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INTRODUCTION - Introduction to robotics
Robotics is a field of modern technology that
crosses  traditional  engineering  boundaries.
Understanding the complexity of robots and their
applications requires knowledge of mechanical
engineering, electrical engineering, systems and
industrial  engineering, — computer  science,
economics, and mathematics.

The term robot was first introduced into
vocabulary by the Czech playwright Karel Capek in
his 1920 play Rossum’s Universal Robots, the
word “robota” being the Czech word for work.
Since then the term has been applied to a great
variety — of mechanical  devices, such as
teleoperators, under-water vehicles, autonomous
land rovers, etc. Virtually anything that operates
with some degree of autonomy, usually under
computer control, has at some point been called a
robot.

There are many definitions for what a robot is and
this often leads to discrepancies between statistics
quoted about robots. An official definition for a
robot comes from the Robot Institute of America
(RIA): A robot is a  reprogrammable
multifunctional manipulator designed to move
material, parts, tools, or specialized devices
through variable programmed motions for the
performance of a variety of tasks.

The commonly accepted definition in the UK is
that provided by the British Robot Association
which is as follows: An industrial robot is a re-
programmable device designed to both manipulate
and  transport parts, tools, or specialised

manufacturing  implements through wvariable
programmed motions for the performance of
specific manufacturing tasks.

The definition of a robot used by the Japanese
Industrial  Robot  Association —widens  these
definitions in order to include arms controlled
directly by humans and also fixed sequence
manipulators which are not re-programmable.

The key element in the above definitions is the re-
programmability of robots. It is the computer
brain that gives the robot its utility and
adaptability. The so-called robotics revolution is, in
fact, part of the larger computer revolution. Even
this restricted version of a robot has several
features that make it attractive in an industrial
environment. Among the advantages often cited in
favour of the introduction of robots are decreased
labour costs, increased precision and productivity,
increased flexibility compared with specialized
machines, and more humane working conditions as
dull, repetitive, or hazardous jobs are performed by
robots.

The robot, as it is defined, was born out with
integration  of  two  earlier  technologies:
teleoperators and numerically controlled milling
machines. Teleoperators, or master-slave devices,
were developed during the Second World War to
handle radioactive materials. Computer numerical
control (CNC) was developed because of the high
precision required in the machining of certain
items, such as components of high performance
aircrafts.
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The first robots essentially combined the
mechanical linkages of the teleoperator with the
autonomy and programmability of CNC machines.
The first successful applications of robot
manipulators generally involved some sort of
material transfer, such as injection moulding or
stamping, where the robot merely attends a press to
unload and either transfer or stack the finished
parts. These first robots could be programmed to
execute a sequence of movements, such as moving
to a location A, closing a gripper, moving to a
location B, etc., but had no external sensor
capability. More complex applications, such as
welding, grinding, deburring, and assembly
require not only more complex motion but also
some form of external sensing such as vision,
tactile, or force-sensing, due to the increased
interaction of the robot with its environment.

It should be pointed out that the important
applications of robots are by no means limited to
those industrial jobs where the robot is directly
replacing a human worker. There are many other
applications of robotics in areas where the use of
humans is impractical or undesirable. Among these
are undersea and planetary exploration, satellite
retrieval and repair, the defusing of explosive
devices, and work in radioactive environments.
Finally, prostheses, such as artificial limbs, are
themselves robotic devices requiring methods of
analysis and design similar to those of industrial
manipulators.

One modern robotics system usually consists of a
mechanical manipulator, an end-efector, a
microprocessor-based controller, a computer and
internal and external sensors/sensing devices
(contact or noncontact).

Classification of robots (robotic
manipulators)

Robots can be classified according various criteria,
such as degrees of freedom, kinematic structure,
drive technology, workspace geometry, motion
characteristics, control.

Degrees of freedom

One obvious classification scheme is to categorize
robots according to their degrees of freedom. In
ideal case, a manipulator should posses 6 degrees of
freedom in order to manipulate an object freely in
three-dimensional space. From this point of view,

we call a robot a general-purpose robot if it
possesses 6 degrees of freedom, a redundant robot if
it possesses more than 6 degrees of freedom, and a
deficient robot if it possesses less than 6 degrees of
freedom

Kinematic structure

Another classification of robots is according to
their structural topologies. A robot is said to be a
serial robot (fig.1.1 a) or serial (open-loop)
manipulator if its kinematic structure takes the
form of an open loop-chain, a parallel manipulator
(fig.1.1 b) if it is made of a closed-loop chain, and
hybrid manipulator if it is consists of both open-
and closed-loop chains.
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Figure 1.1 a) Serial robot (manipulator) b) parallel
manipulator

Drive technology
Typically, robots (manipulators) are electrically,
hydraulically, or pneumatically driven. Most
robots use DC- or AC-servo motors or stepper
motors, because they are cleaner, cheaper, quieter
and relatively easy to control.
Hydraulic drives have no rival in their speed of
response and torque producing  capability.
Therefore hydraulic robots are used primarily for
lifting heavy loads. The drawbacks of hydraulic
robots are that they tend to leak hydraulic fluid,
require much more peripheral equipment (such as
pumps, which require more maintenance), and
they are noisy. Pneumatic robots are inexpensive
and simple but cannot be controlled precisely,
because air is a compressible fluid. As a result,
pneumatic robots are limited in their range of
applications and popularity.
Workspace geometry
The workspace of a manipulator is defined as the
volume of space the end effector can reach. A
reachable workspace is the volume of space within
which every point can be reached by the end
effector in at least one orientation. A dextrous
workspace is the volume of space within which
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every point can be reached by the end effector in all
possible orientations. Dextrous workspace is a
subset of the reachable workspace.

Robot Axes.
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Kinematic Chain Workspace .
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Figure 1.2 Five most common types
of robots geometry [5]

Most industrial robots (manipulators) at the present
time have six or fewer degrees-of-freedom. These
robots are usually classified kinematically on the
basis of the first three joints of the arm (R-revolute
or P-prismatic) used for manipulating the position,
while the rest of joints associated with the wrist are
for controlling the orientation.

The majority of these robots (manipulatators) fall
into one of five geometric types: Cartesian (PPP),
cylindrical (RPP), spherical (RRP), SCARA
(selective compliance assembly robot arm) (RRP),
articulated (RRR) (fig.1.2). Each of these five
manipulator arms are serial link robots. A sixth
distinct class of manipulators consists of the so-called
parallel robot. In a parallel manipulator, as we
mentioned before, the links are arranged in a closed
rather than open kinematic chain.
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Figure 1.3 Principle, kinematic chain
and workspace of parallel robot
Motion characteristics

Robot manipulators can also be classified according
to their nature of motion in planar, spherical and
spatial.

A manipulator is called a planar manipulator if its
mechanism is a planar mechanism (fig.1.4 a). A
manipulator is called a spherical manipulator if it
is made of a spherical mechanism (fig.1.4 b). A
manipulator is called a spatial manipulator if at
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least one of the moving links in the mechanism
possesses a general spatial motion (fig.1.1 b).

7 Moving plifor

A,

Figure 1.4 a) Planar parallel manipulator) b) spherical
parallel manipulator
Control
Robots are classified by control method into servo
and non-servo robots.
The earliest robots were non-servo robots. These
robots are essentially open-loop devices whose
movement is limited to predetermined mechanical
stops, and they are useful primarily for materials
transfer. In fact, according to the definition given
previously, fixed stop robots can hardly qualify as
robots.
Servo robots use closed-loop computer control to
determine their motion and are thus capable of
being truly multifunctional, reprogrammable
devices. Servo controlled robots are further
classified according to the method that the
controller uses to gquide the end-effector. The
simplest type of robot in this class is the point-to-
point robot. A point-to-point robot can be taught
with a discrete set of points, but there is no control
on the path of the end-effector in between taught
points. Such robots are usually taught a series of
points with a teach pendant. The points are then
stored and played back. Point-to-point robots are
severely limited in their range of applications. In
continuous path robots, on the other hand, the
entire path of the end-effector can be controlled. For
example, the robot end-effector can be taught to
follow a straight line between two points or even to
follow a contour such as a welding seam. In
addition, the velocity and/or acceleration of the
end-effector can often be controlled. These are the
most advanced robots and require the most
sophisticated computer controllers and software
development.
Accuracy and repeatability
The accuracy of a manipulator is a measure of how
close the manipulator can come to a given point
within its workspace. Repeatability is a measure of
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how close a manipulator can return to a previously
taught point.

&
+
2) b) 0) d)

Figure 1.5. a) low accuracy, low repeatability b) high
accuracy, low repeatability c) low accuracy, high
repeatability d) high accuracy, high repeatability

In this target analogy each dot represents an
attempt to get to the central cross. The size of the
cluster shows the spread in the result, and the
closeness of the centre of the cluster to the cross is
measure of accuracy [44].

The primary method of sensing positioning errors
in most cases is with position encoders located at
the joints, either on the shaft of the motor that
actuates the joint or on the joint itself. There is
typically no direct measurement of the end-effector
position and orientation. One must rely on the
assumed geometry of the manipulator and its
rigidity to calculate the end-effector position from
the measured joint positions. Accuracy is affected
therefore by computational errors, machining
accuracy in the construction of the manipulator,
flexibility effects such as the bending of the links
under gravitational and other loads, gear and joint
backlash, and an existing of other static and
dynamic effects. It is primarily for this reason that
robots are designed with extremely high rigidity.
Without high rigidity, accuracy can only be
improved by some sort of direct sensing of the end-
effector position, such as with vision.

Once a point is taught to the manipulator,
however, say with a teach pendant, the above
effects are taken into account and the proper
encoder values necessary to return to the given
point are stored by the controlling computer.
Repeatability therefore is affected primarily by the
controller resolution. Controller resolution means
the smallest increment of motion that the controller
can sense. The resolution is computed as the total
distance traveled by the tip divided by 2", where n
is the number of bits of encoder accuracy. In this
context, linear axes, that is, prismatic joints
typically have higher resolution than revolute
joints, since the straight line distance traversed by
the tip of a linear axis between two points is less
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than the corresponding arc length traced by the tip
of a rotational link. In addition rotational axes
usually result in a large amount of kinematic and
dynamic coupling among the links with a resultant
accumulation of errors and a more difficult control
problem. One may wonder then what the
advantages of revolute joints are in manipulator
design. The answer lies primarily in the increased
dexterity and compactness of revolute joint
designs. For example, Figure 1.6 shows that for the
same range of motion d, a rotational link can be
made much smaller than a link with linear motion.
Thus manipulators made from revolute joints
occupy a smaller working volume  than
manipulators with linear axes. This increases the
ability of the manipulator to work in the same
space with other robots, machines, and people. At
the same time revolute joint manipulators are
better able to manuver around obstacles and have a
wider range of possible applications.

Figure 1.6 Linear vs. rotational link motion.
Accuracy and repeatability are usually of the same
order, typically millimetre for very large robots,
tenths of millimetre for general purpose robots and
hundredths of millimetre for the most accurate
assembly robots.

SERIAL ROBOTS - Position analysis

A serial robot consists of several links connected in
series by various types of joints, typically revolute
and prismatic. One end of the robot is attached to
the ground and the other end is free to move in
space. The fixed link is called base, and the free end
where a gripper or a mechanical hand is attached,
the end effector.

For a robot to perform a specific task, the location
of the end effector relative to the base should be
established first. This is called position analysis
problem. There are two types of position analysis
problems: direct position or direct kinematics and
inverse position or inverse kinematics problems.
For direct kinematics, the joint variables are given
and the problem is to find the location of the end
effector. For inverse kinematics, the location of the
end effector is given and the problem is to find the
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joint variables necessary to bring end effector to the
desired position. For a serial robot direct
kinematics is fairly straightforward, whereas
inverse kinematics becomes very difficult. For a
deficient robot the end efector can not be positioned
freely in space, and for the redundant robot there
may be several infinitudes of inverse kinematics
solutions corresponding to a given end-effector
location, depending on the degrees of redundancy.
In solving the inverse kinematics problem, we are
often interested in obtaining a closed-form
solution, that is, in reducing the problem to an
algebraic eqution relating the end-effector location
to a single joint variable. In this way, all possible

solutions and manipulator postures can be
accounted for.
To achieve this goal, wvarious methods of

formulation have been proposed: vector algebra
method, geometric method, 4x4 matrix method
(Denavit-Hartenberg), 3x3 dual matrix method,
iterative method, screw algebra method and
quarternian algebra method [45].

The number of possible inverse kinematics
solutions depends on the type and location of a
robot  manipulator. In  general, closed-form
solutions can be found for robot manipulators with
simple geometry, such as manipulators with three
consecutive joint axes intersecting at a common
point or three consecutive joint axes parallel to one
another. For manipulator of general geometry, the
inverse kinematics problem becomes an extremely
difficult task.

Two commonly used methods for kinematics
analysis of serial robot manipulators are Denavit
and Hartenberg’s method and the method of
successive screw displacements.

Jacobian and singularity analysis

For some applications, such as spray painting (fig.
2.1), it is necessary to move the end effector of the
robotic manipulator along some desired paths with
prescribed speed. To achieve this goal, the motion of
the individual joints must be carefully coordinated.
There two types of velocity coordination problems,
called direct velocity and inverse velocity problems.
For the direct velocity problem, the input joint
rates are given and the objective is to find the
velocity state of the end effector. For the inverse
velocity problem, the velocity state of the end
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effector is given, and the input joint rates required
to produce desired velocity are to be found.

Figure 2.1 Spray painting robots [57]
Vector space spanned by the joint wvariables is
called joint space, and the vector space spanned by
the end-effector location, the end-effector space. For
robot manipulators, the Jacobian matrix, or simply
Jacobian, is defined as the matrix that transforms
the joint rates in the actuator space to velocity state
in the end effector state. The Jacobaian matrix is a
critical component for generating trajectories of
prescribed geometry in the end effector-space. Most
coordination algorithms used by industrial robots
avoid numerical inversion of the Jacobain matrix
by deriving analytical inverse solutions on an ad
hoc basis. Therefore, it is important that efficient
algorithm be developed.
Since the velocity state of the end-effecor can be
defined in wvarious ways, a variety of Jacobian
matrices and consequently, different methods of
formulation have appeared in the literature. The
most frequently used in practice are a conventional
Jacobian and screw-based Jacobian [45].
For a serial robot solving direct velocity problem is
relatively easy, whereas inverse velocity problem
becomes very difficult, especially for robots of
general geometry.
The Jacobian matrix is also wuseful in other
applications. For some manipulator configurations,
the Jacobian matrix may lose its full rank. Such
conditions are called singular conditions or
singular configurations. Physically this implies
that the instantaneous screws spanning the n-
dimensional space of the Jacobian matrix became
linearly dependent. Therefore, at a singular
condition, a serial robot manipulator may lose one
or more degrees of freedom, and it will not be able
to move in some directions in the end-effector
space.
Singularity configurations can found by setting
the determinant of the Jacobian matrix to zero. In
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general, this will result in a single algebraic
equation. For serial robot manipulators, the
singular condition is a function of the intermediate
joint variables, not of the first and the last joint
variables. This is because the presence of the
singularity depends solely on the relative locations
of the joint axes. Rotations of the entire
manipulator about the first axis not change the
relative locations of the joint axes. Similarly,
rotation of the end effector about the last joint axis
does not affect the location of any joint axis.
Therefore, the first and the last joint variables do
not appear in the determinant of Jacobian matrix.
There two types of singularities for a serial robot
manipulator: boundary singularity and interior
singularity. A boundary singularity occurs when
the end effector is on the surface of the workspace
boundary, and it wusually happens when the
manipulator is either in a fully stretched-out or a
folded-back configuration. Boundary singularity
can also occur when one of its actuators reaches its
mechanical limit. An interior singularity occurs
inside the workspace boundary. Several conditions
may lead to an interior singularity. For example,
when two or more joint axes line up on a straight
line, the effects of a rotation about one joint axis
can be cancelled by counterrotation about another
joint axis. Thus the end effector remains stationary
even though the intermediate links of the robot
manipulator may move in space. Another example
of interior singularity occurs when four revolute
joint axes are parallel to one another or intersect in
common point.. For a manipulator of general
geometry, the problem of identifying interior
singularities becomes a much more complex
problem. Basically, an interior singularity occurs
whenever the screws of two or more joint axes
become linearly dependent. Boundary singularities
are not particularly serious, since they can always
be avoided by arranging the task of manipulation
far away from the workspace boundary. Interior
singularity is more troublesome because it is more
difficult to predict during the path planning
process.

Stiffness analysis of serial robots

When a robot manipulator performs a given task,
the end effector exerts some force and/or moment
on its environment. This contact force and/or

moment will cause the end effector to be deflected
away from its desired location. Intuitively, the
amount of deflection is a function of the applied
force and the stiffness of the manipulator. Thus the
stiffness of a robot manipulator has a direct impact
on the position accuracy. Furthermore some
advanced control strategies use the stiffness
characteristics for feedback control of a robot
manipulator.

The overall stiffness of a robot manipulator
depends on several factors, including the size of
and material used for the links, the mechanical
transmission mechanisms, the actuators and the
controller. As the links become longer and more
slender. Link compliance becomes the major source
of deflection. This is particularly true for space
robots, for which light weight and compactness are
the major concern. (fig. 2.2)

End affector \

Target

o

Figure 2.2. Serial space robotic manipulator [1]
Most of the modern serial industrial robots are
constructed with fairly rigid links, and the major
sources of compliances come from the mechanical
transmission mechanisms and control system.

For a serial robot manipulator, each joint is
typically driven by an actuator through a multiple-
stage speed reducer along several drive shafts. The
speed reducer and the drive shafts may deflect
when torque or force is transmitted. Further, the
drive torque or force generated by a servo system
usually depends on the position and error signals
and its feedback gains. The stiffness of the speed
reducer, the drive shafts, and the servo system may
be combined into an equivalent stiffness.
Dynamics of serial robots

For some applications, such as arc welding,
(fig.2.3), it is necessary to move the end effector of
manipulator from point to point rapidly.

The dynamics of the robot manipulator plays an
important role in achieving such high-speed
performance. The development of dynamical model
is important in several ways. First, a dynamical
model can be used for computer simulation of a
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robotic system. By examining the behaviour of the
model under various operating conditions, it is
possible to predict how a robotic system will behave
when it is built. Various automation tasks can be
examined without the need of real system. Second,
it can be used for the development of suitable
control strategies. A sophisticated controller
requires the use of a realistic dynamical model to
achieve optimal performance under high-speed
operations. Some control schemes rely directly on a
dynamic model to compute actuator torques
required to follow a desired trajectory. Third, the
dynamic analysis of the manipulator reveals all the
joint reaction forces (and moments) needed for the
design and sizing of links, bearings and actuators.

There are two types of dynamical problems: direct
dynamics and inverse dynamics. The direct
dynamic problem is to find the response of a robot
arm corresponding to some applied torques and/or
forces. That is, given a vector of joint torques or
forces, we wish to compute the resulting motion of
the robot manipulator as a function of time. The
inverse dynamic problem is to find the actuator
torques and/or forces required to generate a desired
trajectory of the manipulator. The problem can be
formulated in joint space, or the end effector space.
The two formulations are related by the Jacobian
matrix and its time derivative. In general, the
efficiency of computation for direct dynamics is not
as critical since it is used primarily for computer
simulations of a manipulator. On the other hand
an efficient inverse dynamical model becomes
extremely important for real-time feedforward
control of a robot manipulator.

|

robot [57]

Figure 2.3. Arc weldin
The dynamical equations of motions can be

formulated by several methods. The most
frequently used are the application of the Newton
and Euler laws and the Langranges’s equations of
motion.

Applications of serial robots

Robots, basically serial robots, are used in
applications that require repetitive tasks over long
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periods of time, operations in hazardous
environments (like nuclear radiation, under water,
space exploration, etc.), and precision work with
high degree of reliability. They can also be used by
handicapped persons to overcome some of their
physical disabilities.

Some examples of use of industrial robots are
following: machine loading and unloading (fig
2.4), palletizing, die casting, forging, press work,
arc welding and spot welding (fig.2.5), heat
treatment, spraying (paint, enamel, epoxy resin
and  other coatings), deburring, — grinding,

polishing, injection moulding, cutting (laser,
plasma), inspection, assembly (fig.2.6), packaging
(fig.2.7), material handling (fig.2.8), etc.

Figure 2.8 Application of two robots in handling heavy
objects (materials) [56]
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According to the International Federation of
Robotics (IFR) of all installed industrial robots,
approximately 33% are in assembly, 25% are used
in different welding applications, 2,8% in
packaging/palletizing, but with intention to grow-
up, etc.

Main characteristics of the serial robots are given
in the table below:

Table 2.1. Characteristics of serial robots

Feature Serial robot
Workspace Large
Sol}{mng forward Easy
inematics
Solving inverse kinematics Difficult
Position error Accumulates
Force error Averages
Maximum force Limited by minimum
actuator force
Stiffness Low

Poor, especially with

Dynamics characteristics . . :
increasing the size

M odelan and solving Relatively simple
ynamics
Inertia Large
. A great number in different
Areas of application areé;s, especially in injgustry
Payload/weight ratio Low
Speed and acceleration Low
Accuracy Low
Uniformity of components Low
Calibration Relatively simple
Workspace/robot size ratio High

PARALLEL ROBOTS - Position analysis

A parallel robot manipulator is composed of two or
more closed-loop kinematic chains in which the
end-effector (mobile platform) is connected to the
fixed base platform by at least two independent
kinematic chains. Between the base and end-
effector platforms are serial chains (called limbs or

legs). (fig.3.1)

Figure 3.1 Example of parallel robot manipulator,
Patent US 5388935: VARIAX machining center,
(Courtesy: Giddings & Lewis, Inc., Fond du Lac, WI)
Typically, the number of limbs is equal to the
number of degrees of freedom such that every limb
is controlled by one actuator and all actuators can
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be mounted at or near the fixed base. For this
reason , parallel manipulators are sometimes called
platform manipulators. Because the external load
can be shared by the actuators, parallel
manipulators tend to have a large load-carrying
capacity.

Parallel  manipulators  have
applications  like airplane  simulators  [43],
adjustable articulated trusses [40], mining
machines [4], pointing devices [22], walking
machines [46], machining centres [20], etc.

The development of parallel manipulators can be
dated back to the early 1960's when Gough and
Whitehall [23], first devised a six-linear jack
system for use as a universal tire testing machine.
Later, Stewart [43] developed a platform
manipulator for use as an aircraft simulator. Hunt
[26] first made a systematic study of the structural
kinematics of parallel manipulators.

Since then, parallel manipulators have been
studied by numerous researches [45]. More than
100 different mechanical architectures of parallel
robots have already been proposed.

Most of the 6-DOF parallel manipulators studied
to date consist of six extensible limbs. These
parallel manipulators possess the advantages of
high stiffness, low inertia and large payload
capacity. However, they suffer the problems of
relatively ~ small  useful — workspace,  design
difficulties and difficult control.

For parallel robot manipulators two position
analysis problems have to be solved: direct
kinematics and indirect kinematics. A parallel
robot indirect kinematics is fairly straightforward,
whereas direct kinematics is very difficult problem.
Perhaps, the only six limbed 6 DOF parallel
manipulators ~ for which  closed-form  direct
kinematics solutions have been reported in the
literature are special forms of the Stewart-Gough
platform. As to the general Stewart-Gough
platform, research has to resort to numerical
techniques for the solutions.

Parallel robot manipulators can be classified as
planar (fig.3.2 a), spherical (fig. 1.4 b), or spatial
(fig.3.2 b) manipulators in accordance with their
motion characteristics.

Position analysis of planar and spherical parallel
robot manipulators is easier than position analysis

been used in
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of parallel robot manipulators, or if the spatial
manipulator has less than 6 DOF, or if the parallel
manipulator is symmetrical.

Base

Figure 3.2 a) planar parallel robot manipulator b)
spatial parallel robot manipulator
The parallel manipulator is symmetrical if it
satisfied the following conditions:
1. The number of limbs is equal to the numbers of
degrees of freedom of the moving platform.
2. The type and number of joints in all the limbs
are arranged in an identical pattern.
3. The number and location of actuated joints in all
the limbs are the same.
When the conditions above are not satisfied, the
manipulator is called asymmetrical.
For position analysis (direct and indirect
kinematics) for parallel manipulators, both vector
and algebraic techniques are used.
Details about position analysis for different types
of planar parallel robot manipulators are given by
[49, 48, 12, 24] and for different types of spatial
parallel robot manipulators [37, 15, 35, 65, 66, 13,
831,67, 27,11, 19, 41] etc.
Jacobian and singularity analysis
The Jacobian analysis of parallel manipulators is a
much more difficult problem than that of serial
manipulators because they are many links that
form a number of closed loops.
An important limitation of parallel manipulator is
that singular configurations may exist within its
workspace where the manipulator gains one or
more degrees of freedom and therefore loses its
stiffness completely. This property has attracted
the attention of several researches. For example,
Gosselin & Angeles [21] studied the singularities
of closed-loop mechanisms and suggested a
separation of the Jacobian matrix into two
matrices: one associated with the direct kinematics
and the other with the inverse kinematics.
Depending on which matrix is singular, a closed-
loop mechanism may be at a direct kinematic
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singular congiguration, an inverse kinematic
singular configuration, or both.
The most widely used methods for Jacobian
analysis for parallel robot manipulators are the
method of wvelocity vector-loop equations and the
method of reciprocal screws.
A parallel manipulator such as VARIAX
machining center shown in fig 3.1 typically
consists of a moving platform and a fixed base
connected by several limbs. This moving platform
serves as the end effector. Because of the closed-loop
construction, not all joints can be controlled
independently. Thus some of the joints are driven
by actuators, whereas others are passive. In
general, the number of actuated joints should be
equal to the number of degrees of freedom of the
manipulator.
Let the actuated joint variables be denoted by a
vector q and the location of the moving platform be
described by wvector x. Then the kinematic
constrains imposed by limbs can be written in the
general form

fx,9)=0 (3.1)
where f is an n-dimensional implicit function of q
and x and 0 is n-dimensional zero vector.
Differentiating equation (3.1) with respect to time,
we obtain a relationship between the input joint
rates and the end-effector output velocity as
follows:

Jx i=]q ¢ (3.2)

where 5 - and Jg = o
ox Ooq

The derivation above leads to two separate Jacobian
matrices. Hence the overall Jacobian matrix, |, can
be written as,

¢=] % (3.3)
where j=Jq"'Jx. Jacobian matrix defined in

equation 3.3 for a parallel manipulator corresponds
to the inverse Jacobian of a serial manipulator.
Due to the existence of two Jacobian matrices, a
parallel robot manipulator is said to be at singular
configuration when either Jx or Jq or both are
singular.
An inverse kinematic singularity occurs when the
determinant of Jq goes to zero, namely,

det(Jq)= 0 (3.4)
When ]q is singular ant the null space of ]q is not
empty, there exist some nonzero g vectors that

| 151 |




ACTA TEHNICA CORVINIENSIS

Fascicule 1 [January - March]

- Bulletin of Engineering

result in zero x vectors. Infinitesimal motion of the
moving platform along certain directions cannot be
accomplished. On the other hand, at the inverse
kinematic singular configuration, a parallel
manipulator can resist forces or moments in some
directions with zero actuator forces or torques.
Inverse kinematic singularities usually occur at the
workspace boundary, where different branches of
the inverse kinematic solutions converge. It is
similar to that of serial manipulator.
A direct kinematic singularity occurs when the
determinant Jx is equal to zero, namely

det(Jx)=0 (3.5)
Assuming that in presence of such a singular
condition the null space of Jx is not empty, there
exist some nonzero x vectors that result in zero 4
vectors. That is, the moving platform cans posses
infinitesimal motion in some directions while all
actuators are completely locked. Hence the moving
platform gains one or more degrees of freedom.
This is in contradiction with the serial
manipulator, which loses one or more degrees of
freedom [47]. In other words, at a direct kinematic
singular configuration, the manipulator cannot
resist forces or moments in some directions. In
those directions the stiffness is zero. Direct
kinematic singularities usually occur where
different branches of direct kinematic solutions
meet.
A combined singularity occurs when the
determinants of Jx and ]Jq are both zero. Generally,
this type of singularity can occur only for
manipulators with special kinematic architecture.
At a combined singular configuration, equation
(3.1) will degenerate. The moving platform can
undergo some infinitesimal motions while all the
actuators are locked. On the other hand, it can also
remain stationary while actuators undergo some
infinitesimal motions.
Singualarity analyses for different types of parallel
robot manipulators are presented by [30, 13, 65,
66, 63, 64, 62, 2, 3, 31, 68, 69, 33, 28] etc.
Dynamics of parallel robots
While the kinematic of parallel robot manipulators
have been extensively studied during the last two
decades, fewer papers can be found on the dynamic
of parallel manipulators [45]. The dynamic
analysis of parallel manipulators is complicated by
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the existence of multiple closed loop chains. Several
approaches have been proposed, including the
Newton-Euler  formulation the Langrangian
formulation and the principle of virtual work.
Details about dynamic modelling of parallel robots
are given by [14, 34, 29, 36, 63, 64, 32, 25, 18] etc.
The traditional Newton-Euler formulation requires
the equations of motion to be written once for each
body of the manipulator, which inevitably leads to
a large numbers of equations and results in poor
computational  efficiency.  The  Lagrangian
formulation eliminates all of the unwanted reaction
forces and moments at the outset. It is more
efficient than the Newton-Euler formulation.
However, because of the numerous constrains
imposed by closed loops of a parallel manipulator,
deriving explicit equations of motion in terms of a
set of independent generalized coordinates becomes
a prohibitive task. To simplify the problem
additional  coordinates along with set of
Lagrangian multipliers are often introduced. In
some cases, limbs are approximated by point
masses by arguing that such approximation does
not introduce significant modelling errors. In this
regard, the principle of virtual work appears to be
the most efficient method of analysis.
Applications of parallel robots

After spending almost 20 years in the laboratories
for preliminary studies parallel robots are now
used in real-life applications. This interest for
parallel ~ robots come from the potentially
interesting features of parallel mechanisms: high
accuracy, rigidity, speed and large load carrying
capability, which in a very large number of cases
may overcome the drawbacks of the more complex
kinematics, dynamics and smaller workspace.

But a fact is that these advantages are only
potential and any real parallel robot will present in
practice impressing performances only if all its
components (either hardware or software) present a
high level of performance.

The current applications of parallel robots are in
domains such as fine positioning devices (fig.3.3
and fig.3.4 ), simulators (fig. 3.5), motion
generators (platforms) (fig. 3.6), ultra-fast pick and
place robots (fig.3.7), machine-tools (fig. 3.8,
£18.3.9 and £i¢.3.10), medical applications (fig.3.11,
£ig.3.12 ), haptic devices (fig.3.13), entertainment,
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force sensors, micro-robots (fig. 3.14), articulated
trusses, etc.

Figure 3.3 Application of parallel robots for fine
positioning UKIRT (United Kingdom Infrared
Telescope), collaboration between Royal Observatory
Edinburgh and Max-Planck-Institut fiir Astronomie
Heidelberg [61]

Figure 3.4 Parallel robots for fine positioning [60]
S \ e | o

Ingersoll Octahedral Hexapod machine tool installed at
NIST [16]

v | g

Figure 3.5 Applicationﬂof pamlle robots as simulators
NASA LARC-simulator [61]

[6]

Strut
(actuator)

3
Upper (fixed)
platferm

N 1) 4— Lower (moving)
: platform

Figure 3.10, Hybrid parallel-serial robot Tricept 805

Figure 3.6 Paralle] robots tripod and a complete machining center [42]

as motion platforms [55],[53]
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Figure 3.11 Hexapod for brain surgery. Photo courtesy
of IPA [59]

Figure 3.12 Pamllel robot SurgtScope in action at the
Surgical Robotics Lab, Humboldt-University at Berlin
(courtesy of Prof. Dr. Tim C. Lueth) [58]

< Ve v - —rtan(ge
p————

Figure 3.13 Cobotlc parallel platform [17]

Figure 3.14 Parallel micro robot [52]

But in spite of above given examples and high
performance potential of parallel robots,  this
technology has not yet made a dramatic impact on
industrial automation. However, there is an
interesting trend towards the use of general
purpose industrial serial robots for applications
with higher demands on accuracy, stiffness,
natural frequency, cycle time etc.

Thus, significant efforts are now being made to use
industrial robots for such applications  as
measurements, laser cutting, laser welding, high
precision assembly, grinding, deburring, milling
etc. Because of the inefficient robot performance for
these applications, several compensation methods

are used, which add cost and make installation,
programming, maintenance etc., difficult [9].
Moreover, in most cases the industrial serial robots
of today probably will never reach the application
requirements for high performance applications.
One way to solve these problems could be using of
robots based on parallel kinematics. But it is not
easy to challenge and change the mature industrial
robot  technology, even if some successful
structures find increasing market shares today, too.
Parallel kinematic structures provide such high
performance potential, but it is very important for
the research community to come up with concepts
and  technologies which will make parallel
kinematic robots a natural choice when flexible
automation systems are designed.

One example of a successful parallel kinematic
robot structure is the Delta structure (fig. 3.7),
designed in 80's from Prof. Reymond Clavel
(professor at EPFL - Ecole Polytechnique Fédérale
de Lausanne). The reason for this success is that
the features of this structure fit into applications
requiring very fast handling of light weight
products, for example in the consumer goods, food
and electronics industries. Thus, to be successful
with the transfer of results from parallel kinematics
robots research to industrial product development,
it is very important to understand the application
requirements. Morever, it is important to
understand what advantages parallel kinematics
robots features, provide in potentiul applications.

Acceleration

Speed

Static

Accuracy Laser (‘umm;

o
/(\\

[)nllmq /)?
‘_’ 7
Tom ¥

Parallel robot features Applicutions End Users
Figure 3.15 Diagram exemplifying the relations
between potential performance features of a parallel
kinematic robot and the applications and industries
needing this performance for improved flexible
automation [9]

For example, parallel kinematic robot structures
may give higher speed and acceleration, higher

Dynamic

Acouracy

Stiffness
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static and dynamic accuracy and higher stiffness
than what is possible with the serial industrial
robots used today. Starting with these competitive
features, potential applications and end users can
be evaluated, like the example diagram given in fig.
3.15. For each application and for each type of
installation in the manufacturing plants of the end
users, a detailed study is needed to find out if the
parallel  kinematic ~ robot  will satisfy  all
requirements.

Several examples of sucessful parallel robots

- Delta parallel robot

It is in the early 80's when Reymond Clavel
(professor at EPFL - Ecole Polytechnique Fédérale
de Lausanne) comes up with the brilliant idea of
using parallelograms to build a parallel robot with
three translational and one rotational degree of
freedom. Latter called his creation the Delta robot
(fig.3.16), without suspecting that at the turn of
the century, it will establish itself as one of the
most successful parallel robot designs, with several
hundreds active robots worldwide.

The basic idea behind the Delta robot design is the
use of parallelograms. A parallelogram allows an
output link to remain at a fixed orientation with
respect to an input link. The use of three such
parallelograms restrain completely the orientation
of the mobile platform which remains only with
three purely translational degrees of freedom. The
input links of the three parallelograms are mounted
on rotating levers via revolute joints. The revolute
joints of the rotating levers are actuated in two
different ways: with rotational (DC or AC servo)
motors or with linear actuators. Finally, a fourth
leg is used to transmit rotary motion from the base
to an end-effector mounted on the mobile platform.

The use of base-mounted actuators and low-mass
links allows the mobile platform to achieve
accelerations of up to 50 G in experimental
environments and 12 G in industrial applications.
This makes the Delta robot a perfect candidate for
pick and place operations of light objects (from 10
gr to 1 kg). Ideally, its workspace is the
intersection of three right circular tori. The Delta
robots available on the market operate typically in a
cylindrical workspace which is 1 m in diameter and
0.2 m high.
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Figure 3.16 Schematic of the Delta robot (from US
patent No. 4,976,582) [51]

As simple as it is, the design of the Delta robot is
covered by a family of 36 patents of which the most
important are the WIPO patent issued on June 18,
1987 (WO 87/03528), the US patent issued on
December 11, 1990 (US 4,976,582), and the
European patent issued on July 17, 1991 (EP 0
250 470). Owerall, these patents protect the
invention in USA, Canada, Japan, and most West
European countries. The patents do not specify the
way in which the Delta structure is actuated in
order to incorporate the basic design as well as its
variants [7].
The Delta robot is mostly used as a pick-and-place
robot ( C33 and CE33 Robots, fig.3.17, from SIG
pack Systems-from 2004 part of Packaging
Technology division of Bosch and IRB 340 Flex
Picker  Robot from ABB Automation fig. 3.7),
although there exist some other applications in
medicine (SurgiScope £ig.3.12)- and machine tools
(Krause & Mauser Group Quickstep 3-axis milling
machine is in fact Delta robot with linear motors,
fig. 3.18).
The Delta robot was licensed to various companies.
In addition, some machine tool manufacturers
managed to get their own patents and have built
parallel kinematics machines based on the Delta
robot architecture.

Figure 3.17 Two of the three Delta robot models offered
by SIG Pack Systems, C33 and CE33 (courtesy of SIG
Pack Systems-now Bosch Packaging Technology
division)
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Figure 3.18 The Quickstep 3-axis machining center and
Quickstep's kinematic structure [58]

- FANUC parallel robot

Another sucssesful type of parallel robot is F-200iB
(fig 3.19) a product of FANUC Robotics North
America of Rochester Hills, MI. The F-200iB is a
six degrees of freedom servo-driven parallel link
robot  designed for wuse in a wvariety of
manufacturing and automotive assembly processes.

Figure 3.19 A FANUC parallel robot F-200iB [57]
(US patent No. 5987726) [51]

The F-200iB is engineered for applications
requiring extreme rigidity and exceptional
repeatability in a compact, powerful package. F-
200iB, the solution for: sub-compact robot welding,
pedestal welding, part loading/positioning, nut
running, vehicle lift and locate, flexible/convertible
fixturing, material removal, dispense. The F-200i
is very rigid when compared to serial linked robots.
There is less flexing of the arms and high
repeatability. With serial linked robots, the end-of-
arm flexing errors are cumulative. In a parallel link
structure they are averaged. Compared to a serial
link machine, this type of robot has a small range of
motion due to the configuration of the axes,
although it has a broad mix of applications. It has
motion speed in vertical z axis 300 (mmy/sec), in
horizontal x and y axes 1500 (mm/sec) and
repeatability = 0.1(mm).
Other atypical applications for the F-200iB include
education, medical and scientific research uses.
- TRICEPT robot
In 1987 a new type of robot, the 3 DOF parallel
kinematic robot, was designed and built by Karl-
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Erik Neumann (fig.3.20). This type of robot has
three or more linear axes which function parallel to
one another. It has three prismatic actuators which
control two rotational and one translational degree
of freedom of the mobile platform. A conventional
wrist is additionally mounted on the mobile

platform (fig.3.21)

Figure 3.20 3-DOF Parallel kinematic robot Tricept
(US Patent No.: US 4,732,525) [51]

s
Figure 3.21 Parallel kinematic robot Tricept IRB 940 [50]
The initial challenge for this system was that it
required computer power that was unavailable at
the time. Karl-Erik Neumann, the inventor of the
Tricept robot, explains: ''There was no control
system to run the machine until 1992 when the
company Comau  Pico launched the first
multiprocessor  controller.  That, and open
architecture, made it so we could adapt its complex
kinematics [10].

Neumann founded Neos Robotics in Sweden. Neos
Robotics  has  purchased another  Swedish
machining company, and strated to go under the
name of SMT Tricept. Now SMT Tricept is in a
strategic alliance with ABB robotics.

The Tricept robot is the system that greatly
influenced  the  parallel  kinematic  robot
phenomenon. Although initially designed as an
assembly robot, the demands from the market
transformed it into a machine tool. This market
demand led introduction in 1999 of Tricept model
805, a larger version of Tricept. This was developed
as a machine tool robot, which combined the
flexibility of a robot with the stiffness of a machine
tool. The last few years, the biggest application of
Tricept is metal cutting. The Tricept can also be
used to hold laser and saw cutting tools, as well as
friction welders. Customers who use Tricept robots
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include automobile makers in Europe and North
America: Peugeot, Ford, Renault, Volvo, General
Motors, BMW, and Volkswagen. The aerospace
industry uses Tricept robots for fabricating
propellers, turbine blades, impellers and any other
item that requires a considerable amount of
contouring. Other applications for the Tricept
include  assembly  with  thrust, deburring,
polishing, woodworking, water-jet cutting and
spot-welding.
In October 2002 ABB and SMT Tricept launched
the last type of an exceptionally powerful and stiff
Tricept robot IRB 940 - for heavy-duty cleaning
and pre-machining of aluminium parts (vertical
machining power of 1300 kg, horizontal machining
power of 350 kg, accuracy + 0.2 mm, and
repeatability of £ 0.02 mm).
IRB 940 Tricept is designed to form an integrated
part of optimized production lines, teaming up
with traditional arm robots and CNC machine
tools. Arm robots handle material, machine
tending and light cleaning. Tricept robots then take
over to do heavy-duty cleaning and pre-machining,
while CNC machines put the finishing touches to
cleaning and part processing.
Main characteristics of the parallel robots are given
in the table below:

Table 3.1. Characteristics of parallel
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Table 4.1. Caracteristics of serial and parallel robots
Feature Serial robot | Parallel robot |

Small and
Workspace Large complex
Solving forward .
kin eg 7151 tics Easy Very difficult
Solving inverse .
kinematics Difficult Easy
Position error Accumulates Averages
Force error Averages Accumulates
Limited by Summation of
Maximum force minimum all actuator
actuator force forces
Stiffness Low High
. Poor, especially
Dynamics e . )
o with increasing Very high
characteristics the size
Modelling and . .
solving dvé;l amics Relatively simple | Very complex
Inertia Large Small
A great number Currently
Areas of in different areas, limited,
application especially in especially in
industry industry
Paylogi/gezght Low High
Speed and :
acceleration Low High
Accuracy Low High
Uniformity of .
components Low High
Calibration Relatively simple Complicated
Workspace/robot :
size ratio High Low
CONCLUSION

If we analyse the table 4.1 we will see that the both
types of robots have advantages and disadvantages.

For

robots

Feature Parallel robot
Workspace Small and complex

Solving forward kinematics Very difficult

Solving inverse kinematic Easy
Position error Averages
Force error Accumulates
. Summation of all actuator
Maximum force forge s
Stiffness High
Dynamics characteristics Very high

MOdellcll:/l%;nZ?csSOlvmg Very complex

Inertia Small
. Currently limited,
Areas of application especiallyi% industry

Payload/weight ratio High
Speed and acceleration High
Accuracy High
Uniformity of components High

Calibration Complicated
Workspace/robot size ratio Low

Comparison of the characteristics of serial
and parallel robots

Table below gives comparison between main
characteristics of serial and parallel robots:

example  parallel
advantages compared with serial, with higher
overall stiffness, higher precision, low inertia, and
higher  operating speeds and accelerations.
However these advantages could be easy relativised
by reduced workspace, difficult mechanical design,
and more complex kinematics and control
algorithms.

It is really very difficult to say what kind of robot
is better, serial or parallel. A robot selection
procedure is very difficult and complex activity. It
depends on many different factors like type of
application (dangerous, repetitive and boring,
precise, etc.), task requirements (DOF, speed,
accuracy,  repeatability), load  requirements,
workspace, economic justification, programming
time, maintaining, etc.

Parallel robots are most successful in applications
like motion simulators, ultra precision positioning
devices, medical applications, ultra-fast pick and

offer  potential
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place robots and micro-robots. But serial robots
dominate almost in all manufacturing applications.
Probably this will change with continuously
solving of the open problems in parallel robotics
given in [38, 39] or using hybrid structures.
Hybrid structures are in fact compromise between
advantages and disadvantages of both robot
structures, serial and parallel. The two most
successful manufacturing applications of parallel
robots are in fact hybrid structures. First one,
Tricept robot is (parallel-serial) structure, 3-axis

parallel  machine  tool-robot  plus  2-axis,
conventional serial wrist. The second, Sprint Z3 3-
axis parallel kinematic tool head by DS

Technologie (fig.5.1) that may advance in Z and
tilt in all directions, and may be mounted on a
conventional XY stage. The machining centre lines
ECOSPEED and ECOLINER equipped with the
Sprint Z3 tool head are in fact hybrid structures
(serial-parallel).

This two robot structures probably will live
parallel a long years. If we compare about 20 years
research in parallel mechanisms and more than 200
years in research to reach the current level of
knowledge for serial mechanisms, it is easy to
conclude that this process of solving problems in
parallel robotics will be long term.

e Y

Figure 5.1. Sprint Z3 parallel kinematic tool head [54]
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