two-dimensional set of twists corresponding
to breaking contact B, the one-dimensional set corresponding to sliding contact
S, and the zero-dimensional set corresponding to rolling (fixed) contact R are
shown. (b) The union of constraints from two stationary fingers creates a cone
of feasible twists. This cone corresponds to four possible contact modes: RR,
SB, BS, and BB. The contact label for the leftmost finger is given first. (c¢) Three
fingers, one of which is moving with a linear velocity Vs, create a closed poly-
gon of feasible twists. There are seven possible contact modes corresponding to
the feasible twists: a two-dimensional set where all contacts are breaking, three
one-dimensional sets where one contact constraint is active, and three zero-
dimensional sets where two contact constraints are active. Note that rolling
contact at the moving finger is not feasible, since translation of the hexagon to
“follow” the moving finger, as indicated by the o at the lower right of the figure,
would violate one of the impenetrability constraints. If the third finger were
stationary, the only feasible motion of the hexagon would be zero velocity, with
contact mode RRR.

SBS

(©)

12.1.4 Collections of Parts

The discussion above can be generalized to find the feasible twists of multiple
parts in contact. If parts ¢ and j make contact at a point p, where 7 points into
part ¢ and F = ([p|f, 7), then their spatial twists V; and V; must satisfy the
constraint

FrVi=V;) =0 (12.13)

to avoid penetration. This is a homogeneous half-space constraint in the com-
posite (V;,V;) twist space. In an assembly of multiple parts, each pairwise
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Figure 12.4: Example 12.3. (Left) The lines of force corresponding to three
stationary contacts on a planar body. If we are only concerned with feasible
motions, and do not distinguish between rolling and sliding, contacts anywhere
along the lines, with the contact normals shown, are equivalent. (Right) The
three constraint half-spaces define a polyhedral convex cone of feasible twists.
In the figure, the cone is truncated at the plane v4, = 2. The outer faces of the
cone are shaded white and the inner faces are gray. Twists in the interior of the
cone correspond to all contacts breaking, while twists on the faces of the cone
correspond to an active constraint.
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contact contributes another constraint in the composite twist space, and the
result is a polyhedral convex cone of kinematically feasible twists rooted at the
origin of the composite twist space. The contact mode for the entire assembly
is the concatenation of the contact labels at each contact in the assembly.

If there are moving contacts whose motion is prescribed, e.g., robot fingers,
the constraints on the motion of the remaining parts are no longer homogeneous.
As a result, the polyhedral feasible twist space is no longer a cone rooted at the
origin.

12.1.5 Other Types of Contacts

We have been considering point contacts of the type shown in Figure 12.5(a),
where at least one of the bodies in contact uniquely defines the contact normal.
Figures 12.5(b)-(e) show other types of contact. The kinematic constraints pro-
vided by the convex-concave vertex, line, and plane contacts of Figures 12.5(b)-
(d) are, to first order, identical to those provided by finite collections of single-
point contacts. Constraints provided by other points of contact are redundant.
The degenerate case in Figure 12.5(e) is ignored, as there is no unique definition
of a contact normal.

The impenetrability constraint (12.5) derives from the fact that arbitrarily
large contact forces can be applied in the normal direction to prevent penetra-
tion. In Section 12.2, we will see that tangential forces may also be applied
due to friction, and these forces may prevent slipping between two objects in
contact. Normal and tangential contact forces are subject to constraints: the
normal force must be pushing into a part, not pulling, and the maximum friction
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e
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Figure 12.5: (a) Vertex-face contact. (b) A convex vertex contacting a concave
vertex can be treated as multiple point contacts, one at each face adjacent to
the concave vertex. These faces define the contact normals. (c) A line contact
can be treated as two point contacts at either end of the line. (d) A plane
contact can be treated as point contacts at the corners of the convex hull of the
contact area. (e) Convex vertex-vertex contact. This case is degenerate and not
considered.

force is proportional to the normal force.

If we wish to apply a kinematic analysis that can approximate the effects
of friction without explicitly modeling forces, we can define three purely kine-
matic models of point contacts: a frictionless point contact, a hard-finger
contact (or point contact with friction), and a soft-finger contact. A friction-
less point contact enforces only the roll-slide constraint (12.5). A hard-finger
contact also enforces the rolling constraints (12.8), implicitly modeling friction
sufficient to prevent slip at the contact. A soft-finger contact enforces the rolling
constraints (12.8) as well as one more constraint: the two bodies in contact may
not spin relative to each other about the contact normal axis. This models de-
formation and the resulting friction moment resisting spin due to the small but
nonzero contact area between the two bodies. For planar problems, a hard-finger
contact and a soft-finger contact are identical.

While these kinematic models are convenient for studying the kinematic
mobility of bodies in contact, we will not use them in the rest of this chapter.

12.1.6 Planar Graphical Methods

Planar problems allow the possibility of using graphical methods to visualize the
feasible motions for a single body, since the space of twists is three-dimensional.
An example planar twist cone is shown in Figure 12.4. Such a figure would be
very difficult to draw for a system with more than three degrees of freedom.

A convenient way to represent a planar twist V = (w;, vz, vy) is as a center
of rotation (CoR) at (—v, /w., v, /w.) plus the angular velocity w,. The CoR is
the point in the (projective) plane that remains stationary under the motion.3
In the case that the speed of motion is immaterial, we may simply label the
CoR with a 4+, —, or 0 sign representing the direction of rotation (Figure 12.6).

3Note that the case w, = 0 must be treated with care, as it corresponds to a CoR at
infinity.



12.1. Contact Kinematics 343

Figure 12.6: Given the velocity of two points on the part, the lines normal to
the velocities intersect at the CoR. The CoR shown is labeled + corresponding
to the (counterclockwise) positive angular velocity of the part.
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Figure 12.7: Mapping a planar twist } to a CoR. The ray containing a vector
V intersects either the plane of + CoRs at w, = 1, the plane of — CoRs at
w, = —1, or the circle of translation directions.

The mapping from planar twists to CoRs is illustrated in Figure 12.7, which
shows that the space of CoRs consists of a plane of + CoRs (counterclockwise),
a plane of — CoRs (clockwise), and a circle of translation directions.

Given two distinct twists V; and Vs, the set of linear combinations of these
velocities k1)1 + k2Vo, where k1, ks € R, maps to the line of CoRs containing
CoR(V;) and CoR(Vs). Since k1 and ks can have either sign, if either wy, or
ws, is nonzero, the CoRs on this line can have either sign. If wy, = wy, = 0,
then this set corresponds to the set of all translation directions.

A more interesting case is when k1, ko > 0. Given two twists V1 and Vs, the
nonnegative linear combination of these two velocities is written

V = pOS({Vl, VQ}) = {k1V1 + kQVQ | k‘l, k?g Z O},
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Figure 12.8: The intersection of a twist cone with the unit twist sphere, and the
representation of the cone as a set of CoRs.
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Figure 12.9: (a) Positive linear combination of two CoRs labeled +. (b) Positive
linear combination of a + CoR and a — CoR. (c¢) Positive linear combination of
three + CoRs. (d) Positive linear combination of two + CoRs and a — CoR.

a polyhedral convex twist cone rooted at the origin, with V; and Vs defining the
edges of the cone. If wi, and wo, have the same sign, then the CoRs of their
nonnegative linear combinations CoR(pos({V1,V2})) all have that sign, and lie
on the line segment between the two CoRs. If CoR(V;) and CoR(Vs) are labeled
+ and —, respectively, then CoR(pos({V1,V2})) consists of the line containing
the two CoRs, minus the segment between the CoRs. This set consists of a ray
of CoRs labeled + attached to CoR(V;), a ray of CoRs labeled — attached to
CoR(V2), and a point at infinity labeled 0, corresponding to translation. This
collection should be considered as a single line segment (though one passing
through infinity), just like the first case. Figures 12.8 and 12.9 show examples
of CoR regions corresponding to positive linear combinations of planar twists.

The CoR representation of planar twists is particularly useful for represent-
ing the feasible motions of one movable body in contact with stationary bodies.
Since the constraints are stationary, as noted in Section 12.1.3, the feasible
twists form a polyhedral convex cone rooted at the origin. This cone can be
represented uniquely by a set of CoRs with 4+, —, and 0 labels. A general twist
polytope, as in the case of moving constraints, cannot be uniquely represented
by a set of CoRs with 4+, —, and 0 labels.

Given a contact between a stationary body and a movable body, we can plot
the CoRs that do not violate the impenetrability constraint. Label all points



12.1. Contact Kinematics 345

I
I
I
I

+,Sr —»1<— -, S1

+B '+ R _p

+,S1 Sr

— |

Figure 12.10: The stationary triangle makes contact with a movable part. CoRs
to the left of the contact normal are labeled +, to the right are labeled —, and
on the normal labeled +. Also given are the contact types for the CoRs. For
points on the contact normal, the sign assigned to S1 and Sr CoRs switches at
the contact point.

on the contact normal +, points to the left of the inward normal 4, and points
to the right —. All points labeled 4+ can serve as CoRs with positive angular
velocity for the movable body, and all points labeled — can serve as CoRs with
negative angular velocity, without violating the first-order contact constraint.
We can further assign contact labels to each CoR corresponding to the first-
order conditions for breaking contact B, sliding contact S, and rolling contact
R. For planar sliding, we subdivide the label S into two subclasses: Sr, where
the moving body slips right relative to the fixed constraint, and S1, where the
moving body slips to the left. Figure 12.10 illustrates the labeling. If there is
more than one contact, we simply union the constraints and contact labels from
the individual contacts.

Example 12.4. Figure 12.11(a) shows a planar part standing on a table while
being contacted by a stationary robot finger. The finger defines an inequality
constraint on the part’s motion and the table defines two more. The cone of
twists that do not violate the impenetrability constraints is represented by the
CoRs that are consistently labeled for each contact (Figure 12.11(b)). Each
feasible CoR is labeled with a contact mode that concatenates the labels for the
individual contacts (Figure 12.11(c)).

Now look more closely at the CoR labeled (+, SrBSr) in Figure 12.11(c).
Is this motion really possible? It should be apparent that it is, in fact, not
possible: the part would immediately penetrate the stationary finger. Our
incorrect conclusion is due to the fact that our first-order analysis ignores the
local contact curvature. A second-order analysis would show that this motion
is impossible. On the other hand, if the radius of curvature of the part at the
contact were sufficiently small, then the motion would be possible.
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Figure 12.11: Example 12.4. (a) A part resting on a table and the three contact
constraints. (b) The feasible twists representated as CoRs, shown in gray. Note
that the lines that extend off to the left and to the bottom “wrap around”
at infinity and come back in from the right and the top, respectively, so this
CoR region should be interpreted as a single connected convex region. (c¢) The
contact modes assigned to each feasible motion. The zero velocity contact mode
is RRR.

Thus a first-order analysis of a contact indicating roll-slide motion might be
classified as penetrating or breaking by a second-order analysis. Similarly, if
our second-order analysis indicates a roll-slide motion, a third or higher-order
analysis may indicate penetration or breaking free. In any case, if an nth-order
analysis indicates that the contact is breaking or penetrating, then no analysis
of order greater than n will change the conclusion, because the higher-order
effects are smaller.

12.1.7 Form Closure

Form closure of an object is achieved if a set of stationary constraints prevents
all motion of the object. If these constraints are robot fingers, we call this a
form-closure grasp.

Before proceeding, we introduce a few definitions from linear algebra.

Definition 12.1. Given a set of j vectors A = a1,...a; € R", we define the
linear span, or the linear combinations, of the vectors to be

J
span(A) = {Z kia; | k; € ]R} ,
i=1

the nonnegative linear combinations, sometimes called the positive span,
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Figure 12.12: (a) Three vectors in R?, drawn as arrows from the origin. (b) The
linear span of the vectors is the entire plane. (c) The positive linear span is the
cone shaded gray. (d) The convex combination is the polygon and its interior.

to be ‘
J
pos(A) = {Z kia; | ki > O},
i=1

and the convex span to be

J
conv(A) = {Z k;a; | ki > 0 and Zki = 1}_
i=1 i

Clearly conv(A) C pos(A) C span(A) (see Figure 12.12). The following
facts from linear algebra will also be useful.

1. The space R™ can be linearly spanned by n vectors, but no fewer.
2. The space R™ can be positively spanned by n + 1 vectors, but no fewer.

3. From any set A of vectors positively spanning R™, a subset of no more than
2n vectors can be chosen that also positively spans R™.

The first fact is implicit in our use of n coordinates to represent R™. Fact
2 follows from the fact that for any choice of n vectors A = {aq,...,a,}, there
exists a vector ¢ € R™ such that aiTc < 0 for all ¢. In other words, no nonnegative
combination of vectors in A can create a vector in the direction ¢. On the
other hand, if we choose ay,...,a, to be orthogonal coordinate bases of R",
then choose a,+1 = — Z?:l a;, we see that this set of n + 1 vectors positively
spans R™. Fact 3 is stated without proof, and all three facts are illustrated in
Figure 12.13.

These definitions and facts are useful in determining the number of contacts
needed to immobilize an object by form closure.

12.1.7.1 Number of Contacts Needed for First-Order Form Closure

Each stationary contact i provides a half-space twist constraint of the form

FIv=>o.
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Figure 12.13: (a) Two vectors spanning the plane but not positively spanning
the plane. (b) Three vectors positively spanning the plane. (c¢) Four vectors
positively spanning the plane from which no three vectors can be chosen which
also positively span the plane.

Form closure holds if the only velocity V satisfying the constraints is the zero
velocity. For j contacts, this condition is equivalent to

pos({Fi,...,F;}) = RO

for parts in three dimensions. Therefore, by Fact 2 above, at least 6 +1 = 7
contacts are needed for first-order form closure of spatial parts. For planar
parts, the condition is

pos({F1,...,F;}) =R?,

and 3+ 1 = 4 contacts are needed for first-order form closure. These results are
summarized in the following theorem.

Theorem 12.1. For a planar part, at least four contacts are needed for first-
order form closure. For a spatial part, at least seven contacts are needed.

Now consider the problem of grasping a circular disk in the plane. It should
be clear that kinematically preventing motion of the disk is impossible regardless
of the number of contacts; it will always be able to spin about its center. Such
objects are called exceptional—the positive span of the contact normal forces
at all points on the object is not equal to R™, where n = 3 in the planar case
and n = 6 in the spatial case. Examples of such objects in three dimensions
include surfaces of revolution, such as spheres and ellipsoids.

Apart from these exceptional objects, we can directly use Fact 3 to show
that no more than six contacts are needed for planar form closure and no more
than twelve contacts for spatial form closure. With more detailed analysis, it is
possible to reduce the numbers further (to four and seven contacts for planar
and spatial cases, respectively), but we do not go into details here.

Figure 12.14 shows example planar grasps. The graphical methods of Sec-
tion 12.1.6 indicate that the four contacts in Figure 12.14(a) immobilize the
object. Our first-order analysis indicates that the parts in Figures 12.14(b) and
12.14(c) can each rotate about their centers in the three-finger grasps, but in
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Figure 12.14: (a) Four fingers yielding planar form closure. The first-order
analysis treats (b) and (c) identically, saying the triangle can rotate about its
center in each case. A second-order analysis shows this is not possible for (b).
The grasps in (d), (e), and (f) are identical by a first-order analysis, which says
that rotation about any center on the vertical line is possible. This is true for
(d), while only some of these centers are possible for (e). No motion is possible
in (f).

fact this is not possible for the part in Figure 12.14(b)—a second-order analy-
sis would tell us that this part is actually immobilized. Finally, the first-order
analysis tells us that the two-finger grasps in Figures 12.14(d)-(f) are identical,
but in fact the part in Figure 12.14(f) is immobilized by only two fingers due to
curvature effects.

To summarize, our first-order analysis always correctly labels breaking and
penetrating motions, but second- and higher-order effects may change first-
order roll-slide motions to breaking or penetrating. If an object is in form
closure by the first-order analysis, it is in form closure for any analysis; if only
roll-slide motions are feasible by the first-order analysis, the object could be in
form closure by a higher-order analysis; and otherwise the object is not in form
closure by any analysis.

12.1.7.2 A Linear Programming Test for First-Order Form Closure

Let F =[F | Fa|... | F; ] € R be a matrix whose columns are formed by
the j contact wrenches. For spatial parts, n = 6, and for planar parts, n = 3
with F; = [miz, fiz, fiy]T. The contacts yield form closure if there exists a

vector of weights & € R7, k > 0 such that Fk = Foy for all Foye € R”.

Clearly the part is not in form closure if the rank of F is not full (rank(F') <
n). If F is full rank, the form-closure condition above is equivalent to the
existence of strictly positive coefficients & > 0 such that Fk = 0. We can
formulate this test as the following linear program:

find k (12.14)
minimizing 17k
such that Fk =0
k>1,
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Figure 12.15: Two fingers grasping the interior of an object.

where 1 is a j-vector of ones. If F' is full rank and there exists a solution k to
(12.14), the part is in first-order form closure. Otherwise it is not. Note that the
objective function 17k is not strictly necessary to answer the binary question,
but it is included to make sure the problem is well posed, depending on the LP
solver.

Example 12.5. The planar object in Figure 12.15 has a hole in the center.
Two fingers each touch two different edges of the hole, creating four contact
normals. The matrix F = [Fy | Fa | F3 | Fuis

0 0 -1 2
F=] -1 0 1 0
0 -1 0 1

The matrix F is clearly rank 3. The linear program of (12.14) returns a solution
with k1 = k3 = 2, ks = k4 = 1, so the grasp is form closure. If the circular
finger were moved to the bottom right corner of the hole, the new F' matrix

0 0 0 -2
F=] -1 0 1 0
0 -1 0 -1

is still full rank, but there is no solution to the linear program. This grasp is
not form closure.

12.1.7.3 Measuring the Quality of a Form-Closure Grasp

Consider the two form-closure grasps shown in Figure 12.16. Which is a better
grasp?

Answering this question obviously requires a metric measuring the quality
of a grasp. A grasp metric takes the set of contacts {F;} and returns a single
value Qual({F;}), where Qual({F;}) < 0 indicates that the grasp is not form
closure, and larger positive values indicate better grasps.
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Figure 12.16: Both grasps are form closure, but which is better?
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Figure 12.17: (a) A set of three wrenches in a two-dimensional wrench space,
the set of all wrenches that can be applied by the contacts, and the radius d
of the largest ball of wrenches centered at the origin that fits inside the wrench
polygon. (b) A different set of three wrenches yielding a larger inscribed ball.

There are many reasonable choices of grasp metric. As an example, suppose
that to avoid damaging the object, we require the magnitude of the force at
contact ¢ be less than or equal to f; max > 0, which may be set to 1. Then the
total set of contact wrenches that can be applied by the j contacts is given by

J
CF = {Z fiFi | fi €0, fi,max}}. (12.15)
i=1

See Figure 12.17 for an example in two dimensions. This is the convex set of
wrenches that the contacts can apply to resist disturbance wrenches applied to
the part. If the grasp is form closure, the set includes the origin of the wrench
space.

Now the problem is to turn this polytope into a single number representing
the quality of the grasp. Ideally this process would use some idea of the distur-
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bance wrenches the part can be expected to experience. A more common choice
is to set Qual({F;}) to be the radius of the largest ball of wrenches, centered
at the origin of the wrench space, that fits inside the convex polytope. In eval-
uating this radius, two caveats should be considered: (1) moments and forces
have different units, so there is no obvious way to equate force and moment
magnitudes, and (2) the moments due to contact forces depend on the choice of
the location of the origin of the space frame. To address (1), it is common to
choose a characteristic length r of the grasped part and convert contat moments
m to forces m/r. To address (2), typically the origin is chosen somewhere near
the geometric center of the part, or at its center of mass.

Given the choice of the space frame and the characteristic length r, we
simply calculate the signed distance from the origin of the wrench space to
each hyperplane on the boundary of CF. The minimum of these distances is
Qual({F;}) (Figure 12.17).

Returning to our original example in Figure 12.16, we can see that if each
finger is allowed to apply the same force, then the grasp on the left is likely
to be considered the better grasp, as the contacts can resist greater moments
about the center of the object.

12.1.7.4 Choosing Contacts for Form Closure

Many methods have been suggested for choosing form-closure contacts for fix-
turing or grasping. A typical approach is to sample candidate grasp points on
the surface of the object (four for planar parts or seven for spatial parts) until
a set is found yielding form closure. From there, the candidate grasp points
may be incrementally repositioned according to gradient ascent using the grasp
metric, i.e.,  Qual(p)/dp, where p is a vector representing the grasp locations.

12.2 Contact Forces and Friction

12.2.1 Friction

A commonly-used model of friction in robotic manipulation is Coulomb fric-
tion. This experimental law states that the tangential friction force magnitude
ft is related to the normal force magnitude f, by fi < upf,, where p is called
the friction coefficient. If the contact is sliding, or currently rolling but with
incipient slip (i.e., at the next instant the contacts are sliding), then f; = ufy,
and the friction force opposes the motion. The friction force is independent of
the speed of sliding.

Often two friction coeflicients are defined, a static friction coeflicient us and
a kinetic (or sliding) friction coefficient py, where us > py. This implies that
a larger friction force is available to resist initial motion, but once motion has
begun, the resisting force is smaller. Many other friction models have been
developed with different functional dependences on factors such as the speed
of sliding and the duration of static contact before sliding (for example, see
Chapter 11.2.2). All of these are aggregate models of complex microscopic
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Figure 12.18: (a) A friction cone illustrating all possible forces that can be
transmitted through the contact. (b) A side view of the same friction cone
showing the friction coefficient p and the friction angle o = tan™! p. (c) An
inscribed polyhedral convex cone approximation to the circular friction cone.

behavior. For simplicity, we use the simplest Coulomb friction model with a
single friction coefficient . This model is reasonable for hard, dry materials.
The friction coefficient depends on the two materials in contact, and typically
ranges from 0.1 to 1.

For a contact normal in the 4z direction, the set of forces that can be
transmitted through the contact satisfies

\/m <ufs fo=0. (12.16)

Figure 12.18(a) shows that this set of forces forms a friction cone. The set
of forces that the finger can apply to the plane lies inside the cone shown.
Correspondingly, the equal and opposite force the plane applies to the finger is
inside the negative of the cone. Figure 12.18(b) shows the same cone from a
side view, illustrating the friction angle a = tan~! x, which is the half-angle
of the cone. If the finger slips to the right, the force it applies lies on the right
edge of the friction cone, with a magnitude determined by the normal force. If
the contact is rolling, the force may be anywhere inside the cone.

To allow linear formulations of contact mechanics problems, it is often con-
venient to represent the convex circular cone by a polyhedral convex cone. Fig-
ure 12.18(c) shows an inscribed four-sided pyramidal approximation of the fric-
tion cone, defined by the nonnegative linear combinations of the (fz, fy, f-)
cone edges (u,0,1), (—p,0,1), (0,1, 1), and (0, —p, 1). We can obtain a tighter
approximation to the circular cone by using more edges. An inscribed cone un-
derapproximates the friction forces available, while a circumscribed cone over-
approximates the friction forces. The choice of which to use depends on the
application. For example, if we want to ensure that a robot hand can grasp
an object, it is a good idea to underapproximate the friction forces available.
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Figure 12.19: (a) A planar friction cone with friction coefficient p and corre-
sponding friction angle o = tan=! y. (b) The corresponding wrench cone. (c)
Two friction cones. (d) The corresponding composite wrench cone.

For planar problems, no approximation is necessary; a friction cone is exactly
represented by the nonnegative linear combinations of the two edges of the cone,
similar to the side view illustrated in Figure 12.18(b).

Once we choose a coordinate frame, any contact force can be expressed as
a wrench F = ([p|f, f), where p is the contact location. This turns the friction
cone into a wrench cone. A planar example is shown in Figure 12.19. The
two edges of the planar friction cone give two rays in the wrench space, and
the wrenches that can be transmitted to the part through the contact are all
nonnegative linear combinations of basis vectors along these edges. If F; and
Fo are basis vectors for these wrench cone edges, we write the wrench cone as
WC = pos({F1, Fz}).

If multiple contacts act on a part, then the total set of wrenches that can
be transmitted to the part through the contacts is the nonnegative linear com-
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bination of all the individual wrench cones WC,
WC = pos({WCl}) = {Z kz]:z | .7:1 S WC’i, ki > 0} .

This composite wrench cone is a convex cone rooted at the origin. An example
composite wrench cone is shown in Figure 12.19(d) for a planar object with the
two friction cones shown in Figure 12.19(c). For planar problems, the composite
wrench cone in the three-dimensional wrench space is polyhedral. For spatial
problems, wrench cones in the six-dimensional wrench space are not polyhedral,
unless the individual friction cones have been approximated by polyhedral cones,
as in Figure 12.18(c).

If a contact or set of contacts acting on a part is ideally force-controlled, the
wrench Feyt specified by the controller must lie within the composite wrench
cone corresponding to those contacts. Because these force-controlled contacts
choose a nonzero wrench from this wrench cone, the set of wrenches that can
act on the part, including other non-force-controlled contacts, may no longer
be a homogeneous cone rooted at the origin. This is analogous to the case of
velocity-controlled contacts in Section 12.1.3, where moving constraints result
in feasible part twists which are not necessarily a cone rooted at the origin.

12.2.2 Planar Graphical Methods

Just as homogeneous twist cones for planar problems can be represented as
convex signed CoR regions in the plane, homogeneous wrench cones for planar
problems can be represented as convex signed regions in the plane. One method
for doing so is called moment labeling. Given a collection of lines of force
in the plane (e.g., the edges of friction cones from a set of point contacts), the
composite wrench cone can be represented by labeling each point in the plane
with either a ‘+’ if all wrenches in the cone make nonnegative moment about
that point, a ‘—’ if all make nonpositive moment about that point, a ‘£’ if all
make zero moment about that point, and a blank label if there exist wrenches
making positive moment and wrenches making negative moment about that
point.

The idea is best illustrated by an example. In Figure 12.20(a), a single line
of force F7 is represented by labeling the points to the left of the line with a +
and points to the right of the line with a —. Points on the line are labeled +. In
Figure 12.20(b), another line of force is added, which could represent the other
edge of a planar friction cone. Only the points in the plane that are consistently
labeled for both lines of force retain their labels; inconsistently labeled points
lose their labels. Finally, a third line of force is added in Figure 12.20(c). The
result is a single region labeled +. A nonnegative linear combination of the
three lines of force can create any line of force in the plane that passes around
this region in a counterclockwise sense; no other forces can be created. This rep-
resentation is equivalent to a homogeneous convex wrench cone representation

of pos({F1, Fa, F3}).
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Figure 12.20: (a) Representing a line of force by moment labels. (b) Represent-
ing the nonnegative linear combinations of two lines of force by moment labels.
(c¢) Nonnegative linear combinations of three lines of force.

12.2.3 Force Closure

Consider a single movable object and a number of frictional contacts. We say
the contacts result in force closure if the composite wrench cone contains the
entire wrench space—any external wrench Foy on the object can be balanced
by contact forces.

We can derive a simple linear test for force closure which is exact for planar
cases and approximate for spatial cases. Let F;,i = 1...j be the wrenches
corresponding to the edges of the friction cones for all the contacts. For planar
problems, each friction cone contributes two edges, and for spatial problems,
each friction cone contributes three or more edges (see Figure 12.18(d)), de-
pending on the polyhedral approximation chosen. The columns of the n X j
matrix F' are the F;, where n = 3 for planar problems and n = 6 for spatial
problems. As with the test for form closure in Section 12.1.7.2, the part is in
force closure if there is a vector of weights k € R7, k > 0 such that Fk = Fuxt
for all Foxy € R™. In the case of u = 0, each contact can provide forces only
along the normal direction, and force closure is equivalent to first-order form
closure.

12.2.3.1 Number of Contacts Needed for Force Closure

For planar problems, four contact wrenches are sufficient to positively span
the three-dimensional wrench space, which means that as few as two frictional
contacts (with two edges each) are sufficient for force closure. Using moment
labeling, we see that force closure is equivalent to having no consistent moment
labels. For example, if the two contacts can “see” each other by a line inside
both friction cones, we have force closure (Figure 12.21).
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(b)

Figure 12.21: An equilateral triangle can be force-closure grasped by two fingers
on edges of the triangle if p > tan30° =~ 0.577. (a) This grasp with p = 0.25
is not force closure, as indicated by the consistently labeled moment-labeling
region. (b) This grasp is force closure with g = 1.

It is important to note that force closure simply means that forces at the
contacts are capable of generating any wrench. It does not necessarily mean
that the object will not move, however. For the example of Figure 12.21(b),
whether the triangle falls under gravity or not depends on the internal forces
between the fingers. If the motors powering the fingers cannot provide sufficient
forces, or if they are restricted to only generate forces in certain directions, the
triangle may fall despite force closure.

Two frictional contacts are insufficient to yield force closure for spatial parts,
as there is no way to generate moment about the axis joining the two contacts.
A force-closure grasp can be obtained with as few as three frictional contacts,
however. A particularly simple and appealing result due to Li et al. [16] reduces
the force closure analysis of spatial frictional grasps into a planar force closure
problem. Referring to Figure 12.22, suppose a rigid body is constrained by
three point contacts with friction. If the three contact points happened to be
collinear, then obviously any moment applied about this line cannot be resisted
by the three contacts. We can therefore exclude this case, and assume that the
three contact points are not collinear. The three contacts then define a unique
plane S, and at each contact point, three possibilities arise (see Figure 12.23):

e The friction cone intersects S in a planar cone;
e The friction cone intersects S in a line;
e The friction cone intersects S in a point.

The object is in force closure if and only if each of the friction cones intersects
S in a planar cone, and S is also in planar force closure.

Theorem 12.2. Given a spatial rigid body restrained by three point contacts
with friction, the body is in force closure if and only if the friction cone at each
of the contacts intersects the plane S of the contacts in a cone, and the plane S
1s in planar force closure.
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contact 1

contact 2

Figure 12.22: A spatial rigid body restrained by three point contacts with fric-

iy

Figure 12.23: Three possibilities for the intersection between a friction cone and
a plane.

s

Proof. First, the necessity condition—if the spatial rigid body is in force closure,
then each of the friction cones intersects S in a planar cone and S is also in planar
force closure—is easily verified: if the body is in spatial force closure, then S
(which is a part of the body) must also be in planar force closure. Moreover, if
even one friction cone intersects S in a line or point, then there will be external
moments (e.g., about the line between the remaining two contact points) that
cannot be resisted by the grasp.

To prove the sufficiency condition—if each of the friction cones intersects S
in a planar cone and S is also in planar force closure, then the spatial rigid body
is in force closure—choose a fixed reference frame such that S lies in the z-y
plane, and let r; € R3 denote the vector from the fixed frame origin to contact
point i (see Figure 12.22). Denoting the contact force at i by f; € R3, the
contact spatial force F; € RS is then of the form

Fi= [ fi } (12.17)

my;

where each m; = r; X f;, i = 1,2,3. Denote the arbitrary external spatial force
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fext c RG by
Fext = { fext } €RC. (12.18)

ext
Force closure then requires that there exist contact spatial forces F;, i = 1,2, 3,
each lying inside its respective friction cone, such that for any external spatial
disturbance force Feyt, the following equality is satisfied:

Fir4+ Fo+ Fz+ Fext = 0, (12.19)

or equivalently,
fitfotfatfee = 0 (12.20)
(r1 % f1) + (r2 X f2) + (r3 X f3) + Mext = 0, (12.21)

If each of the contact forces and moments, as well as the external force and mo-
ment, is orthogonally decomposed into components lying on the plane spanned
by S (corresponding to the x-y plane in our chosen reference frame) and its
normal subspace N (corresponding to the z-axis in our chosen reference frame),
then the previous force closure equality relations can be written

fis+ fas+ fss = —fext,s (12.22)

(r1 % fis) + (r2 X fas) + (r3 X fas) = —TMext,s (12.23)
JiN + fon + fsn = —fextN (12.24)

(r1 X fin) + (r2 X fan) + (rs X fan) = —Mext,n- (12.25)

In what follows we shall use S to refer both to the slice of the rigid body
corresponding to the z-y plane, as well as the z-y plane itself. N will always be
identified with the z-axis.

Proceeding with the proof of sufficiency, we now show that if S is in pla-
nar force closure, then the body is in spatial force closure. In terms of Equa-
tions (12.24)-(12.25) we wish to show that, for any arbitrary forces fexs,s € S,
fext,nv € N and arbitrary moments mext, 5 € S, Mext,n € N, there exist contact
forces fis € S, fin € N, i =1,2,3, that satisfy (12.24)-(12.25), and such that
for each ¢ = 1,2, 3, the contact force f; = f;s + fin lies in friction cone i.

First consider the force closure equations (12.24)-(12.25) in the normal di-
rection N. Given an arbitrary external force foxy, v € N and external moment
Mext,s € S, Equations (12.24)-(12.25) constitute a set of three linear equations
in three unknowns. From our hypothesis that the three contact points are never
collinear, these equations will always have a unique solution set {f{y, fan: fan}
in N.

Since S is assumed to be in planar force closure, for any arbitrary fex,s € S
and Mmexe, v € N, there will exist planar contact forces f;s € S, ¢ = 1,2, 3, that
lie inside their respective planar friction cones and also satisfy Equations (12.22)-
(12.23). This solution set is not unique: one can always find a set of internal
forces n; € S, i =1,2,3, each lying inside its respective friction cone, satisfying

mA+mne+n = 0 (12.26)
(r1 X m) 4 (ra X m2) + (r3 xn3) = 0. (12.27)
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(To see why such 7; exist, recall that since S is assumed to be in planar force
closure, solutions to (12.22)-(12.23) must exist for fext,s = fext,nv = 0; these
solutions are precisely the internal forces n;). Note that these two equations
constitute three linear equality constraints involving six variables, so that there
exists a three-dimensional linear subspace of solutions for {n:, 72,73}

Now if {fis, fas, fas} satisfy (12.22)-(12.23), then so will {fi5 + 71, fas +
N2, f3s + n3}t. The internal forces {n1,m2,m3} can in turn be chosen to have
sufficiently large magnitude so that the contact forces

fi = finths+tm (12.28)
fo = fin+ fos+me (12.29)
f3 = fin+fas+m3 (12.30)
all lie inside their respective friction cone. This completes the proof of the
sufficiency condition. O

12.2.3.2 Measuring the Quality of a Force-Closure Grasp

Friction forces are not always repeatable. Try putting a coin on a book and
tilting the book. The coin should begin to slide when the book is at an angle
a = tan~! ;1 with respect to horizontal. If you do the experiment several times,
you may find a range of measured values of p, however, due to effects that
are difficult to model. For that reason, when choosing between grasps, it is
reasonable to choose finger locations that minimize the friction coefficient needed
to achieve force closure.

12.2.4 Duality of Force and Motion Freedoms

Our discussion of kinematic constraints and friction should make apparent that,
for any point contact and contact label, the number of equality constraints on
the part’s motion caused by that contact is equal to the number of wrench
freedoms it provides. For example, a breaking contact B provides zero equality
constraints on the part motion and also allows no contact force. A fixed contact
R provides 3 motion constraints (the motion of a point on the part is specified)
and 3 freedoms on the contact force: any wrench in the interior of the contact
wrench cone is consistent with the contact mode. Finally, a slipping contact
S provides 1 equality motion constraint (one equation on the part’s motion
must be satisfied to maintain the contact), and for a given motion satisfying the
constraint, the contact wrench has only 1 freedom, the magnitude of the contact
wrench on the edge of the friction cone and opposite the slipping direction. In
the planar case, the motion constraints and wrench freedoms for B, S, and R
contacts are 0, 1, and 2, respectively.
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12.3 Manipulation

So far we have studied the feasible twists and contact forces due to a set of
contacts. We have also considered two types of manipulation: form- and force-
closure grasping.

Manipulation consists of much more than just grasping, however. It includes
almost anything where manipulators impose motions or forces with the purpose
of achieving motion or restraint of objects. Examples include carrying glasses
on a tray without toppling them, pivoting a refrigerator about a foot, pushing a
sofa on the floor, throwing and catching a ball, transporting parts on a vibratory
conveyor, etc. Endowing a robot with methods of manipulation beyond grasp-
and-carry allows it to manipulate parts that are too large to be grasped and too
heavy to be lifted, or to send objects outside the workspace of the end-effector.

To plan such manipulation tasks, we use the contact kinematic constraints
of Section 12.1, the Coulomb friction law of Section 12.2, and the dynamics of
rigid bodies. Restricting ourselves to a single rigid body and using the notation
of Chapter 8, the part’s dynamics are written

Foxt + Y _kiFy = GV —[ady]"P, k; >0, Fi € WC;, (12.31)

where V is the part’s twist, P is its momentum, Fey; is the external wrench
acting on the part due to gravity, etc., WC; is the set of possible wrenches
acting on the object due to contact i, and Y k;F; is the wrench due to the
contacts. Now, given a set of motion- or force-controlled contacts acting on the
part, and the initial state of the system, the general method for solving for the
motion of the part is the following:

(i) Enumerate the set of possible contact modes consisting of the contact
labels R, S, and B at each contact.

(ii) For each contact mode, determine if there exists a contact wrench Y k; F;
that is consistent with the contact mode and Coulomb’s law, and an accel-
eration V consistent with the kinematic constraints of the contact mode,
such that Equation (12.31) is satisfied. If so, this contact mode, contact
wrench, and part acceleration is a consistent solution to the rigid-body
dynamics.

For a given contact mode, the set of kinematically consistent accelerations is
described by a set of linear constraints on V. Therefore, for planar problems
and spatial problems with approximate polyhedral friction cones, step (ii) above
is a linear constraint satisfaction problem (LCSP).

This kind of “case analysis” may sound unusual; we are not simply solving
a set of equations. It also seems to leave open the possibility that we could find
more than one consistent solution, or perhaps no consistent solution. This is,
in fact, the case: we can define problems with multiple solutions (ambiguous)
and problems with no solutions (inconsistent). This state of affairs is a bit
unsettling; surely there is exactly one solution to any real mechanics problem!
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But this is the price we pay to use the assumptions of perfectly rigid bodies and
Coulomb friction. For many problems the method described above will yield a
unique motion.

A special case of the dynamics (12.31) are quasistatic problems, where the
velocities and accelerations of the parts are small so that inertial forces may be
ignored. Contact wrenches and external wrenches are always in force balance,
and Equation (12.31) reduces to

-Fext + Z]%]:z = O, ki > 0, ]:1 S VVCZ (1232)

The same case-enumeration method is used to solve such problems, except now
we often solve for the part’s twist V instead of its acceleration V. The part’s
twist is relevant for determining whether individual contacts are sliding or not,
which places constraints on the contact forces that can be applied.

Below we illustrate the methods of this chapter with several examples.

Example 12.6. A block carried by two fingers.

Consider a planar block in gravity supported by two fingers, as in Figure 12.24(a).
The friction coefficient between one finger and the block is u = 1, and the other
contact is frictionless. Thus the cone of wrenches that can be applied by the
fingers is pos({F1, Fa, F3}), as shown using moment labeling in Figure 12.24(a).

Our first question is whether the stationary fingers can keep the block at
rest. To do so, the fingers must provide a wrench F = (m., fs, fy) = (0,0, mg)
to balance Foxy = (0,0, —mg) due to gravity. As shown in Figure 12.24(b),
however, this wrench is not in the composite cone of possible contact wrenches.
Therefore the contact mode RR is not feasible, and the block will move relative
to the fingers.

Now consider the case where the fingers each accelerate to the left at 2g. In
this case, the contact mode RR requires that the block also accelerate to the left
at 2g. The wrench needed to cause this acceleration is (0, —2mg, 0). Therefore
the total wrench that the fingers must apply to the block is (0, —2mg, 0) — Fext =
(0, —2mg, mg). As shown in Figures 12.24(c) and (d), this wrench lies inside the
composite wrench cone. Thus RR (the block stays stationary relative to the
fingers) is a solution as the fingers accelerate to the left at 2g.

This is called a dynamic grasp—inertial forces are used to keep the block
pressed against the fingers while the fingers move. If we plan to manipulate the
block using a dynamic grasp, we should make certain that no contact modes
other than RR are feasible, for completeness.

Moment labels are convenient for understanding this problem graphically,
but we can also solve it algebraically. Finger one contacts the block at (x,y) =
(—3,—1) and finger 2 contacts the block at (1,1). This gives the basis contact
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Figure 12.24: (a) A planar block in gravity supported by two robot fingers, one
with a friction cone with g =1 and one with g = 0. (b) The composite wrench
cone that can be applied by the fingers represented using moment labels. To
balance the block against gravity, the fingers must apply the line of force shown.
This line does not make nonpositive moment with respect to all points labeled
—, and therefore it cannot be generated by the two fingers. (c) For the block to
match the fingers’ acceleration to the left, the contacts must apply the vector
sum of the wrench to balance gravity plus the wrench needed to accelerate the
block to the left. This total wrench lies inside the composite wrench cone, as the
line of force makes positive moment with respect to the points labeled + and
negative moment with respect to the points labeled —. (d) The total wrench
applied by the fingers in Figure (c) can be translated along the line of action
without changing the wrench. This allows us to easily visualize the components
k1F1 + koJFo and k3 F3 provided by the fingers.

wrenches
1
Fr=—(—4,-1,1
1= (L)
1
Fo=—(-2,1,1
= Js(-2 L)
JT"3:(17_150)'

Let the fingers’ acceleration in the x direction be written a,. Then, under
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the assumption that the block stays fixed to the fingers (RR contact mode),
Equation (12.31) can be written

ki F1 + koFo + ks F3 + (O, 0, fmg) = (0, ma,, 0) (1233)

This yields three equations in the three unknowns, ki, ko, k3. Solving, we get
blah blah. For the k; to be nonnegative, we need some range for a,. For
z-direction finger accelerations in this range, a dynamic grasp is a consistent
solution.

Example 12.7. The meter stick trick.

Try this experiment: Get a meter stick (or any similar long smooth stick) and
balance it horizontally on your two index fingers. Place your left finger near
the 10 cm mark and your right finger near the 60 cm mark. The center of mass
is closer to your right finger, but still between your fingers, so that the stick
is supported. Now, keeping your left finger stationary, slowly move your right
finger towards your left until they touch. What happens to the stick?

If you didn’t try the experiment, you might guess that your right finger
passes the center of mass of the stick, at which point the stick falls. If you did
try the experiment, you saw something different. Let’s see why.

Figure 12.25 shows the stick supported by two frictional fingers. Since all
motions are slow, we use the quasistatic approximation that the stick’s accelera-
tion is zero, and the net contact wrench must balance the gravitational wrench.
As the two fingers move together, the stick must slip on one or both fingers to
accommodate the motion. Figure 12.25 shows the moment-labeling representa-
tion of the composite wrench cone for three different contact modes where the
stick remains stationary on the left finger (R) or slips left relative to it (S1) while
either remaining stationary on the right finger (R) or slipping right relative to
it (Sr). It is clear from the figure that only the S1R contact mode can provide a
wrench that balances the gravitational wrench. In other words, the right finger,
which supports more of the stick’s weight, remains sticking, while the left finger
slides over the stick. Since the right finger is moving to the left in the world
frame, this means the center of mass is moving to the left at the same speed.
This continues until the center of mass is halfway between the fingers, at which
point the stick transitions to the S1Sr contact mode, and the center of mass
stays centered between the fingers until they meet. The stick never falls.

Note that this analysis relies on the quasistatic assumption; it is easy to make
the stick fall if you move your right finger quickly, requiring large accelerations
of the stick to maintain the sticking contact. Also, in your experiment, you
might notice that when the center of mass is nearly centered, the stick does not
actually achieve the idealized S1Sr contact mode, but instead switches rapidly
between the S1IR and RSr contact modes. If there is a large difference between
the static and kinetic friction coefficients, the time between switches is increased.

Example 12.8. Stability of an assembly.
Consider the arch in Figure 12.26. Is it stable under gravity?

For a problem like this, graphical planar methods are difficult to use. In-
stead we test algebraically for consistency of the contact mode with all contacts
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Figure 12.25: Top left: Two frictional fingers supporting a meter stick in gravity.
The other three panels show the moment labels for the RSr, S1R, and S1Sr
contact modes. Only the S1R contact mode yields force balance.

Figure 12.26: Left: An arch in gravity. Right: The friction cones at the contacts
of the stones 1 and 2.

labeled R. The friction cones are shown in Figure 12.26. With these labelings
of the friction cone edges, the arch remaining standing is a consistent solution
if there exist k; > 0 for 4 = 1...16 satisfying the following nine wrench-balance
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~\

Figure 12.27: Left: A peg in two-point contact with a hole. Right: The wrench
JF1 may cause the peg to jam, while the wrench F> continues to push the peg
into the hole.

equations, three for each body:

8
> kiFi 4 Fexn =0
i=1

16
Z kiFi + Fextz =0
i=9
12
> kiFi+ Fexts = 0.

=5

The last set of equations comes from the fact that forces that body 1 applies
to body 3 are equal and opposite those that body 3 applies to body 1, and
similarly for bodies 2 and 3.

Example 12.9. Peg insertion.
Figure 12.27 shows a force-controlled planar peg in two-point contact with a
hole during insertion. Also shown are the contact friction cones acting on the
peg and the corresponding composite wrench cone, illustrated using moment
labels. If the force controller applies the wrench F; to the peg, it may jam—
the hole may generate contact forces that balance F;. Therefore the peg may
get stuck in this position. If the force controller applies the wrench F5, however,
the contacts cannot balance the wrench and insertion proceeds.

If the friction coefficients at the two contacts are large enough that the two
friction cones “see” each others’ base, the peg is in force closure, and the contacts
may be able to resist any wrench. The peg is said to be wedged.
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Figure 12.28: A 4 x 4 planar square restrained by five frictionless point contacts.

12.4 Exercises

1. Prove that the impenetrability constraint (12.4) is equivalent to the con-
straint (12.7).

2. note that any contact with the same normal provides the same interpene-
trability constraints, no matter where it acts along the line of action

3. write SFC and PCwF contact velocity constraints in a coordinate frame at
the contact, with z-axis aligned with normal.

4. follow up on the examples at the end of the chapter. show that other contact
modes are not possible for the meter stick trick.

5. A finger toppling a block.
6. Vibratory transport.
7. pushing? 3 support points, CoRs of pushing and relative motion

8. holding a rod by over-under contacts. table supported by four legs. par-
allel jaw gripper. ambiguity and inconsistency example. waiter’s problem. 3d
example. LCSP solution. limit surface. two leg planar table.
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Figure 12.29: A planar disk restrained by three frictionless point contacts.

9. (a) The planar grasp of Figure 12.28 consists of five frictionless point con-
tacts. The square is of size 4 x 4. Show that this grasp is not force closure.
(b) The grasp of part (a) can be made force closure by adding one frictionless

point contact. Draw all the possible locations for this contact.

10. Assume all contacts shown in Figure 12.29 are frictionless point contacts.
Determine whether the grasp is force closure. If it is not, how many additional
frictionless point contacts are needed to construct a force closure grasp?

1 2 |

2

1

1]

1

2

2

I

{34

L]

[a ¥}

(a)

Figure 12.30: A planar rigid body with two square holes.

[N

(=}

(b)

11. (a) In Figure 12.30-(a), the planar object with two rectangular holes is re-
strained from the interior by four frictionless point contacts. Determine whether

this grasp is force closure.
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(b) In Figure 12.30-(b), the same planar object with two rectangular holes is
now restrained from the interior by three frictionless point contacts. Determine
whether this grasp is force closure.

X
)

Figure 12.31: A planar wedge-like object with a hole.

12. The planar object of Figure 12.31 is restrained by four frictionless point
contacts.

(a) Determine if this grasp is force closure.

(b) Suppose the contacts A, B, C, D are now allowed to slide along the half-
circle (without crossing each other). Describe the set of all possible force closure
grasps.

13. (a) Determine whether the grasp of Figure 12.32-(a) is force closure. As-
sume all contacts are frictionless point contacts. If the grasp is not force closure,
slide the position of one of the contacts in order to construct a force closure
grasp.

(b) Now place two frictionless point contacts at the corners as shown in Fig-
ure 12.32-(b). Determine if this grasp is force closure.

(c) In the grasp of Figure 12.32-(c), contact A is a point contact with friction
(its friction cone is 90° as indicated in the figure), while contacts B and C are
frictionless point contacts. Determine whether this grasp is force closure.

14. Determine whether the grasp of Figure 12.33 is force closure. Assume all
contacts are point contacts with a friction coefficient p = 1.

15. (a) In the planar triangle of Figure 12.34-(a), contacts A, B, and C are
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=
bl

(c)

Figure 12.32: A planar rigid body restrained by point contacts.

all frictionless point contacts. is this grasp force closure? If not, what type of
external force or moment would cause the object to slip out of the grasp?

(b) In the planar triangle of Figure 12.34-(a), suppose now that contact A is
a point contact with friction coefficient ¢ = 1, while contacts B and C are
frictionless point contacts. Determine whether the grasp shown is force closure.
(¢) Now suppose contact point A can be moved to anywhere on the hypotenuse
of the triangle as shown in Figure 12.34-(b). Determine the range of all contact
points A for which the grasp is force closure.

(d) Contact points B and C are now moved as shown in Figure 12.35. Bill,
a clever student, argues that the two contacts B and C can be replaced by a
virtual point contact with friction (point D) with the given friction cone, and
Nguyen’s condition for force closure can now be applied to A and D, as shown
in the right Figure 12.35. Is Bill correct? Justify your answer with a derivation
of the appropriate force closure condition.
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e/l

Figure 12.33: A planar rigid body restrained by three point contacts with fric-
tion.

Figure 12.34: A planar triangle constrained by three point contacts.

16. Consider the L-shaped planar object of Figure 12.36.

(a) Suppose both contacts are point contacts with friction coefficient p = 1.
Determine whether this grasp is force closure.

(b) Now suppose point contact 1 is a point contact with friction coefficient
@ = 1, while point contact 2 is frictionless. Determine whether this grasp is
force closure.

(c) Suppose now that the vertical position of contact 1 is allowed to vary; denote
its height by z. Find all positions z such that the grasp of part (b) is force
closure.



372 Grasping and Manipulation

Figure 12.35: A planar triangle constrained by three point contacts.

L L
2
1 _/' L
4 d (N
2

Figure 12.36: An L-shaped planar object restrained by two point contacts with
friction.

17. A square is restrained by three point contacts as shown in Figure 12.37:
contact fi is a point contact with friction coefficient u, while contacts fy and
f3 are frictionless point contacts. If ¢ = i and h = %, find the range of values
of p such that grasp is force closure.

18. In the grasp of Figure 12.38, contacts f; and fo on the left are frictionless
point contacts, while contact f; on the right is a point contact with friction
coefficient p = 0.2. Determine whether this grasp is force closure.

19. A single point contact with friction coefficient p = 1 is applied to the left
side of the square doughnut as shown in Figure 12.39. A force closure grasp can
be constructed by adding another point contact with friction, also with u = 1.
Draw all possible locations for this additional point contact.
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Figure 12.37: A square restrained by three point contacts.
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Figure 12.38: A rectangle restrained by three point contacts.
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Figure 12.39: A square doughnut.



Appendix A

Summary of Useful
Formulas

Chapter 2

e Griibler’s formula for the DOF of mechanisms with N links (including
ground) and J joints, where joint i has f; degrees of freedom and m = 3
for planar mechanisms or m = 6 for spatial mechanisms:

J
dof =m(N—1-J)+ > fi
=1

e Pfaffian velocity constraints take the form A(#)f = 0.

Chapter 3

e An element R of SO(3) satisfies RT R = I and det R = 1, and therefore
R'=RT. Also Ry, = Rb_a1 and Rgpvp = g, while Rapv, = v}, which is

the original vector v, rotated by the rotation that takes {a} to {b}.

e Let R; be the orientation achieved when rotating about a fixed axis w
(lw|]] = 1) a distance 6 from an initial orientation R = I. Then R1 R, is
the orientation achieved by rotating {a} about w intrepreted as a space
frame angular velocity, while R, R; is the orientation achieved by rotating
{a} about w interpreted as a body frame angular velocity.

e i(t) = Az(t) has solution z(t) = e?*zy. A can be viewed as a constant
angular velocity or rigid-body twist (angular and linear velocity), in the
body or space frame.

e For w € R?, we have w x z = [w]r, where

0 —Ws (55)
[w] = ws 0 —w
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Summary of Useful Formulas

e Rodrigues’ formula, integrating a rotation with an angular velocity w with

|w|| = 1 for time (or angle) #: el“l? = I +sin f[w]+ (1 —cos ) [w]?. w and O
together are called the axis-angle representation of an orientation of an el-
ement of SO(3), and wf € R? is the exponential coordinate representation
of an an element of SO(3).

The matrix log of R, in the general case, is given by: 6 = cos™!((trace(R)—
1)/2) € [0,7) and [w] = (R — RT)/(2sinf). If R = I, then § = 0. If
trace(R) = —1, then 6 = 7. We write log(R) = [w]f.

A rigid-body configuration is written 7' € SE(3) with the form

_| R p 4x4
r-[% 7] en

where R € SO(3) and p € R3. Also,

_ RT —RTp
1_
=[5 )

—1
TapThe = TaC7 Tab = Tba7 and zq = Top2y.

A spatial velocity, or twist, is written V = (w,v) € RS, which we can also
write in the matrix form

5] = { Ll } e R4,

Consider a screw motion following the twist &’ = (w’,v’) for duration 1.
We can write this as &’ = S0, where S = (w,v) and 0 is the “distance” of
motion along the screw axis S. If w’ # 0, then § = §'/|jw]|| and 6 is the
net rotation about the screw axis. If w’ = 0, then § = §'/||v'|| and 6 is
the translation along the axis.

The net displacement obtained by motion along the screw axis [S] by 6
from the identity element of SE(3), in either the body or space frame
(since they are initially aligned with each other), is

Cs1o ell? (10 + (1 — cos B)[w] + (6 — sin O)[w]?)v
L0 1

For w =0, i.e., S = (0,v), then

[S16 _ I 0
¢ _{0 1 ]

For T = el51?, SO € RS are the exponential coordinates of T
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e The matrix log of T' = (R, p), for the general case, is given by

0 = cos ™ <trace(R>1) € [0,m)

2
[l = QSilnﬁ(R_ i
v = <;I - %[w] + (% - %cot Z)[w]2>p. (A.1)

If R =1, then w = 0, v = p/||p|l,and 6 = ||p||. If trace(R) = —1, then
0 = 7, and [w] = log R. We write log(T) = [S]0.

e The quantity 77 = e!SI°T is the new configuration after 7' undergoes a
screw motion S@ in the space frame. The quantity 77 = TelS1? is the new
configuration after 7' undergoes a screw motion S in the body frame.

e Given frames {s} and {b}, a particular spatial velocity can be represented
in these frames as Vs or Vj, and these are related by the Adjoint transfor-
mation

Vs = Adr,, (V)
where Adeb(Vb) = [Adeb]Vb and

[Adr] = [ [pl]%R 1% } € RO*C,

The expression Vs = Adr,, (V) is equivalent to [Vs] = T[Vo) T,
o Ad7' = Adp-1 and Ady, (Adg, (V) = Adpy1, (V).

o TT—' = [V,], the spatial velocity (twist) in space coordinates, and 1T =
[Vu], the spatial velocity (twist) in body coordinates.

e A wrench in space coordinates is written F, = (ms, fs) € R® and a wrench
in body coordinates is written F, = (my, f). Fp and Fy are related by

Fo = Adj,(F) =[Adg, )" F,
Fs = Ad}, (F) = [Adg, )" F,

derived from the relationship between space and body velocities and the
fact that power, IV, and F'V,, must be the same in both frames.

Chapter 4

e The product of exponentials formula for a serial chain manipulator is

space frame: T = elSf  ¢lSnln py

body frame: T = MelB1lor  [Bnlon
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Summary of Useful Formulas

where M is the frame of the end-effector in the space frame when the
manipulator is at its home position, [S;] is the velocity of the space frame
in space coordinates when joint 4 rotates (or translates) at unit speed while
all other joints are fixed, and [B;] is the velocity of the body frame in body
coordinates when all other joints are fixed.

Chapter 5

e For a manipulator end-effector configuration written in coordinates z, the

forward kinematics is x = f(6), and the differential kinematics is given by
= %9 = J(6)0, where J(0) is the manipulator Jacobian.

In spatial velocities, the relation is V, = J, (), where * is either s (space
Jacobian) or b (body Jacobian). The columns J; of the space Jacobian
are

Jm(@) = Ade[Sl]ﬂlu_e[Si—l]gi—l (Sz)

and the columns Jp; of the body Jacobian are
Jbl(e) = Ade—[Bn]Hn“_e_[5i+1]9i+1 (Bz)

As expected, the space motion caused by S; is only altered by the con-
figurations of joints inboard from joint ¢ (between the joint and the space
frame), while the body motion caused by B; is only altered by the config-
urations of joints outboard from joint i (between the joint and the body
frame).

The two Jacobians are related by

Jo(0) = Adr,, (0)(Js(0)) ,  Jo(0) = Adr,,(0)(J(0))-

Generalized forces at the joints 7 are related to wrenches expressed in the
space or end-effector body frame by

T=JIO)F.,
where * is s (space frame) or b (body frame).

Singularities occur at manipulator configurations where the rank of the
Jacobian drops below its maximum value. Often we only care about end-
effector motions in a particular subspace, and a singularity is defined when
the set of feasible motions in that subspace loses rank.

Chapter 6

e The law of cosines states that ¢ = a?+b%> —2abcosy, where a, b, and ¢ are

the lengths of the sides of a triangle and ~ is the interior angle opposite
side ¢. This formula is often useful to solve inverse kinematics problems.
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e Many inverse problems can be stated as finding 6 such that = = f(6),
where z and 6 are vectors. Such problems can have many or no solutions,
and often admit no closed-form solution. Newton-Raphson iterative nu-
merical root-finding attempts to find a “close by” solution to an initial
guess. Starting with an initial guess 6(0), the iteration is defined by

06+1) =00+ (510 (2= O

where the expression  — f(0()) is the vector from the current guess to
the desired value.

e For inverse kinematics with a desired end-effector configuration X € SE(3),
the direction from the current configuration 7'(6()) to X, expressed in
the end-effector body frame, is given by [S] = log7T~!X. The Newton-
Raphson iteration beomes

0(i +1) = 0(i) + (J,(0(i)) 'S .
AO;

e If the Jacobian is not square (i.e., the number of joints n differs from the
degrees of freedom of the end-effector m), then J, ' (6) does not exist. The

right generalized inverse J, "&" = JT(J,JI')~" can be used for n > m and
the left generalized inverse J, " = (J]'J,)"'JI can be used for n < m.

Chapter 8

e The Lagrangian is the kinetic minus the potential energy, £(q, ¢) = K(q,q)—
U(q)-

e The Euler-Lagrange equations are

d oL 0L
T=—— — —.
dt 9¢  0Oq
e The kinetic energy of a mechanical system is K(q,q) = %QTM(q)cL where
M is the mass or inertia matrix.

e The equations of motion of a manipulator can be written

ou

7= M(0)8 + c(6,0) + e (A.2)
= M(0)6+C(0,0)0 + g(0) (A.3)
= M(0)0 + 07T (6)0 + ¢(0) (A.4)

where ¢() are the potential terms (typically due to gravity) and ¢(6, )
is the vector of quadratic velocity terms (Coriolis and centrifugal terms).



380 Summary of Useful Formulas

These quadratic terms are sometimes written as a Coriolis matrix C/(6, )
multiplied by the linear velocity 6, or more insightfully as a quadratic
form in terms of the three-dimensional matrix of Christoffel symbols of
the mass matrix.

e The Lie bracket of twists V; and Vs, i.e., the derivative of V5 in the
direction of Vi, is written

Vi, Vo] = ady, (Vo) = [ady, |V,

where

i8] 5] e

e The body-frame 6 x 6 mass matrix of a rigid-body is

T O]

gb_[ 0 ml

where 7y, is the inertia matrix in the body frame and m is the mass.

e The equations of motion of a rigid body, expressed in the body frame, are

Fo = GV — [ady, )T GV
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Other Representations of
Rotations

B.1 Euler Angles

As we established earlier, a rotation matrix can be parametrized by three in-
dependent coordinates. Here we introduce one popular three-parameter rep-
resentation of rotations, the ZYX Euler angles. One way to visualize these
angles is through the wrist mechanism shown in Figure B.1. The ZYX Euler
angles (a, 8,7) refer to the angle of rotation about the three joint axes of this
mechanism. In the figure the wrist mechanism is shown in its zero position, i.e.,
when all three joints are set to zero.

Four reference frames are defined as follows: frame {0} is the fixed frame,
while frames {1}, {2}, and {3} are attached to the three links of the wrist mech-
anism as shown. When the wrist is in the zero position, all four reference frames
have the same orientation. We now consider the relative frame orientations Ry,
Ry2, and Ray3. First, it can be seen that Ry; depends only on the angle a: ro-
tating about the Z-axis of frame {0} by an angle « (a positive rotation about
an axis is taken by aligning the thumb of the right hand along the axis, and
rotating in the direction of the fingers curling about the axis), it can be seen
that

cosae —sina 0
Rop1 = | sina  cosa 0 | =Rot(z,a). (B.1)
0 0 1

The notation Rot(z, @) describes a rotation about the Z-axis by angle «. Simi-
larly, Ris depends only on 3, and is given by

cos 0 sing

Rip = 0 1 0 = Rot(¥, B), (B.2)
—sinfg 0 cospf

381
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{1}

{3}____ __@_
Y
B
oy 7 e

Y
Figure B.1: Wrist mechanism illustrating the ZYX Euler angles.

where the notation Rot(¥, 8) describes a rotation about the y-axis by angle f.
Finally, Ro3 depends only on ~, and is given by

1 0 0
Ros=| 0 cosy —siny | =Rot(,7y), (B.3)
0 siny cosvy

where the notation Rot(%, ) describes a rotation about the %-axis by angle ~.
Ry3 = Rp1 R12Ra3 is therefore given by

CaCB  CaSBSy —SaCy CaSECy F SaSy
Roz = | SaCB  SaS8Sy +CaCy 5a58Cy — CaSy |, (B.4)
_SB CBSAY CﬁC7

where s, is shorthand for sin «, ¢, for cos a, etc.

We now ask the following question: given an arbitrary rotation matrix R,
does there exist («, 8,7) such that Equation (B.4) is satisfied? If the answer is
yes, then the wrist mechanism of Figure B.1 can reach any orientation. This is
indeed the case, and we prove this fact constructively as follows. Let r;; be the
ij-th element of R. Then from Equation (B.4) we know that r%; + 73, = cos? 3;
as long as cos 8 # 0, or equivalently 5 # +90°, we have

8= tan~! (sin,@) = tan~! T .
cos f3 + 7‘%1 + 7"31
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Figure B.2: Configuration corresponding to 8 = 90° for ZYX Euler angles.

We now define the atan2 function, which is a two-argument function imple-
mented in a variety of computer languages for computing the arctangent. Specif-
ically, the function atan2(y, z) evaluates tan~!(y/x) by taking into account the
signs of x and y. For example, atan2(1,1) = 7 /4, while atan2(—1, —1) = —37 /4.
Using atan2, the possible values for 8 can be expressed as

B = atan2 <r31, T3+ r§1>
B = atan2 (—7“31, —\/T3 + r§1> .

In the first case 3 lies in the range [—90°,90°], while in the second case S lies
in the range [90°,270°]. Assuming the 8 obtained above is not £90°, « and ~
can then be determined from the following relations:

and

o = atan2(r21, 7’11)

v = atan2(rse,733)

In the event that g = +90°, there exists a one-parameter family of solutions
for a and 7. This is most easily seen from Figure B.2. If § = 90°, then « and
v represent rotations (in the opposite direction) about the same vertical axis.
Hence, if (o, 8,7) = (&,90°,7%) is a solution for a given rotation R, then any
triple (&',90°,%") where & — %' = & — ¥ is also a solution.
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Algorithm for Computing the ZYX Euler Angles

Given R € SO(3), we wish to find angles o,y € [0,27) and § € [-7/2,7/2)
that satisfy

CaCB  CaSBSy —8SaCy CaSRCy 1 SaSy
R =] 84C8 54885y +CaCy SaS8Cy —CaSy |, (B.5)
—Sg CpSy CaCx
where s, is shorthand for sin ¢, c, for cos, etc. Denote by r;; the ij-th entry
of R.

(i) If r3; # £1, set

B = atan2 <7’31, \rh + 7’%1) (B.6)

a = atan2(r21,r11) (B?)
v = atan2(rsq,r33), (B.8)

where the square root is taken to be positive.

(ii) If r33 = 1, then S = /2, and a one-parameter family of solutions for «
and +y exists. One possible solution is @ = 0 and v = atan2(rq2, r22).

(iii) If r3; = —1, then 8 = —7/2, and a one-parameter family of solutions for
a and + exists. One possible solution is & = 0 and v = —atan2(r12, ra2).

From the earlier wrist mechanism illustration of the ZYX Euler angles it
should be evident that the choice of zero position for 3 is, in some sense, ar-
bitrary. That is, we could just as easily have defined the home position of
the wrist mechanism to be as in Figure B.2; this would then lead to another
three-parameter representation («, §8,v) for SO(3). Figure B.2 is precisely the
definition of the ZYZ Euler angles. The resulting rotation matrix can be
obtained via the following sequence of rotations:

R(a, B,7) = Rot(z,a)-Rot(y, 3) - Rot(z,7)
[ co —Sa O cg 0 sg ¢y —s, O
= Sa Co O 0 1 0 sy ¢ 0
0 0 1] | —ss 0 cp 0 0 1
[ CaChCy — SaSy  —CaCgSy —SaCy  CaSp
= SaCBCy + CaSy —SaCsSy +CaCy SaSg | - (B.9)
—SgCA/ SBS,y Cg

Just as before, we can show that for every rotation R € SO(3), there exists
a triple (a, 8,7) that satisfies R = R(«, 8,7) for R(a,8,7) as given in Equa-
tion (B.9). (Of course, the resulting formulas will differ from those for the ZYX
Euler angles.)

From the wrist mechanism interpretation of the ZYX and ZYZ Euler angles,
it should be evident that for Euler angle parametrizations of SO(3), what really
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Figure B.3: Illustration of XYZ roll-pitch-yaw angles.

matters is that rotation axis 1 is orthogonal to rotation axis 2, and that rotation
axis 2 is orthogonal to rotation axis 3 (axis 1 and axis 3 need not necessarily be
orthogonal to each other). Specifically, any sequence of rotations of the form

Rot(axisl, «) - Rot(axis2, 3) - Rot(axis3, ), (B.10)

where axisl is orthogonal to axis2, and axis2 is orthogonal to axis3, can serve
as a valid three-parameter representation for SO(3). Later in this chapter we
see how to express a rotation about an arbitrary axis that is not a unit axis of
the reference frame.

B.2 Roll-Pitch-Yaw Angles

Earlier in the chapter we asserted that a rotation matrix can also be used to
describe a transformation of a rigid body from one orientation to another. Here
we use this prescriptive viewpoint to derive another three-parameter representa-
tion for rotation matrices, the roll-pitch-yaw angles. Referring to Figure B.3,
given a frame in the identity configuration (that is, R = I), we first rotate this
frame by an angle v about the X-axis of the fixed frame, followed by an angle 8
about the y-axis of the fixed frame, and finally by an angle o about the Z-axis
of the fixed frame.

Let us derive the explicit form of a vector v € R?® (expressed as a column
vector using fixed frame coordinates) that is rotated about the fixed frame X-axis
by an angle . The rotated vector, denoted v’, will be

1 0 0
v =10 cosy —siny |w. (B.11)
0 siny cosvy

If v’ is now rotated about the fixed frame y-axis by an angle 3, then the rotated
vector v” can be expressed in fixed frame coordinates as

cosf 0 sing
v = 0 1 0 v’ (B.12)
—sinf 0 cospf



386 Other Representations of Rotations

Finally, rotating v” about the fixed frame Z-axis by an angle « yields the vector

cosa —sina 0
v = | sina  cosa 0 |0 (B.13)
0 0 1

If we now take v to successively be the three unit axes of the reference frame
in the identity orientation R = I, then after applying the above sequence of
rotations to the three axes of the reference frame, its final orientation will be

R(a, 8,7) = Rot(z,a)Rot(y,8) - Rot(k,7) - -1
i Ca —Sa 0 Cg 0 Sg 1 0 0
= Sa Co O 0 1 0 0 ¢y —sy | T
| 0 0 1 —sg 0 cg 0 sy ¢y
[ CaCB CaSBSy — SaCy CaSRCy + SaSy
= SaCB  SaSBSy +CaCy SaSECy — CaSy | - (B.14)
L —Sg CpSy CpCxy

This product of three rotations is exactly the same as that for the ZYX Euler
angles given in (B.5). We see that the same product of three rotations admits
two different physical interpretations: as a sequence of rotations with respect
to the body frame (ZYX Euler angles), or, reversing the order of rotations, as
a sequence of rotations with respect to the fixed frame (the XYZ roll-pitch-yaw
angles).

The terms roll, pitch, and yaw are often used to describe the rotational mo-
tion of a ship or aircraft. In the case of a typical fixed-wing aircraft, for example,
suppose a body frame is attached such that the X-axis is in the direction of for-
ward motion, the z-axis is the vertical axis pointing downward toward ground
(assuming the aircraft is flying level with respect to ground), and the j-axis
extends in the direction of the wing. The roll, pitch, and yaw motions are then
defined according to the XYZ roll-pitch-yaw angles («a, 8, ) of Equation (B.14).

In fact, for any sequence of rotations of the form (B.10) in which consecutive
axes are orthogonal, a similar descriptive-prescriptive interpretation exists for
the corresponding Euler angle formula. Euler angle formulas can be defined in
a number of ways depending on the choice and order of the rotation axes, but
their common features are:

e The angles represent three successive rotations taken about the axes of
either the body frame or the fixed frame.

e The first axis must be orthogonal to the second axis, and the second axis
must be orthogonal to the third axis.

e The angle of rotation for the first and third rotations ranges in value over
a 27 interval, while that of the second rotation ranges in value over an
interval of length .
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B.3 Unit Quaternions

One disadvantage with the exponential coordinates on SO(3) is that because of
the division by sin 6 in the logarithm formula, the logarithm can be numerically
sensitive to small rotation angles #. The unit quaternions are an alternative
representation of rotations that alleviates some of these numerical difficulties,
but at the cost of introducing an additional fourth parameter. We now illustrate
the definition and use of these coordinates.

Let R € SO(3) have exponential coordinate representation R = elwl? where
as usual |lw|| = 1 and 6 € [0,7]. The unit quaternion representation of R is
constructed as follows. Define ¢ € R* according to

w]6

q0 .
q coSs 5
q= ql = { o } € R (B.15)
2 2
q3

q as defined clearly satifies ||¢|]] = 1. Geometrically, ¢ is a point lying on the
three-dimensional unit sphere in R*, and for this reason the unit quaternions
are also identified with the three-sphere, denoted S3. Naturally among the
four coordinates of ¢, only three can be chosen independently. Recalling that
14 2cosf = tr R, and using the cosine double angle formula, i.e., cos2¢ =
2cos? ¢ — 1, the elements of ¢ can be obtained directly from the entries of R as
follows:

1
QG = 5\/1 + 7111+ 722 + 1733 (B.16)
q1 1 32 — T'23
q2 = g | T Trs (B.17)
qs3 91 ry) — 219

Going the other way, given a unit quaternion (qo, ¢1, g2, g3), the correspond-
ing rotation matrix R is obtained as a rotation about the unit axis in the direc-
tion of (g1, g2, q3), by an angle 2cos™! go. Explicitly,

B+ -6 -G 2(qage —q093) 2(qoq2 + q1¢3)
R=1| 2(qa+ae) @-G+a6-0¢ 2 —qoq@) |- (B18)
2(q193 — q0g2) 2(qoq1 + 42a3) @G — 43 — 43 + 43

From the above explicit formula it should be apparent that both ¢ € S® and its
antipodal point —q € S produce the same rotation matrix R. For every rotation
matrix there exists two unit quaternion representations that are antipodal to
each other.

The final property of the unit quaternions concerns the product of two rota-
tions. Let Ry, R, € SO(3) denote two rotation matrices, with unit quaternion
representations +q, £p € S3, respectively. The unit quaternion representation
for the product B4R, can then be obtained by first arranging the elements of ¢
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and p in the form of the following 2 x 2 complex matrices:

qo+1iq1 g2+ ips Do +ip1 P2 +1ip3
- ; . P= . P3| B.19
@ —q2 +193  go — 41 } [ —p2 +1p3 Po —1P1 } ( )

where i denotes the imaginary unit. Now take the product N = QP, where the
entries of IV are written

N = { Mo +im ny 10 } . (B.20)
—Ng + 13 MNg — 1N

The unit quaternion for the product R,R, is then given by +(ng,n1,n2,ns)
obtained from the entries of N:

No qoPo — q1P1 — q2P2 — 43pP3
no| | qoP1+Podi+q2ps —qsp2 | (B.21)
ng qop2 + Pog2 — q1p3 + q3p1
ng gops + Pogs + q1p2 — q2p1

Verification of this formula is left as an exercise at the end of this chapter.



Appendix C

Denavit-Hartenberg
Parameters and Their

Relationship to the Product
of Exponentials

C.1 Denavit-Hartenberg Representation

The basic idea underlying the Denavit-Hartenberg approach to forward kinemat-
ics is to attach reference frames to each link of the open chain, and to derive the
forward kinematics based on knowledge of the relative displacements between
adjacent link frames. Assume that a fixed reference frame has been established,
and that a reference frame (the end-effector frame) has been attached to some
point on the last link of the open chain. For a chain consisting of n one degree
of freedom joints, the links are numbered sequentially from 0 to n, in which
the ground link is labelled 0, and the end-effector frame is attached to some
point on link n. Reference frames attached to the links are also correspondingly
labelled from {0} (the fixed frame) to {n} (the end-effector frame). The joint
variable corresponding to the ¢-th joint is denoted #;. The forward kinematics
of the n-link open chain can then be expressed as

TOn('gla s 79n) = TOI(GI)TU(HZ) e Tn—l,n(0n)7 (Cl)
where T;,_1 € SE(3) denotes the relative displacement between link frames

{i — 1} and {i}. Depending on how the link reference frames have been chosen,
for open chains each T;_; ; can be obtained in a straightforward fashion.

389
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Figure C.1: Illustration of Denavit-Hartenberg parameters.

C.1.1 Assigning Link Frames

Rather than attaching reference frames to each link in some arbitrary fashion,
in the Denavit-Hartenberg convention a set of rules for assigning link frames
is observed. Figure C.1 illustrates the frame assignment convention for two
adjacent revolute joints ¢ — 1 and ¢ that are connected by link ¢ — 1.

The first rule is that the z-axis coincides with joint axis ¢, and Z; 1 coincides
with joint axis ¢ — 1. The direction of each link frame Z-axis is determined via
the right-hand rule, i.e., such that positive rotations are counterclockwise about
the z-axis.

Once the z-axis direction has been assigned, the next rule determines the
origin of the link reference frame. First, find the line segment that orthogonally
intersects both joint axes z;_1 and Z;. For now let us assume that this line
segment is unique; the case where it is not unique (i.e., when the two joint
axes are parallel), or fails to exist (i.e., when the two joint axes intersect), is
addressed later. Connecting joint axes ¢ — 1 and ¢ by a mutually perpendicular
line, the origin of frame {i — 1} is then located at the point where this line
intersects joint axis 7 — 1.

Determining the remaining X- and y-axes of each link reference frame is now
straightforward: the % axis is chosen to be in the direction of the mutually
perpendicular line pointing from the ¢ — 1 axis to the i axis. The y-axis is then
uniquely determined from the cross-product X x y = z. Figure C.1 depicts the
link frames ¢ and 7 — 1 chosen according to this convention.

Having assigned reference frames in this fashion for links ¢ and ¢ — 1, we now
define four parameters that exactly specify T;_1 ;:

e The length of the mutually perpendicular line, denoted by the scalar a;_1,
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is called the link length of link ¢+ — 1. Despite its name, this link length
does not necessarily correspond to the actual length of the physical link.

e The link twist «;_1 is the angle from Z; 1 to Z;, measured about X; 1.

e The link offset d; is the distance from the intersection of X;_1 and z; to
the link ¢ frame origin (the positive direction is defined to be along the Z;
axis).

e The joint angle ¢; is the angle from %;_; to X;, measured about the
Z;-axis in the right-hand sense.

These parameters constitute the Denavit-Hartenberg parameters. For an
open chain with n one degree-of-freedom joints, the 4n Denavit-Hartenberg
parameters are sufficient to completely describe the forward kinematics. In the
case of an open chain with all joints revolute, the link lengths a;_1, twists «;_1,
and offset parameters d; are all constant, while the joint angle parameters ¢;
act as the joint variables.

We now consider the case where the mutually perpendicular line is undefined
or fails to be unique, as well as when some of the joints are prismatic, and finally,
how to choose the ground and end-effector frames.

When Adjacent Revolute Joint Axes Intersect

If two adjacent revolute joint axes intersect each other, then the mutually per-
pendicular line between the joint axes fails to exist. In this case the link length
is set to zero, and we choose X; 1 to be perpendicular to the plane spanned
by Z;_1 and Z;. There are two possibilities here, both of which are acceptable:
one leads to a positive value of the twist angle «;_1, while the other leads to a
negative value.

When Adjacent Revolute Joint Axes are Parallel

The second special case occurs when two adjacent revolute joint axes are par-
allel. In this case there exist many possibilities for a mutually perpendicular
line, all of which are valid (more precisely, a one-parameter family of mutual
perpendicular lines is said to exist). Again, it is important to detail precisely
how the link frames are assigned. A useful guide is to try to choose the mutually
perpendicular line that is the most physically intuitive, and simplifies as many
Denavit-Hartenberg parameters as possible (e.g., such that their values become
7€er0).

Prismatic Joints

For prismatic joints, the z-direction of the link reference frame is chosen to be
along the positive direction of translation. This convention is consistent with
that for revolute joints, in which the z-axis indicates the positive axis of rotation.
With this choice the link offset parameter d; now becomes the joint variable (see
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Figure C.2: Link frame assignment convention for prismatic joints. Joint ¢ — 1
is a revolute joint, while joint ¢ is a prismatic joint.

Figure C.2). The procedure for choosing the link frame origin, as well as the
remaining X and y-axes, remains the same as for revolute joints.

Assigning the Ground and End-Effector Frames

Our frame assignment procedure described thus far does not specify how to
choose the ground and final link frames. Here as before, a useful guideline is to
choose initial and final frames that are the most physically intuitive, and simplify
as many Denavit-Hartenberg parameters as possible. This usually implies that
the ground frame is chosen to coincide with the link 1 frame in its zero (rest)
position; in the event that the joint is revolute, this choice forces a9 = ag =
d; = 0, while for a prismatic joint we have ag = ay = ¢; = 0. The end-effector
frame is typically attached to some reference point on the end-effector, usually
at a location that makes the description of the task intuitive and natural, and
also simplifies as many of the Denavit-Hartenberg parameters as possible (e.g.,
their values become zero).

It is important to realize that arbitrary choices of the ground and end-
effector frames may not always be possible, since there may not exist a valid set
of Denavit-Hartenberg parameters to describe the relative transformation; we
elaborate on this point below.

C.1.2 Why Four Parameters are Sufficient

In our earlier study of spatial displacements, we argued that a minimum of
six independent parameters were required to describe the relative displacement
between two frames in space: three for the orientation, and three for the po-
sition. Based on this result, it would seem that for an n-link arm, a total of
6n parameters would be required to completely describe the forward kinematics
(each T;_1; in the above equation would require six parameters). Surprisingly,
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Figure C.3: An example of three frames {a}, {b}, and {c}, in which the trans-
formations Ty, and T,. cannot be described by any set of Denavit-Hartenberg
parameters.

in the Denavit-Hartenberg parameter representation only four parameters are
required for each transformation 7;_; ;. Although this result may at first appear
to contradict our earlier results, this reduction in the number of parameters is
accomplished by the carefully stipulated rules for assigning link reference frames.
If the link reference frames had been assigned in arbitrary fashion, then more
parameters would have been required.

Consider, for example, the link frames shown in Figure C.3. The trans-
formation from frame {a} to frame {b} is a pure translation along the y-axis
of frame {a}. If one were to try to express the transformation Ty, in terms
of the Denavit-Hartenberg parameters («, a, d, #) as prescribed above, it should
become apparent that no such set of parameter values exist. Similarly, the trans-
formation T, also does not admit a description in terms of Denavit-Hartenberg
parameters, as only rotations about the X- and z- axes are permissible. Under
our Denavit-Hartenberg convention, only rotations and translations along the
x and 7 axes are allowed, and no combination of such motions can achieve the
transformations shown in Figure C.3.

Given that the Denavit-Hartenberg convention uses exactly four parameters
to describe the transformation between link frames, one might naturally wonder
if the number of parameters can be reduced even further, by an even more clever
set of link frame assignment rules. Denavit and Hartenberg show that this is
not possible, and that four is the minimum number of parameters [7].

We end this section with a reminder that there are alternative conventions
for assigning link frames. Whereas we chose the z-axis to coincide with the joint
axis, some authors choose the x-axis, and reserve the z-axis to be the direction
of the mutually perpendicular line. To avoid ambiguities in the interpretation
of the Denavit-Hartenberg parameters, it is essential to include a concise de-
scription of the link frames together with the parameter values.
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C.1.3 Manipulator Forward Kinematics

Once all the transformations T;_;; between adjacent link frames are known
in terms of their Denavit-Hartenberg parameters, the forward kinematics is
obtained by sequentially multiplying these link transformations. Each link frame
transformation is of the form

Ti—l,i = ROt()A(, Oéi_l) . Trans(fc, ai_l) . Trans(i, dz) . ROt(i, d)z)
Cos ¢; — sin ¢; 0 ai—1
_ sin¢; cosa;_1 Cosg;cosq;_1 —sinq;—1 —d;sina;_1
o sing;sinq;_1 cos@;sinq;_1  COSQy_1 d; cos a1
0 0 0 1
where
[ 1 0 0 0
Rot(%, ai_1) — 0 cosa;j_1 —sina;_1 O (C.2)
=l 0 —sina;_; cosoy_qy O '
0 0 0 1
i 1 0 0 A;—1
) o 10 o
Trans(X,a;—1) = 001 o (C.3)
|00 0 1
[1 0 0 O
) o100
Trans(z,d;) = 00 1 d (C.4)
00 0 1
[ cos¢;_y —sing;i_; 0 O
SN —sing;_; cosg;_; 0 0
ROt(Za¢z) - 0 0 1 0 (CB)
i 0 0 0 1

A useful way to visualize T; ;1 is to transport frame {i — 1} to frame {i} via
the following sequence of four transformations:

(i) Rotate frame {i — 1} about its X axis by an angle ;1.

)
(i)
)
)

Translate this new frame along its X axis by a distance a;_1.

(iii) Translate this new frame along its Z axis by a distance d;.

(iv) Rotate this new frame about its Z axis by an angle ¢;.

Note that switching the order of the first and second steps will not change the
final form of 7T;_; ;. Similarly, the order of the third and fourth steps can also
be switched without affecting T;_; ;.
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Figure C.4: An RRRP spatial open chain.

C.1.4 Examples

We now derive the Denavit-Hartenberg parameters for some common spatial
open chain structures.

Example: A 3R Spatial Open Chain

Consider the 3R spatial open chain of Figure 4.3, shown in its zero position
(i.e., with all its joint variables set to zero). The assigned link reference frames
are shown in the figure, and the corresponding Denavit-Hartenberg parameters
listed in the following table:

i aicn Jaoa [di | ¢ |
1 0 0 0 01

2 90° Ly 0 | 83 —90°
3 || —90° Lo 0 03

Note that frames {1} and {2} are uniquely specified from our frame assign-
ment convention, but that we have some latitude in choosing frames {0} and
{3}. Here we choose the ground frame {0} to coincide with frame {1} (resulting
in ap = ap = dy = 0), and frame {3} such that X3 = X5 (resulting in no offset
to the joint angle 63).

Example: A Spatial RRRP Open Chain

The next example we consider is the four degree-of-freedom RRRP spatial open
chain of Figure C.4, here shown in its zero position. The link frame assignments
are as shown, and the corresponding Denavit-Hartenberg parameters are listed
in the following table:
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A A~

Figure C.5: A 6R spatial open chain.

liJaici Jaica [di [ ¢ ]
1 0 0 0 01
2 90° 0 0 02
3 0 Lo 0 | 63+ 90°
4 90° 0 04 0

The four joint variables are (01,602, 03,6,), where 6, is the displacement of
the prismatic joint. As in the previous example, the ground frame {0} and final
link frame {4} have been chosen to make as many of the Denavit-Hartenberg
parameters zero.

Example: A Spatial 6R Open Chain

The final example we consider is a widely used six 6R robot arm (Figure C.5).
This open chain has six rotational joints: the first three joints function as a
Cartesian positioning device, while the last three joints act as a ZYZ type
wrist. The link frames are shown in the figure, and the corresponding Denavit-
Hartenberg parameters are listed in the following table:

i aicn [ @iy | di ] bi |
1 0 0 0 01
2 90° 0 0 )
3 0 L4 0 03 + 90°
4 90° 0 Lo | 64+ 180°
5 90° 0 0 | 65+ 180°
6 90° 0 0 06
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C.1.5 Relation between the Product of Exponential and the
Denavit-Hartenberg Representations

The product of exponentials formula can also be derived directly from the
Denavit-Hartenberg parameter-based representation of the forward kinematics.
As before, denote the relative displacement between adjacent link frames by

Ti—1,; = Rot(X, ;1) - Trans(x, a;—1) - Trans(z, d;) - Rot(z, ¢;).

If joint ¢ is revolute, the first three matrices can be regarded as constant, and
¢; becomes the revolute joint variable. Define 6; = ¢;, and

Mi = ROt(}A(, Oéi_l) . Trans(fc, ai_l) . TI‘&IIS(Z, dl), (CG)

and write Rot(z, ;) as the following matrix exponential:

0 -1 0 O
Rot(z,0;) = 4%, [4]=| ¢ 0 0 ¢ (€D
0 0 0 O

With the above definitions we can write T;_1 ; = M;elA:l%.

If joint 4 is prismatic, then d; becomes the joint variable, ¢; is a constant
parameter, and the order of Trans(z, d;) and Rot(z, ¢;) in T;_1 ; can be reversed
(recall that reversing translations and rotations taken along the same axis still
results in the same motion). In this case we can still write T;_1 ; = Mie[A'i]ef‘,
where 0; = d; and

M; = Rot(x, a;—1)Trans(x, a;—1)Rot(Z, ¢;) (C.8)
0 00O
0 0 0 0

[Ai] = 00 0 1 (C.9)
0 00O

Based on the above, for an n-link open chain containing both revolute and
prismatic joints, the forward kinematics can be written

Ty = MyelA0 pp, elA102 oy o[ Anlfn (C.10)

where 6; denotes joint variable i, and [A;] is either of the form (C.7) or (C.9)
depending on whether joint ¢ is revolute or prismatic.

We now make use of the matrix identity Me” M ! = eMPM_l, which holds
for any nonsingular M € R™*™ and arbitrary P € R"*™. The above can also be
rearranged as MeP = eMPM ™' [ Beginning from the left of Equation (C.10),
if we repeatedly apply this identity, after n iterations we obtain the product of
exponentials formula as originally derived:

Ton = MMM O (£r Ny elA2lfo . gl Anlon
eMl[Al]Mflele(MlMz)[A2](M1M2)_192(M1M2M3)8[A3]93 .o elARlOn

15101 [Sul0n pp (C.11)
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where

[S)] = (My- M )[A)(My---M;_)™Y, i=1,...,n (C.12)

M = M My---M,. (C.13)

We now re-examine the physical meaning of the S; by recalling how a screw
twist transforms under a change of reference frames. If S, represents the screw
twist for a given screw motion with respect to frame {a}, and S, represents the

screw twist for the same physical screw motion but this time with respect to
frame {b}, then recall that S, and S, are related by

[Sb] =Tha [Sa}Tbjlla (014)
or using the adjoint notation Adp,,,
Sy = Adp,, (Sa)- (C.15)

Seen from the perspective of this transformation rule, Equation (C.13) suggests
that A; is the screw twist for joint axis 7 as seen from link frame {i}, while S;
is the screw twist for joint axis ¢ as seen from the fixed frame {0}.
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