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Abstract

A mechanism is said to be reactionless if, for any motion of the mechanism, there
is no reaction force and moment at its base or supporting structure at all times. A
systematic study of the synthesis and kinematic analysis of reactionless spatial multi-

degree-of-freedom parallel mechanisms is performed in this thesis.

Firstly, a new kind of 3-DOF parallel mechanism referred to as a parallelepiped
mechanism is proposed and a practical design is implemented. The 3-DOF paral-
lelepiped mechanisms are dynamically balanced using counterweights and counter-
rotations and are used as legs to synthesize multi-degree-of-freedom parallel mecha-
nisms. Reactionless spatial 6-DOF parallel mechanisms are obtained by dynamically
balancing each detached leg mechanism independently based on an algorithm using
point masses to replace a moving platform. The dynamic simulation software ADAMS
was used to simulate the motion of the mechanisms and to verify that the mechanisms

are reactionless at all times and for arbitrary trajectories.

Next, the synthesis of novel reactionless spatial 3-DOF and 6-DOF mechanisms
without separate counter-rotations, using four-bar linkages is addressed in this thesis.
Based on the conditions of dynamic balancing of a single planar four-bar linkage moving
in the plane, the spatial problem is shown to be equivalent to ensuring that the inertia
tensor of reactionless four-bar linkages remains constant when the planar mechanism(s)
is(are) moving. The reactionless conditions for planar four-bar linkages undergoing spa-
tial motion are first given. A mechanism composed of a pair of connected reactionless
four-bar linkages with constant inertia tensor is constructed. Then, a reactionless spa-

tial 3-DOF mechanism is synthesized using four-bar linkages and further serves as a leg



to synthesize a reactionless 6-DOF parallel mechanism.

Finally, the kinematic analyses including the inverse and direct kinematics as well as
the determination of singularity loci and workspace of both the 3-DOF leg mechanisms
and the 6-DOF parallel mechanisms proposed in this thesis are solved. The Jacobian
matrices of the mechanisms associated with different actuation schemes are derived.
Geometrical algorithms, discretization methods or analytic methods are proposed for
the determination of the workspace and singularity analysis for the mechanisms. Fi-
nally, the graphical representations that show the relationship between the singularity

loci and the constant-orientation workspace of the proposed mechanisms are given.

Reactionless spatial multi-degree-of-freedom mechanisms have great potential ap-
plications such as space robots, telescope mirror mechanisms and some industrial high
speed devices. All the results of kinematic analysis will be of great help during the

design process and for the control of these mechanisms.

Yangnian Wu Clément M. Gosselin
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Résumeé

Un mécanisme est dit équilibré dynamiquement si, pour n’importe quel mouvement
dudit mécanisme, il n’y a aucune réaction en termes de forces et de moments sur la
structure de support. Une étude systématique portant sur la synthese et 1’analyse
cinématique de mécanismes paralleles spatiaux a plusieurs degrés de liberté (DDL) et

équilibrés dynamiquement est réalisée dans cette these.

Premierement, un nouveau type de mécanisme parallele a trois DDL, désigné comme
“parallélépipede mécanique”, est proposé ainsi que sa réalisation pratique. Ce par-
allélépipede mécanique a trois DDL est équilibré dynamiquement en utilisant des con-
trepoids et contre-rotations, puis utilisé comme patte pour synthétiser des mécanismes
paralleles a degrés de liberté multiples. En effet, des mécanismes paralleles spatiaux
a six DDL équilibrés dynamiquement peuvent étre obtenus en combinant des pattes
indépendamment équilibrées grace a un algorithme qui remplace la plate-forme mobile
par des masses ponctuelles équivalentes. Des simulations dynamiques utilisant le logi-
ciel ADAMS ont été réalisées pour vérifier I’équilibrage dynamique des mécanismes en

tout temps et quelle que soit la trajectoire de la plate-forme.

Ensuite, la synthese de nouveaux mécanismes spatiaux équilibrés dynamiquement
a trois et six DDL, sans contre-rotations séparées, mais basée sur des mécanismes a
quatre barres, est présentée dans cette these. Basée sur les conditions d’équilibrage
dynamique d’un mécanisme a quatre barres se déplacant dans le plan, 'extension au
cas spatial est montrée équivalente a assurer que la matrice d’inertie de ces mécanismes
a quatre barres reste constante lors du mouvement. Conséquemment, les conditions

d’équilibrage dynamique des mécanismes a quatre barres lors de mouvements spatiaux
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sont présentées en premier lieu. Un mécanisme composé d'une paire de mécanismes a
quatre barres a matrice d’inertie constante est proposé. Ensuite, un mécanisme spatial
a trois DDL est synthétisé, basé sur les mécanismes a quatre barres précédemment

trouvés, ce mécanisme est utilisé comme patte pour un mécanisme parallele a six DDL.

Finalement, l'analyse cinématique des mécanismes a trois et six DDL discutés
précédemment, incluant la résolution des problemes géométriques directs et inverses
ainsi que 1’étude des singularités, est présentée. Les matrices jacobiennes associées aux
différentes possibilités d’actionnement des mécanismes sont aussi présentées. Les al-
gorithmes géométriques, les méthodes analytiques et de discrétisation, sont proposés
afin de déterminer I'espace de travail ainsi que les singularités des mécanismes corre-
spondants. Enfin, les représentations graphiques établissant la relation entre lieux de

singularité et espace de travail a orientation constante sont présentées.

Les mécanismes spatiaux a degrés de liberté multiples équilibrés dynamiquement ont
un grand potentiel d’application dans des domaines variés, tels que la robotique spa-
tiale, les mécanismes d’orientation de miroirs de télescopes ainsi que certains systemes
industriels a grandes vitesses. Tous les résultats de ’analyse cinématique seront d’un

grand secours lors de la conception mais aussi pour le controle de ces mécanismes.

Yangnian Wu Clément M. Gosselin
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Chapter 1

Introduction

1.1 Motivation

Parallel mechanisms are defined as architectures in which the moving payload is con-
nected to the fixed base by multiple kinematic chains. Each chain can be considered as
one mechanism and is a system with several links, joints and a base (see for instance
Figure 1.1).

As compared with serial mechanisms, parallel mechanisms are characterized by low
moving inertia, high stiffness, high dexterity, compact size and high power to weight
ratio and hence they can be controlled with a high bandwidth. Therefore, they are
especially suitable for applications requiring large load capacity or high speed and

accuracy. Parallel mechanisms have received considerable attention by both researchers

1
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Figure 1.1: Flight simulator (courtesy of CAE Electronics).

and manufacturers over the past thirty years. The first device based on a parallel
mechanism designed by Gwinnett was filed for a patent in 1928. Gough (1962) was
the first to invent and build the popular octahedral hexapod as a tire testing machine
(Bonev, 2003). This original architecture was put into practice in flight simulators
(Figure 1.1) in the 1970’s and still remains the most popular and best studied parallel
mechanism. Since the 1980’s, more and more researchers have focused on parallel
mechanisms or manipulators. So far, parallel mechanisms are used in a number of
applications in machine tools, medical robots, alignment devices (Figure 1.3(b)), haptic

devices, coordinate measuring machines and so on (Kong, 2002).

Parallel mechanisms are excellent candidates for advanced robotic applications.
However, similarly to other robotic devices, they exert forces and moments on their
base (frame) while moving, causing vibration and associated noise, wear, fatigue as
well as disturbances in the supporting structure of the mechanism (Ricard and Gos-
selin, 2000). These reaction forces and moments, the so-called shaking forces and

shaking moments, are undesirable in many applications.

In space robotics (Figure 1.2), manipulators are mounted on free-floating bodies
such as a spacecraft, a space vehicle, a satellite, or a space-station. Hence, any motion
of the manipulator has some dynamic effect on the free-floating base, by virtue of the
principle of conservation of momentum and angular momentum, and the position and
orientation of the spacecraft will be disturbed (Dubowsky, 1991; Papadopoulos, 1991).

Very often this is not acceptable because, for instance, the orientation of the solar



Figure 1.2: Space robots (courtesy of MD Robotics).

panels or of the communications antennae should not change. To preserve the proper
position and orientation of the spacecraft, stabilizing systems like control rockets or
inertial reaction wheels are generally used. However, the operations of these systems

consume energy in space (Legnani et al., 1999).

In certain telescopes (Figure 1.3), a secondary mirror is used both for correcting
the tracking error of the telescope and for chopping for infrared observation. The
tracking error sources of the telescope are the control errors of the telescope control
system, the deflection of the telescope structure induced by gravity and wind and the
atmospheric image motion. All these disturbances do not have a specified direction and
vary continuously. Hence, the use of parallel mechanisms (Figure 1.3(b)) to move the
secondary mirror of a telescope at high frequencies may excite the structure of telescope

and make things worse.

Especially in micro and nano mechatronics (such as in microassembly machines),
vibration amplitudes may readily reach the order of magnitude of the required posi-
tioning resolution. Also in larger-scale precision devices and in systems with delicate

equilibrium, shaking forces and moments can rapidly become dominant (Herder, 2003).

In order to eliminate the undesired shaking forces and moments, reactionless mech-
anisms have been proposed or developed for some applications (see Section 1.2 for a
literature overview). A mechanism is said to be reactionless or dynamically balanced

or completely balanced if, for any motion of the mechanism, there is no reaction force



(a) Hubble space telescope (b) Active secondary mirror
(courtesy of NASA). (courtesy of TPA).

Figure 1.3: Telescope mechanisms.

and moment at its base or supporting structure at all times. This property is crucial
for space robotics to preserve the momentum of the moving base and for telescopes to
avoid exciting the structure of the telescope while moving the secondary mirror at high
frequencies. In industrial applications involving high-speed motions, eliminating or re-
ducing the reactions on the base of the robot would also significantly improve the general
performance by reducing vibrations and thereby improving the accuracy. Therefore,
the development of reactionless parallel mechanisms for these potential applications
motivates our research. In this thesis, the synthesis and analysis of reactionless spatial

multi-degree-of-freedom parallel mechanisms are studied systematically.

1.2 Methodology and Literature Review

1.2.1 Dynamic balancing

For a system with constant mass, the resultant of the external forces acting on the
system equals the time rate of change of the linear momentum of the system, while

the resultant of the external moments with respect to a fixed point O (or the center



of mass of the system) equals the time rate of change of the angular momentum about

the same point (Meriam and Kraige, 1993), namely,

YF = mv (1.1)
M =h (1.2)

where YXF is the resulting external force, m is the total mass, v is the velocity of
the center of mass of the system, ¥M is the resulting external moment about a fixed
reference point O and h is the total angular momentum of the system about the same

point.

The opposites of the terms on the righthand side of egs. (1.1) and (1.2) are actually
the so-called shaking force and shaking moment respectively due to the moving masses
and inertia. Clearly, from eq. (1.1) and (1.2), if the linear momentum (mv) and the
total angular momentum (h) of the system remain constant for any motion at all
times the shaking force and shaking moment will vanish. Usually, the state of rest
will be included in the possible motions of the mechanism, in which case both linear
and angular momentum are zero. Therefore, in practical situations, the conditions for
dynamic balance are that for all motions of the mechanism the center of mass of the
system should remain stationary and the total angular momentum must be zero at
all times. The strategy for eliminating the shaking force is referred to as (shaking)
force balancing while the strategy for eliminating the shaking moment is referred to
as (shaking) moment balancing. The combination of force and moment balancing is

referred to as dynamic balancing.

Hence, two constraints have to be satisfied for a mechanism to be reactionless,
namely, the center of mass of the mechanism should remain fixed (stationary) and the
total angular momentum must remain constant (zero) with respect to a fixed point at

all times for arbitrary trajectories of the end-effector (Ricard and Gosselin, 2000), i.e.,

dr

=0 1.3
dh,
=0 14

where r is the position vector of the center of mass and h, is the total angular mo-
mentum of the mechanism relative to a fixed point O. Equations (1.3) and (1.4) are
necessary and sufficient conditions for a mechanism to be dynamically balanced, i.e., re-

actionless. More specifically, eq. (1.3) implies force balancing whereas eq. (1.4) implies



moment balancing. Apparently, dynamic balancing includes both force balancing and
moment balancing. All the force balancing, moment balancing and dynamic balancing

approaches in the literature are based on these fundamental equations.

Note that in the context of dynamic balancing, in general, no other external forces
than gravity and no other moments than the actuator torques on the system are con-
sidered. Dynamic balancing is associated with inertia forces other than gravity. Hence,
“no reaction force” in the definition of reactionless in the present thesis actually im-
plies no reaction force other than gravity. Yet, the definition is the real case in space
(zero gravity). Additionally, eqs. (1.1) and (1.2) are only applicable to a system with
constant mass, hence, any change in platform (or end-effector) mass (e.g., picking up
an object) will deteriorate the dynamic balance. This problem is beyond the scope of

our work.

As compared with dynamically balanced mechanism, a mechanism is said to be stat-
ically balanced if every possible configuration of the mechanism is a static equilibrium
configuration. Hence, no actuator forces or torques are required to maintain the mecha-
nism in any configuration (Herder, 2003). Two static balancing methods, namely, using
counterweights and using springs, are often used. Clearly, a mechanism with a station-
ary global center of mass (force balanced) has constant gravitational potential energy
(statically balanced). Hence, force balancing implies static balancing, however, static
balancing does not imply force balancing. Although using springs is a good solution to
statically balance mechanisms without great increase of the mass of the system, there
still exist reaction forces on the base, in other words, springs do not contribute to force
balancing. Therefore, we cannot obtain reactionless mechanisms using springs. A large
number of statically balanced or gravity compensated mechanisms, serial manipulators
and multi-degree-of-freedom parallel manipulators have been developed or presented in
the literature. Since static balancing is not the subject of this thesis, we do not review
more about this issue here. The readers can refer to the theses of Herder (2001) and
Wang (1998) as well as their long lists of references. Figure 1.4 shows the prototype of
a statically balanced 6-DOF parallel manipulator using springs (Gosselin et al., 1999).

The balancing of mechanisms has been an important research topic for several
decades (e.g., Berkof and Lowen, 1969; Lowen et al., 1983; Dresig et al., 1998; Arakelian
and Smith, 1999; Kochev, 2000). Extensive studies on the balancing of planar linkages

and some research works related to the complete balancing of spatial linkages with only



Figure 1.4: Statically balanced parallel manipulator (from Gosselin et al., 1999).
one degree of freedom have been presented in the literature.

In order to completely force balance mechanisms it must be possible to make the
global center of mass of the mechanisms stationary. This is usually accomplished by the
addition of counterweights or internal mass redistribution. Of course, adding a dupli-
cate mechanism to the initial mechanism is a primary but sometimes efficient approach
for this purpose. Several methods have been applied for the complete force balancing of
mechanisms. Most of them originate from two methods, namely the method of linearly
independent vectors and the complex mass method. The method of linearly indepen-
dent vectors was proposed by Berkof and Lowen (1969) for four-bar and six-bar linkages,
implying that the masses of arbitrarily shaped links can be redistributed in such a way
that the total center of mass becomes stationary. Tepper and Lowen (1972) subse-
quently generalized this method and presented a theorem — “Contour theorem?”, i. e.,
from each link there is a contour to the ground by way of revolutes only —to determine
whether or not a linkage can be fully force balanced by the addition of counterweights
or redistribution of link masses, as well as the minimum number of counterweights of
the linkages. Using this method, Bagci (1982) presented the force balancing of planar
4-bar, 6-bar and 8-bar linkages with force transmission irregularities — with multiple
sliding pairs — by adding appropriate balancing idler loops. Kaufman and Sandor
(1971) extended the method of linearly independent vectors to the force balancing of
spatial linkages. Later, Kochev (1987) applied this approach to both planar and spatial
linkages and Yu (1987a, 1988) for spatial linkages. The method proposed by Walker

and Oldham (1978, 1979) based on the concept of mass replacement and mass flow was



called the complex mass method by Lowen et al. (1983) and extended by Chen (1984)
to balance spatial linkages and by Ye and Smith (1994) to completely balance planar
linkages using an equivalence by which a complex planar linkage can be converted into
a number of simple equivalent sub-linkages and cranks. It was also further improved
by Yao and Smith (1993) for the force balancing of planar linkages using a step-by-step
balancing procedure based on a mass flow diagram. Kong and Yang (1998) proposed
a mass moment substitution method by which the formulation of the conditions for
complete shaking force balancing of the spatial linkages can be reduced to the mass
moment substitution of binary links, ternary links, quaternary links, dyads and spatial

serial open chains.

The first general approach for full force balancing of spatial linkages was presented
by Kaufman and Sandor (1971) and Chen (Chen 1984). They generalized the method of
linearly independent vectors (Berkof, 1969) by replacing the complex vector with alge-
braic operators of a more general form. Compared to these methods, Kochev (1987) has
developed another general method in which local coordinate systems and only Carte-
sian coordinates are used to simplify the balancing equations and which is applicable to
more types of linkages and provides fewer sufficient shaking force balancing conditions.
Yu has performed the complete shaking force and shaking moment balancing of spatial
linkages like the Bennett, RSCR and RRRSR (1987a) and partial dynamic balancing
of the RSS'R spatial linkage (1987b) by adding dyads between linkages. He also ob-
tained complete shaking force and shaking moment balancing of spatial irregular force
transmission mechanisms such as RSPC and RRCRC mechanism by using dyads and
triads (1988). However, all the spatial linkages mentioned here have only one degree of

freedom.

In the literature, partial dynamic balancing, where at least some shaking forces or
shaking moments remain after balancing, were presented for some planar and spatial
mechanisms (Berkof and Lowen, 1971; Smith, 1975; Huang and Liu, 1986; Yu, 1987b).
Yet, this is not the subject of this thesis.

Some authors have addressed the trajectory planning of manipulators in order
to generate reactionless trajectories or minimize disturbances (Dubowsky and Torres,
1991; Papadopoulos and Dubowsky, 1991; Papadopoulos and Abu-Abed, 1996; Legnani
et al., 1999; Kochev, 1990b). However, the approaches based on trajectory planning are

only suitable for some special applications. Agrawal and Shirumalla (1995) presented



a scheme for motion planning of a dual-arm free-floating planar manipulator where one
arm is commanded to perform desired tasks while the other provides compensating

motions to keep the base inertially fixed.

Using the aforementioned approaches for force balancing, dynamically balanced
mechanisms have been achieved and presented. Most of the authors in the literature
on dynamic balancing have used additional counter-rotations — counter-rotating in-
ertial elements designed to balance the shaking moments of the mechanisms — such
as fixed-axis-inertia counterweights, planetary-gear-train or toothed-belt inertia coun-
terweights (Huang and Liu, 1986; Gao 1989, 1991; Ye and Smith 1994; Arakelian and
Smith, 1999; Esat and Bahai, 1999), additional balancing links (dyads, triads, idler
loops, etc.)(Bagei 1982, 1992; Yu 1987a, 1988) and symmetrically arranged identical
mechanisms (Kochev 2000) or active control of counter-rotation (Kochev, 1992a) or
using redundant actuation (Angeles et al., 1992). However, adding counter-rotations
to a mechanism increases its complexity and can reduce its practicality significantly,

especially in multi-degree-of-freedom systems.

The four-bar linkage is a relatively simple and common element in machines. Al-
most half of all researchers in the field of balancing have been focusing on this kind
of mechanism. The complete shaking force and shaking moment balancing of four-bar
linkages have been achieved by using separate counter-rotations such as fixed-axis-
inertia counterweights (Berkof, 1973), idler loops (Bagci, 1982), planetary-gear-train-
inertia counterweights (Gao, 1990), toothed belts (Esat and Bahai, 1999) or noncircular
gearset inertia-counterweights (Kochev, 1992). Ricard and Gosselin (2000) have also
focused on the four-bar linkage and obtained the complete balancing of the linkage in
the plane as a set of constraints on the geometric and inertial parameters of the links
but without separate counter-rotations. These dynamically balanced four-bar linkages
have been stacked up to synthesize reactionless planar 3-DOF parallel mechanisms (Ri-
card and Gosselin 2000) and reactionless spatial 3-DOF parallel mechanisms (Vollmer
and Gosselin, 2000; Gosselin et al., 2003). However, since the reactionless four-bar
linkages are balanced only in the plane, the stacked reactionless mechanisms — used as
legs to synthesize planar or spatial 3-DOF mechanisms — can only move in the plane.
Hence, these reactionless four-bar linkages cannot be directly used to synthesize reac-
tionless spatial 6-DOF mechanisms. As we mentioned above, it is impossible to further
moment balance the statically balanced 6-DOF parallel manipulator (Figure 1.4) to

finally obtain a reactionless 6-DOF parallel mechanism. Foucault and Gosselin (2002)



Figure 1.5: Prototype of a reactionless planar 3-DOF parallel mechanism (from Fou-
cault and Gosselin, 2002).

dynamically balanced five-bar mechanisms — with parallelogram architecture — using
counterweights and counter-rotations (e.g., fixed-axis-inertia counterweights) and used
them as legs to build a reactionless 3-DOF parallel manipulator (Figure 1.5). How-
ever, it is obvious that we cannot use these dynamically balanced five-bar mechanisms
to construct spatial reactionless parallel mechanism with more than three degrees of

freedom.

In summary, as emerges from the literature, the dynamic balancing of spatial multi-
degree-of-freedom parallel manipulators or mechanisms has received virtually no atten-
tion due to the complexity of this problem. To the best of our knowledge, only a
reactionless 3-DOF spatial parallel mechanism has been presented in the literature
(Vollmer and Gosselin, 2000; Gosselin et al., 2002).

1.2.2 Kinematic Analysis

The kinematic analysis of parallel mechanisms including inverse and direct (or forward)
kinematics, workspace and singularity analyses are important issues in the context of

design and control of the mechanisms.

Computing the set of actuated joint coordinates from the set of Cartesian pose

(position and orientation) of the end-effector is referred to as inverse kinematics. Since
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the trajectories of the mechanism are usually given in the Cartesian space while the
actuators are mounted at joints, the solution of the inverse kinematics is necessary for

controlling a manipulator.

Computing the set of Cartesian pose of the end-effector from the set of actuated
joint coordinates is referred to as direct (or forward) kinematics. As opposed to the
serial manipulators, the inverse kinematics of parallel mechanisms are simple, while
their direct kinematics are very complex especially for 6-DOF parallel mechanisms.
Fortunately, the direct kinematics of different types of parallel manipulators is often
similar. In other words, the direct kinematics of a new parallel mechanism can be often
found to be equivalent to that of some existing mechanisms as we will discuss in Section
4.4 (Merlet 1992a; Nanua et al. 1990; Ebert-Uphoff and Gosselin 1998).

The workspace of a manipulator is defined as the set of Cartesian poses that the
end-effector of the manipulator can reach. The workspace determines the volume or
hyper-volume in which the manipulator can perform tasks. It is well known that par-
allel manipulators have a rather limited and complex workspace. As the complete
workspace of a 6-DOF parallel manipulator is a six-dimensional highly coupled entity
which is practically impossible to visualize, algorithms for various subsets of it have
been proposed. The most common subset is the constant-orientation workspace (Mer-
let, 1994) which is the set of permissible positions for a point of the moving platform
while the platform is kept at a constant orientation (Bonev, 2002a). Two kinds of ma-
jor approaches — discretization algorithms (Benea, 1996; Wang, 1998) and geometric
methods (Gosselin, 1990; Gosselin et al., 1992; Merlet, 1994; Bonev and Gosselin, 2002)
have been proposed for the determination of the workspace of different parallel mech-
anisms. The philosophy of discretization algorithm (or numerical algorithm) consists
roughly in discretizing the three-dimensional space, solving the inverse kinematic prob-
lem at each point, verifying the constraints that limit the workspace and searching for
the boundaries of the workspace. Although such discretization algorithms are very slow
and require large amounts of memory and disk space for storing the computed data,
they are used by most researchers and can be applied to any type of architecture. On
the contrary, the geometric methods based on the explicit expressions of all constraints
that limit the workspace are fast and accurate and very useful during the design stage.
However, it is very difficult or impossible to determine the workspace for some complex

parallel mechanisms using geometric methods (Bonev, 2002a).
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The kinematic singularity in a parallel mechanism is defined as configurations in
which the end-effector gains or loses one or more degrees of freedom instantaneously
and therefore the manipulator becomes uncontrollable. The singularity loci, which are
obtained as curves or surfaces in the Cartesian space, are of great interest in the context
of design since they can be used to verify whether or not the singularities will be avoided

later on for a given application.

Gosselin and Angeles (1990) have shown that singularities of closed-loop mechanisms
can be systematically classified in three main groups. The first type of singularity
corresponds to a configuration in which the end-effector loses one or more degrees
of freedom and lies at a deadpoint and on the boundaries of the workspace of the
manipulator. The second type of singularity corresponds to a configuration in which
the end-effector gains one or more degrees of freedom (i.e., the end-effector is movable
when all the input joints are locked) and lies at a deadpoint and inside the workspace.
The third type of singularity corresponds to configurations in which a finite motion of
the end-effector is possible even if the actuated joints are locked or where a finite motion
of the actuated joints produces no motion of the end-effector. This kind of singularity,
also called architecture singularity, can occur only when some special conditions on the
parameters of a manipulator are satisfied. This classification has been complemented
in Ma and Angeles (1991) and further refined in Zlatanov et al. (1994; 1995).

The singularity analysis of type I of a parallel mechanism is the same as that of
serial mechanisms. The singularity of type III could be avoided by proper choice of
the kinematic parameters. However, the singularity analysis of type II of a parallel
mechanism is usually very complex. It is difficult to analyze and has received much
attention from many researchers over the past two decades. Two main approaches have
been proposed for the singularity analysis of type II of parallel mechanism, namely, the
algebraic method based on the determinant of the Jacobian matrix from the velocity
equation of the manipulator and the method based on line geometry or screw theory.
Analytical expressions describing the singularity loci of planar and spherical parallel
manipulators and the Gough-Stewart platform have been obtained by the algebraic
method (Gosselin and Angeles, 1990; Gosselin and Sefrioui, 1992; Sefrioui and Gos-
selin, 1995; Collins and McCarthy, 1998; Mayer St-Onge and Gosselin, 2000). It is very
useful to obtain analytical expressions for the singularity loci to generate graphical
representations in the workspace in a context of analysis and design. However, such

expressions are very difficult or impossible to obtain for some parallel mechanisms with
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more than three degrees of freedom or with complex leg mechanisms since the corre-
sponding closed-form expressions of the determinant of the Jacobian matrices include
both Cartesian and joint coordinates. After substituting the active and passive joint
coordinates with Cartesian coordinates using the equations of the inverse kinematics
problem, the closed-form expression of the corresponding determinant is of very com-
plex form or does not exist. Then, the method based on line geometry or screw theory
— with similar principle for both methods — has been proposed for the singularity
analysis of complex spatial parallel mechanisms (Merlet, 1988; 1989; 1992b; Mouly and
Merlet, 1992; Collins and Long, 1994; Notash, 1998; Monsarrat and Gosselin, 2001).
Apparently, a numerical method — as used in the determination of the workspace —
can be used to determine the singularity locus on which the determinant of the Jacobian

matrix is zero for any kind of mechanisms.

1.3 Objectives of the Thesis Research

In order to meet the requirements of advanced robotic applications like space robotics or
telescope mechanisms, the development of reactionless spatial multi-degree-of-freedom
mechanisms or manipulators — having up to 6-DOF — has become an attractive re-
search subject in the field of parallel mechanisms. Hence, a systematic study of the
synthesis and analysis of reactionless spatial multi-degree-of-freedom parallel mecha-

nisms is performed in this thesis. Our research has three main goals.

The first goal of our research is to propose a simple but suitable spatial 3-DOF
mechanism which can be dynamically balanced and then use it as legs to synthesize
reactionless 6-DOF parallel mechanisms. A new 3-DOF parallel mechanism referred
to as a parallelepiped mechanism is presented. A general dynamic balancing approach
using counterweights and counter-rotations is used for dynamically balancing this new
kind of leg mechanism. Finding out the dynamic equivalence between point masses
and moving platform in space will enrich the strategy of using point masses to replace
a moving platform. This strategy greatly simplifies the dynamic balancing of spatial

multi-degree-of-freedom parallel mechanisms.

The second objective of this thesis is to obtain dynamically balanced four-bar link-

ages which can move spatially (out of the plane) as the extension of the reactionless
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four-bar linkages in the plane (Ricard and Gosselin, 2000) and then use these four-
bar linkages to synthesize reactionless spatial 3-DOF and 6-DOF mechanisms without

separate counter-rotations.

For novel manipulators, it is necessary to find the inherent characteristics of the
mechanisms in the context of design and control of the mechanisms. Thus, the kine-
matic analysis including inverse kinematics, determination of workspace and singularity
analysis of the 3-DOF leg mechanisms and 6-DOF parallel mechanisms are the third
aim of this thesis. The suitable approaches discussed in the preceding section for the
kinematic analysis will be used for the corresponding mechanisms proposed in this

thesis.

1.4 Organization of the Thesis

The present thesis consists of two main parts covering Chapters 2-6. The first part
(Chapters 2—4) starts with the geometric description of the presented mechanisms,
continues with the kinematic analysis, and ends with the dynamic balancing. The
second part (Chapters 5-6) takes a different order. Since the architecture and balancing
conditions of the spatial mechanisms are obtained through systematic extension by way
of stacking dynamically balanced units, this type synthesis approach is completed first.

Subsequently, the kinematic analysis of the resulting mechanisms is presented.

In Chapter 2, a novel 3-DOF parallel mechanism referred to as a parallelepiped
mechanism is proposed. Two types of actuation schemes of the mechanism are con-
sidered. The kinematic analysis including the inverse and direct kinematics as well as
the determination of singularity loci and workspace for the two actuation types of the
mechanism is solved. A geometrical algorithm and a discretization method are used

for the determination of the workspace of the mechanism.

In Chapter 3, the design and dynamic balancing of parallelepiped mechanisms are
addressed. At the beginning of this chapter, the dynamic balancing of general par-
allelepiped mechanisms is discussed. Then, practical implementations of the paral-
lelepiped mechanisms for both types of actuation schemes are presented. The balancing

equations are derived by imposing that the center of mass of the mechanism is fixed and
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that the total angular momentum is constant (zero) with respect to a fixed point. Opti-
mization is performed to determine the counterweights and counter-rotations based on
the balancing conditions. The dynamic simulation software ADAMS is used to simu-
late the motion of the 3-DOF parallelepiped mechanisms and to verify the reactionless

property of the dynamically balanced mechanisms.

In Chapter 4, the synthesis, kinematic analysis and dynamic balancing of 6-DOF
parallel mechanisms using parallelepiped mechanisms are dealt with. The Jacobian
matrices of the mechanisms associated with different actuation schemes are derived.
A geometrical algorithm and a discretization method are used for the determination
of the workspace for the mechanisms using two different cases of the leg mechanism
introduced in Chapter 2. The graphical representations that show the relationship
between the singularity loci and the constant-orientation workspace of the mechanisms
are given. Finally, the dynamic equivalence between a moving platform and three point
masses will be discussed and the dynamic balancing of the 6-DOF parallel mechanisms

are addressed.

In Chapter 5, the synthesis of novel reactionless spatial 3-DOF and 6-DOF mech-
anisms without separate counter-rotations, using four-bar linkages is presented. A
general planar four-bar linkage is first considered in order to obtain the conditions
for its spatial dynamic balancing. Based on the conditions of dynamic balancing of
a planar four-bar linkage, it is shown that the spatial problem is equivalent to ensur-
ing that the inertia tensor of planar reactionless four-bar linkages remains constant
while the linkages are undergoing spatial motion. Then, the reactionless conditions for
planar four-bar linkages moving spatially are derived and reactionless spatial 3-DOF
mechanisms using four-bar linkages without separate counter-rotations are synthesized.
Finally, the latter mechanisms are used to synthesize 6-DOF reactionless mechanisms

which do not involve separate counter-rotations.

In Chapter 6, the inverse kinematics and singularity analysis of the reactionless 6-
DOF parallel mechanism using four-bar linkages synthesized in Chapter 5 are presented.
Three types of actuation schemes of the mechanism are considered. The Jacobian
matrix of the mechanism is first derived. The Grassmann line geometry method is then
used to determine the conditions associated with the singular configurations. Finally,
the graphical representations that show the singularity loci and the constant-orientation

workspace of the mechanism using a geometrical algorithm and a discretization method
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are given.

Finally, a summary of the results obtained in this thesis and some discussion as well

as directions on future research work are given in Chapter 7.
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Chapter 2

Kinematic Analysis of Spatial
3-DOF Parallelepiped Mechanisms

In this chapter, the mechanical architecture and kinematic analysis of a novel 3-DOF parallel
mechanism referred to as a parallelepiped mechanism are first presented. Two types of actua-
tion schemes of the mechanism are considered. The inverse and direct kinematic problems of
these two instances of the mechanism are solved. The expressions of the singularity loci and
their graphical representation are obtained. Finally, geometrical algorithms and discretization
methods are used for the determination of the workspace for the two cases of the mechanism.
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Figure 2.1: An octahedral truss (Hamlin and Sanderson, 1994).

2.1 Introduction

Parallel mechanisms or manipulators have received much attention over the last 30
years. Several kinds of 3-DOF parallel manipulators have been presented for different
applications in the literature (Clavel, 1988; Lee and Shah, 1988; Gosselin and Angeles,
1989; Di Gregorio and Parenti-Castelli, 1998; Siciliano, 1999; Tsai and Joshi, 2000).
Furthermore, in order to design light mechanisms with high stiffness, deformable trusses
have also been contemplated (Reinholtz and Gokhale, 1987; Arun et al., 1990; Salerno
and Reinholtz, 1994; Hertz and Hughes, 1994). Deformable trusses are akin to parallel
mechanisms. However, they are generally built by assembling deformable 1-dof modules
in series, thereby augmenting the complexity and degrading the stiffness. Hamlin and
Sanderson (1994) have addressed the synthesis of an octahedral truss (Figure 2.1) using

offset hinges as concentric multilink spherical joints at each vertex of the mechanism.

As we mentioned in Chapter 1, the major objective of this thesis is to develop re-
actionless multi-degree-of-freedom parallel mechanisms. We will first search for 3-DOF
mechanisms which can be dynamically balanced. Then, we will construct 6-DOF reac-
tionless manipulators or mechanisms using these 3-DOF dynamically balanced mech-
anisms as legs. Foucault and Gosselin (2002) have presented a planar 3-DOF reac-

tionless parallel mechanism using the legs of the planar five-bar parallelogram linkages
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Figure 2.2: 3-DOF parallelepiped mechanism.

(Figure 1.5). If we append additional segments that move out of the plane of the
parallelogram linkage, a novel spatial 3-DOF parallel mechanism referred to as a paral-
lelepiped mechanism is obtained, that is first presented in this chapter. After describing
the design techniques, the kinematic analysis including the inverse and direct kinemat-
ics as well as the determination of singularity loci and workspace of the mechanisms
will be solved. Simulation tools for demonstrating the characteristics of the 3-DOF

parallelepiped mechanisms will also be developed.

2.2 Geometric Description

A schematic representation of a 3-DOF parallelepiped mechanism is shown in Figure
2.2. Point P is the end-effector and is located on link BFP. The mechanism consists
of a parallelepiped with 6 faces. The parallelepiped can be deformed with the faces
remaining planar and with opposite faces remaining parallel, while providing three
degrees of freedom, and can therefore be used to position point P in space. The three
edges attached to the ground and denoted by Vi, V5 and V3 respectively are actuated
using fixed revolute actuators. The following groups of links have equal length, namely:
OA=CB =GF =DE,OC = AB = EF = DG,0D = AE = BF = CG. All the
opposite links remain parallel throughout the motion, i.e., OA || CB || GF || DE,OC ||
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Figure 2.3: An offset planar hinge (Hamlin and Sanderson, 1994).
AB || EF || DG and OD || AE || BF || CG.

This mechanism may be considered as a “truly parallel” deformable truss, i.e., a

multi-dof truss-type mechanism in which all actuators are mounted in parallel.

Several feasible designs of the parallelepiped mechanism have been investigated. A
simple implementation is to use an offset planar hinge (Hamlin and Sanderson, 1994)
at each corner of the 6 faces of the mechanism (or at any two of the three corners at
each vertex of the parallelepiped). The offset planar hinge (Figure 2.3) is a Watt I type
mechanism with two straight brackets (/K, N@Q), two identical bent brackets (K LM,
JLQ), and two leaves (I.J, M N). Each leaf can rotate around the corresponding link (or
pin) of the parallelepiped. Moreover, [J = KL = LQ = MN,IK = JL =ML = NQ,
and the offsets of the leaf pivots relative to their leaf axes are the same. By suitable
design of the parameters of the hinge mechanism, the intersection point O, of the two
leaf axes becomes the center of rotation for the links U and V' while moving. Hence,
the three adjacent links can rotate about the vertex center point at each vertex of the

parallelepiped as a spherical joint while the faces of the parallelepiped remain planar.

Another feasible design of the parallelepiped mechanism is shown in Figure 2.4.
Each of the faces (e.g. face OAED) is a planar 4R parallelogram mechanism. The 6
parallelograms are attached to each other at the vertices of the parallelepiped. More

specifically, each pair of adjacent parallelograms is connected by a revolute joint with
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Figure 2.4: CAD model of a feasible design of the parallelepiped mechanism (courtesy
of Thierry Laliberté and Mathieu Myrand).

intersecting axes. Hence the parallelepiped can be deformed with the faces remaining
planar and with opposite faces remaining parallel. Notice that all the axes of the

revolute joints at a given vertex intersect at the vertex center point at all times.

The fixed coordinate frame is denoted as OXY Z and is attached to the base. Two
types of actuation schemes of the mechanism designated as Case I and Case II respec-
tively (Figure 2.5 and Figure 2.6) are considered in the present work. In Case I, V] and
V5 rotate around the Z axis and V3 around the X axis, while in Case II, Vi, V5 and V3

rotate around the Y, Z and X axes respectively.

2.3 Inverse Kinematics

In parallelepiped mechanisms (Figure 2.2), let the Cartesian coordinates of P be (z, v,
z) expressed in the fixed frame. Moreover, let I, I and I3 be the lengths of the three
edges (V1, Vo and V3 respectively) of the parallelepiped mechanism and let [, be the
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Figure 2.5: The first type of actuation of the parallelepiped mechanism (Case I).
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Figure 2.6: The second type of actuation of the parallelepiped mechanism (Case II).

length of the extended part of link BF" attached to the end-effector. The definitions of

the actuated joint coordinates (61, 0o, 05) are shown in Figures 2.5 and 2.6.

2.3.1 Casel

The position of the end-effector can be written as

P = l1e1 + lzeg + (lg + le)eg (21)
where
cos 6, cos 6y 0
e = |sinf, |, ey =|sinf |, e3= |cosbs (2.2)

0 0 sin 63
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Hence,

Iy cos 01 + s cos b
p = | lisinf; + losin Oy + (I3 + 1) cos b5 | =
(13 + le) sin 93

(2.3)

ISEEE SO

From the above equation, two solutions for #3 — obtained from the z component —

and four solutions for 6; and 85 are obtained.

For the velocity analysis, the differentiation of eq. (2.3) with respect to time yields
p=2J6 (2.4)

where J is the Jacobian matrix, which can be written as follows

—ll sin 01 —lg sin 92 0
J = [, cos B, locosBy  —(l3+ 1) sin O3 (2.5)
0 0 (I3 + ) cos 03

Hence the actuated joint velocities can be obtained by solving the linear system of

equations given in eq. (2.4).

An example is now given in order to illustrate the inverse kinematics and velocity

analysis of the mechanism. Let
[y =100, I, = 100, I3 = 100, I, = 50

where the lengths are in millimeters. Let the end-effector trace a planar circle with a
radius of 20 mm, centered at (0,35,0) and located in a plane parallel to the XZ plane,

i.e., the parametric equations of the trajectory can be written as, for 0 <t < 27,

r = 20cost
z = 20sint
y = 35

The actuated joint coordinates and velocities for the first actuator are plotted in Fig-

ure 2.7.
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solution of theta1(1) (-), theta1(2) (—-), theta1(3) (0), theta1(4) (.)
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0.4} 4
0.3

joint rate (rad/s)

(b) Four solutions for 6,

Figure 2.7: First set of actuated joint coordinates

and velocities (Case I).
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2.3.2 Case Il

For Case II, one has

sin 64 cos 6, 0
e = 0 ,€ = | sinfy |, e3 = | cosls (2.6)
cos 0, 0 sin 05

and hence eq. (2.1) leads to

ll sin 91 + lg COS 82 i
p=|lasinfy+ (I3 +1.)cosbs | = |y (2.7)
| [y cos By + (I3 + 1) sin O3 z
The Jacobian matrix is written as
[ lycosf; —lysinb, 0
J = 0 locosBy  —(I3+ 1) sin O3 (2.8)
| —lysiné, 0 (I3 + 1) cos B3

From eq. (2.7), the actuated joint coordinates can be obtained by solving a univariate
8th-order polynomial equation. Consequently, the inverse kinematics leads to a max-
imum of eight real solutions in this case. This result is readily obtained by applying
elimination between the three equations. The actuated joint coordinates and velocities
for the first actuator of the same example as Case I are plotted in Figure 2.8. In this

example, only four of the solutions are real.

2.4 Direct Kinematics

For given actuated joint coordinates (6,0, and 63), the Cartesian coordinates can be
calculated from eq.(2.3) and (2.7) for Case I and Case II respectively. The solution is

unique and straightforward.
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solution of theta1(1) (=), theta1(2) (--), theta1(3) (o), thetal(4) (.)
7 T T T

joint coordinate (rad)

1k B
‘.l.“.lolotolnlulnlol'l~ltltl'!'lillx:xmm,,,,,,
""'"I',"'bllllllml,,,', m m‘ﬂ.ymﬂ“‘(‘l'l'l'lvlllolﬂol' D
Rl U T

0 1 1 1 1 1 1
0 1 2 3 4 5 6 7
t
(a) Four solutions for 6,
solution of omegai(1) (-), omegai(2) (-—), omegai(3) (o), omegai(4) (.)
0.25 T T T T T T

joint rate (rad/s)

~0.25 I I I I I I
0

(b) Four solutions for 6,

Figure 2.8: First set of actuated joint coordinates and velocities (Case II).
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Figure 2.9: Singularity surface for Case I (63 = +7)

2.5 Singularity Analysis

The singularity loci can be obtained using the expression of the determinant of the

Jacobian matrix, a quantity which is known to vanish in singular configurations, i.e.,

det(J)=0
Hence, for Case I, substituting eq. (2.5) into eq. (2.9) leads to
cos @3 sin(fy — 01) =0
ie.,
cosfz; =0
or
sin(fy — 01) =0

From eq. (2.11), over the interval | — 7, 7], one has

™

05 :4_—2

From eq. (2.12), one has

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)
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or
0y =7+ 0, (2.15)

For simplicity and generality, the joint limits and mechanical interferences of the
mechanism are ignored for the determination of the singularity loci and workspace in
this thesis. A mechanism with the lengths of 100 mm for [y and 50 mm for l», I3 and [,
respectively is taken as an example.

The condition (#3 = £7) means that the first zones of singularity in Cartesian
space are two annular zones parallel to the zy plane — each of which is enclosed by
two concentric circles with the outer and inner radii of (i1 +l3) and (I; — l3) (link OA

and OC are collinear but in the same and opposite direction) respectively.

The latter conditions (s = 6, and 6y = m + 1) express that link OA and OC' are
collinear, the vertex B moves consequently on circles in the xy plane, centered at the
origin but with radii of (I; + l3) and (l; — [3) respectively. Hence, the corresponding
singularity surfaces are formed by a circle — parallel to the yz plane and with a radius
of (I341.) — the center of which traces circles of radius (I;+13) and (I; —I2) respectively.
The surface obtained by sweeping a circle C, while its center moves on the track circle
and the plane of the circle C remains parallel to the plane F perpendicular to the plane
of C is a quartic surface and is referred to as a Bohemian dome (Weisstein, 2002; Bonev
and Gosselin, 2002). Both singularity surfaces corresponding to egs. (2.14) and (2.15)
are Bohemian domes. In order to better demonstrate the singularity surfaces, different
sections are also obtained. The singularity surfaces and their sections associated with
the conditions #, = #; and 0 = 7 + 0, for the example mechanism are shown in

Figure 2.10 and Figure 2.11 respectively.

For Case II, substituting eq. (2.8) into eq. (2.9) leads to
cos 0, cos 0y cos 3 — sin @, sin B, sinf5 = 0 (2.16)

Equation (2.16) corresponds to a surface in joint space (Figure 2.12). From eq. (2.7) and
eq. (2.16), the singularity surface and its sections for different values of z in Cartesian

space can be also obtained as demonstrated in Figure 2.13.
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Figure 2.12: Singularity surface in joint space (Case II)

2.6 Workspace

For Case 1, it is found by inspection that the three kinds of singularity surfaces corre-
sponding to the three conditions presented above define the top and bottom, outer and
inner boundaries of the workspace, respectively. Since the cross-section of the singu-
larity surface for a given z is defined by two circles (Figure 2.10), the cross-section of
the workspace on planes parallel to the xy plane can be obtained by the intersection of
regions bounded by circles. The resulting workspace and its boundaries for the example

mechanism are finally shown in Figure 2.14.

For Case I1, it is very difficult to determine the workspace by a geometrical method.
A discretization algorithm is therefore used for this case (Bonev, 2002a). Finally, the
workspace and its boundary for the example mechanism are demonstrated in Figure 2.15
and 2.16. The workspace includes the space between the outer and inner boundaries
as well as two lines from point (0,0, 14) to point (0,0, 187) and from point (0,0, —14)
to point (0,0, —187) respectively.

Naturally, the workspace of the parallelepiped mechanism will decrease if the joint
limits and mechanical interferences of the mechanism are considered. However, a

workspace optimization with these constraints can be undertaken to meet the require-
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Figure 2.17: Simulation tools for parallelepiped mechanisms.
ments of practical applications (Masory and Wang, 1992).

From the above kinematic analysis, we find that a 3-DOF parallelepiped mechanism
may be regarded as a three-link serial chain, in the sense that the kinematic analyses
of the two kinds of mechanisms are completely the same. At the same time, only
the parallelepiped mechanism may be considered as a multi-dof truss-type parallel
mechanism in which all actuators are mounted in parallel on the base. The mechanism
has then lower inertia and a higher stiffness as compared to the three-link serial chain

where two of the three actuators are mounted on the moving links.

2.7 Development of Simulation Tools for 3-DOF

Parallelepiped Mechanisms

In order to simulate the kinematics of 3-DOF parallelepiped mechanisms, simulation
tools have been developed using Matlab on the basis of the kinematic analysis mentioned
above. These tools allow the kinematic simulation of the mechanism for any given
trajectory and show the position of the mechanism and the actuated joint coordinates

for any interactively given set of Cartesian coordinates (see Figure 2.17).
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2.8 Conclusion

The mechanical architecture and kinematic analysis of a novel 3-DOF parallel mecha-
nism referred to as a parallelepiped mechanism are first presented in this chapter. Two
types of actuation schemes of the mechanism are considered. The inverse and direct
kinematic problems associated with the two cases of the mechanism have been solved.
The expressions of the singularity loci and their graphical representations have been
obtained. A geometrical algorithm and a discretization method are respectively used
for the determination of the workspace for the two cases of the mechanism. Simulation
tools for demonstrating the characteristics of the 3-DOF parallelepiped mechanisms
have also been developed. All the results will be provided as guides for the future
design of the mechanisms. Furthermore, the 3-DOF parallelepiped mechanisms will be

used as legs to synthesize 6-DOF dynamically balanced parallel mechanisms.
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Chapter 3

Dynamic Balancing of Spatial
3-DOF Parallelepiped Mechanisms

In this chapter, the design and dynamic balancing of parallelepiped mechanisms are addressed.
Two types of actuation schemes of the mechanism are considered. The balancing equations
are derived by imposing that the center of mass of the mechanism is fixed and that the total
angular momentum is constant with respect to a fixed point. Optimization is performed
to determine the counterweights and counter-rotations based on the balancing conditions.
The dynamic simulation software ADAMS is used to simulate the motion of the 3-DOF
parallelepiped mechanisms and to verify that the mechanisms are reactionless at all times and
for arbitrary trajectories. At the beginning of this chapter, the dynamic balancing of general
parallelepiped mechanisms is discussed. Then, practical implementations of the parallelepiped
mechanisms for both types of actuation schemes are presented. Dynamic balancing conditions
for the practical mechanisms are derived and simulation using ADAMS is performed. Several
numerical examples of reactionless 3-DOF parallelepiped mechanisms are given. It is shown
that 3-DOF parallelepiped mechanisms can be completely balanced.
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3.1 Introduction

As discussed in Section 1.2, two constraints have to be satisfied for a mechanism to be
reactionless, namely, the center of mass of the mechanism should remain fixed and the
total angular momentum must remain constant (zero) with respect to a fixed point at
all times for arbitrary trajectories of the end-effector. Equations (1.3) and (1.4) are
necessary and sufficient conditions for a mechanism to be dynamically balanced, i. e.,

reactionless.

Since a reactionless 6-DOF parallel manipulator using parallelepiped mechanisms
will be constructed in the next chapter, a point mass is here considered at the end-
effector of the 3-DOF parallelepiped mechanism. Indeed, the 6-DOF manipulator will
be composed of three legs connecting the base to a common thin platform. Each of the
three legs will be a parallelepiped mechanism. The mass and inertia of the platform
will be distributed among the attachment points of the legs and replaced by three point
masses m,,. In the next chapter, the dynamic equivalence between a platform and three

point masses will be discussed in detail.

In this chapter, in order to facilitate understanding the phenomenon of dynamic
balancing and some related issues, the dynamic balancing of elementary links is intro-
duced first. The dynamic balancing of a 3-DOF parallelepiped mechanism with a point

mass at the end-effector is then addressed.

3.2 Dynamic Balancing of Elementary Links

A single pivoted link with mass my; and center of mass at a distance r, from pivot O
is shown in Figure 3.1. Clearly, a shaking force for any motion, and a shaking moment
will act on the frame whenever the link accelerates or decelerates. The shaking force
can be eliminated by adding an appropriate counterweight m,. at the extension part
of the link to make the linear momentum constant, i.e., the total center of mass is
made stationary at the pivot. The shaking moment can be eliminated by adding a
separate counter-rotation (e.g., a fixed-axis-geared inertia counterweight in Figure 3.1)

with inertia /. (or effective inertia I, with respect to pivot O, i.e., I.. = i,I. where i, is
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the gear ratio) rotating in the opposite direction of the link to make the total angular
momentum constant (zero). Hence, from eqgs. (1.3) and (1.4), two sufficient conditions

for dynamic balancing of the link can be written as follows:

myry, = Mele (3.1)

I = my(ki+77) +mer? (3.2)

where k; is the radius of gyration of the link with respect to its center of mass.

Under the above conditions, the system will be dynamically balanced, i.e., there is
no shaking force and shaking moment on the base. From eqs. (1.1) and (1.2), clearly,
the resulting external force and moment are zero. If we consider the whole balanced
system as a system isolated from the frame, the external forces and moment are the joint
forces (Fyz, Foy, Feu, Fey) and the actuator driving torque T, acting on the system (the
tooth force on counter-rotation which generates forces on joints is an internal force).
Although the directions of the forces and torque depend on which motion is applied, the
zero reaction force and moment on the base always come from: Fy, = Fi,, Fy,, = Fr, and
Ty = dF,, (d is the distance between the two joints) and their opposite directions. In
other words, the reactions of the individual joint forces act on the frame and constitute
a moment to cancel the actuator reaction torque for any motion. Note that in a real
prototype the actuator inertia must be taken into account which in fact can be part
of the link inertia or the counter-rotation inertia depending on the mounting of the

actuator.

Stacking two such links can form a planar two-link open chain (Figure 3.2(a)). The
dynamic balancing can be obtained by adding two counterweights and two counter-
rotations. Moreover, using two of these chains as legs can synthesize a dynamically
balanced five-bar linkage with a special architecture of the parallelogram which allows
simplification: instead of four, now three counterweights are used by optimization,
and instead of four, only two counter-rotations are sufficient (equal angular velocity of
opposite links)(Figures 3.2(b) and 1.5). Two actuators and two counter-rotations can
be mounted on the base such that the moving mass and inertia of the system can be

reduced.

Finally, a 3-DOF parallelepiped mechanism emerges from appending the third seg-
ments that move out of the plane of the planar five-bar parallelogram linkage. Three

actuators and three counter-rotations are all mounted on the base.

40



Figure 3.1: Dynamic balancing of a single link.

() (b)

Figure 3.2: Dynamic balancing of elementary links: (a) a planar two-link open chain,

(b) a five-bar linkage with parallelogram architecture.
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Figure 3.3: Schematic representation for the determination of the balancing conditions.

3.3 Conditions for the 3-DOF Parallelepiped

Mechanisms to be Reactionless

A schematic representation for the determination of the balancing conditions for par-
allelepiped mechanisms is shown in Figure 3.3 (three counter-rotations are not shown
on the figure). The center of mass of each edge of the parallelepiped mechanism is
assumed to be located on the axis of the corresponding edge. The fixed coordinate

frame OXY Z as well as the unit vectors e, e; and es are defined as in Section 2.2.

From Figure 3.3, the position vector of the global center of mass of the parallelepiped

mechanism, noted r, can be written as

Mr = myrie; + maoroey + ms(lier + rsex) + my(laey + r4e1) + ms(lzes + rseq)+
me(lses + rges) + mr(lie + lzes + rrex) + mg(lzes + loes + 13€1)+
mgroes + mig(lier + laes + riges) + myy(lie; + r11e3)+

mas(laes + r12€3) + my(liey + laes + (I3 + Ic)es) (3.3)

where r; is the distance from a vertex to the center of mass of link ¢, as indicated on
the figure, m,, is the point mass located at point P and m; is the mass of the ith link

of the mechanism, as indicated in Figure 3.3, and vectors e; are as defined in egs. (2.2)

42



and (2.6). Moreover, M is the total mass of the mechanism, i. e.,

12
M=> mi+m, (3.4)

=1

Collecting terms in eq. (3.3), one obtains

Mr = (mqry + maly + mary + msrs + mzly + mgrs + maoly +maily + myly)e;+
(m2r2 + msrs —+ TTl4l2 -+ Mmegre + myry —+ m8l2 + m1012 —+ m12l2 -+ mpl2)62+

(msls + mgls + mels + msls + morg + magrio + mairi1 + maaria + my(ls +1e))es

(3.5)

From egs. (1.3) and (3.5), a set of sufficient conditions for force balancing of the

mechanism can be written as follows:

mary + myry + msrs + mgrs + (ms + mz + myg + myy +my)ly =0 (3.6)
MaTo + M3Ts + Megrg + Myr7 + (m4 + mg + Mg + Mg + mp)l2 =0 (37)

(m5 -+ meg —+ mry -+ mg)lg + MoT9 + mioT10 + mi17T11 + mi97T12 -+ mp(lg + le> =0 (38)

Moreover, for case I, the angular momentum of the mechanism can be written as

12
ho = Z(th + Iy X mlrgl) + r, X mpi'p — Icrlellll — ICTQQQUQ — Icr393u9 (39)
=1

where r, is the position vector of point P, I, is the inertia of the counter-rotation
connected to the ith actuator — which is added to dynamically balance the mechanism
— and ry; is the position vector of the center of mass of the ith link. Vector hy; is the

angular momentum of the ith link with respect to its center of mass, i.e,

hy = mik20w, i=1,...,12 (3.10)

where k; is the radius of gyration of the ith link with respect to its center of mass and,

for Case I,

éi:glaui:[()?O?l]Ta Z:174’5’87
éi2927ui:[07071]T7 2227376’7’
éi:é?n ui:[17070]T7 229710711712
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The components of h, can then be written as

how = A(sin; cos 0305 — cos ; sin 9391) + B(sin 0y cos 0365 — cos 0y sin 9392) + Fés

(3.11)
hoy = —A(sind;sin 030, + cos 0; cos 6393) — B(sin 6 sin 0305 + cos Oy cos 9393) (3.12)
ho. = A(sinb; cos 050, — cos ), sin 6393) + B(sin 0y cos 0305 — cos 0 sin 0393) +
C' cos (0 — 0,) (6, + 65) + DO, + Eb, (3.13)
where
A = mglyrs + mrlils + mslsrs + maglirig + marliry +myli(Is + 1) (3.14)
B = mglsre + mylsry + mslals + maolario + maalarias + mpla(ls + 1) (3.15)
C = mslirs + malory + melirs + mglars + maolils + mylils (3.16)
D = (mg+mz+my+mu +mp)li +mi(k +r7) + ma(k] + i) +
ms(kz +12) + mg(ks +73) — Ly (3.17)
E = (my+mg+mi+mi+my)ls +ma(ks +13) +ma(ks +13) +
me(ka +72) +mz(k2 +12) — Lo (3.18)
F = (ms+mg+my+mg)l; +my(ls +1)* + mo(ki +13) +
mao(kio + 7o) + mar (k) +77)) + maa(kly +11y) — Lo (3.19)

From egs. (1.4) and (3.11-3.13), a set of sufficient conditions for moment balancing
of the mechanism can be written as A=B=C=D=FE=F=0,1i.e.,

mslsrs + mylils + mglsrs + maolirig + magliry + mpll(l3 +1)=0 (3.20)
melsre + mrlsry + mglals + maglarig + mazlaria + myla(ls + 1) =0 (3.21)
m3l17"3 + m4127"4 + m7l17“7 + m8l27’8 + m10l1l2 + mplll2 =0 (322)

(mg + my +mig +mq + mp)l% + ml(k:f + T%) + m4(ki + TZ)—F
ms (k2 +12) + mg(ki +73) — Iy =0 (3.23)

(m4 + mg + mig + M2 + mp)lg + mQ(kg + 7’%) + mg(kg + T§)+
ma(k’g + Tg) + m7(k‘$ + 7"?) — ICTQ =0 (324)

(ms 4+ me + mz +ms)ls + my(ls + 1o)* + mo(k§ + 15)+
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Figure 3.4: Counterweight on the link.
mao(kfy + 1) +mar(kfy +11y) + mao(kly + 1) — Ly = 0 (3.25)

Hence, any mechanism of type I satisfying eqs. (3.6-3.8) as well as egs. (3.20-3.25) will
be reactionless. Moreover, from egs. (3.5) and (3.11-3.13), it is found that the global
center of mass of the mechanism will be fixed at the origin O of the coordinate frame
(i. e., r =0) and the angular momentum of the mechanism relative to the fixed point

O will be zero (i. e., h, = 0) under the above dynamic balancing conditions.

For case II, the same conditions of static and dynamic balancing are obtained fol-
lowing the same procedure as in Case 1. This confirms that the balancing conditions

are not dependent on the actuation schemes.

3.4 Optimization

From the equations obtained above for the static and dynamic balancing of the mech-
anisms it is clear that there exist infinitely many solutions to the equations and that
a direct determination of the variables — the masses and positions of counterweights
and the magnitude of the counter-rotations — is not straightforward. In other words
there are infinitely many reactionless mechanisms available for a given geometry of the
parallelepiped mechanisms. Hence, optimization is used in order to obtain better solu-
tions for the counterweights and counter-rotations. The objective of the optimization
is to minimize the masses of the counterweights and to locate the center of mass of each
link as close as possible to the geometric center of the link. Two different types of ob-

jective functions have been used for the optimization of the parallelepiped mechanisms,
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namely
12 12
min F' = 7, Z(rl —0.5l;)? —1—77227711- (3.26)
i=1 i=1
or
12
min F' = > mer; (3.27)
i=1

where n; and 7, are weighting coefficients and m,; is the mass of the counterweight
added on the sth link while m; is the mass of link ¢ including the counterweight
(Fig. 3.4). The optimization is subject to the constraint conditions (3.6-3.8) and (3.20—
3.22). The masses m,; and positions r.; of counterweights are selected as the variables
of the optimization. The resulting mass m;, position of center of mass r; and radius of
gyration k; of the ¢th link can be calculated from the link parameters and the mass and
position of the added counterweight on the link (Fig. 3.4) on the assumption of uniform
link with a linear density p; (namely, the mass of the origin link is equal to {;p;). The
two objectives of the optimization are chosen to minimize the counterweight of a link
and to force the resulting center of mass of the link as close as possible to the joint
O; no matter whether the counterweight is located on the original part or extension
part of the link, hence to minimize the momentum of the link with respect to the refer-
ence point O of the system, finally to minimize the required counter-rotations. This is
the optimization of a constrained nonlinear multivariable function. Hence, the function
constr of the mathematical software Matlab is used for this purpose. This function uses
the Sequential Quadratic Programming (SQP) in addition to checking the positivity
of the Hessian of the Lagrangian at each major iteration. Since constr may only give
local solutions, different initial values given randomly were used for the optimization
and the best solution was chosen as the optimization result. T he counter-rotations are
computed, a posteriori, upon convergence to a solution, by substituting the optimum

solution into eqs. (3.23-3.25) and solving for I,;.
An example of optimization is now given. The geometry of the mechanism has been
chosen such that
Ly = ly = l3 = 200 mm, [, = 100 mm, m, = 0.05 kg

pr = 0.211272 kg/m

and an optimization has been performed using the objective function of eq. (3.27).

Since constr may only give local solutions, different initial values have been used for
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Table 3.1: A numerical example of reactionless spatial 3-DOF parallelepiped mecha-

nism.
Link i m; (kg) ri (mm) k; (mm)
1 1.2437 -92.3 40.3
2 1.0619 -91.0 43.2
3 0.0424 100.0 57.7
4 0.4499 -78.8 62.7
5) 0.0424 100.0 57.7
6 0.5105 -81.3 59.4
7 0.0424 100.0 57.7
8 0.0424 100.0 57.7
9 1.2439 -92.3 40.3
10 0.0636 150.0 86.6
11 0.5105 -81.3 59.4
12 0.0424 100.0 57.7
Ir1 (kgmm?) | Lo (kgmm?) | I,z (kgmm?)
46700 43000 50300

the optimization and the best solution was chosen as the optimization result as shown
in Table 3.1.

The reactionless example mechanism is represented schematically in Figure 3.5.
The three counter-rotations are connected to the actuated bars by transmissions and
the magnitudes of the counter-rotations with respect to corresponding axes must be

Icrh ]cr2 and ]cr3-

3.5 Verification of the Reactionless Property

The verification of the reactionless property is performed using the dynamic simulation
software ADAMS. For the above example mechanism, simulation models for Case I and
Case II respectively are built using ADAMS (Figure 3.6). In the simulation modeling,

the joints are defined using revolute joints or spherical joints. However, in order to sim-
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(a) Arrangement of the counterweights.

(b) Arrangement of the counter-rotations.

Figure 3.5: Schematic presentation of an example of dynamic balancing.
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Figure 3.7: Verification

nisms (Case I).

(b) Joint forces and driving torques.

of the reactionless property of 3-DOF parallelepiped mecha-
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Figure 3.10: Verification of the reactionless property of 3-DOF parallelepiped mecha-

nisms (Case II).

ulate the real motion of the mechanism, some constraints — parallelism between the
bars — are also imposed. It has been found that this does not affect the resulting reac-
tion forces and moments on the base in the simulation. The mass, center of mass and
moments of inertia of each link which actually include the properties of corresponding
counterweights are specified interactively. The three cylinders —with certain moments
of inertia and defined as counter-rotations — are fixed on the base and connected re-
spectively to the actuated links by gears. The effective inertia of the counter-rotations

with respect to corresponding axes must be equal to the required values.

Simulations have been performed for several arbitrary trajectories. The global re-
action forces and moments on the base as well as the forces on the joint connecting the
first link with the base and the driving torques of the three actuators for the Case I
are illustrated in Figure 3.7. The results clearly demonstrate that the resulting reac-
tion forces and moments on the base are very small compared to the joint forces and
driving torques (with a ratio of 107* to 107°). Additionally, Figure 3.8 and 3.9 show
that the center of mass of the mechanism is fixed and the angular momentum of the
mechanism is constant (zero). Indeed, all the non-zero results obtained are most likely
due to small modeling errors arising from the limited number of digits used in ADAMS

for the parameters.
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For the example mechanism of Case II, similar results have been obtained. The

reaction forces and moments on the base are illustrated in Figure 3.10.

Hence, it is clearly shown that the 3-DOF parallelepiped mechanisms can be com-
pletely balanced. In other words, there are no reaction forces and moments on the base

at all times and for arbitrary trajectories.

3.6 A Practical Implementation of 3-DOF
Parallelepiped Mechanisms

3.6.1 Description of the Mechanisms

As mentioned before, several feasible designs can be proposed for the parallelepiped
mechanisms (Figure 2.2). Moreover, it is found that half of the parallelepiped mecha-
nism — with three instead of six faces — has the same function as the parallelepiped.
The CAD models and schematic representations of a practical implementation of the
parallelepiped mechanisms for Case I and Case II are shown in Figure 3.11 and Fig-

ure 3.12 respectively.

In Case I, the bottom face consists of a planar 5-bar linkage connected by revolute
joints. The offset in the linkage is designed for the mounting of the two actuators
which drive the edges V; and V, (Figure 2.2) respectively. The side face consists of
a 6-bar linkage connected by a spherical joint (D) and revolute joints (G, C, I, M
and O). Similar joint designs are used for the third face. Notice that all the axes
of the revolute joints at a vertex intersect at the vertex center point. Furthermore,
OA =CB = HF,0C = AB = DG,0D = CG,CH = BF (see Figure 3.11). The
three actuators are fixed to the base. Then, the mechanism can be deformed with the

faces remaining planar and can be used to position the end-effector.

In Case II, the bottom face consists of a spatial 8-bar linkage connected by spherical
joint (A) and revolute joints (N, J, R, I, M,W and V). The side face consists of a 6-bar
linkage connected by a spherical joint (D) and revolute joints (G, C, I, M, W and U).

The third face also consists of a 6-bar linkage with a spherical joint (H) and revolute



(a) CAD model.

(b) Schematic representation.

Figure 3.11: CAD model and schematic representation of a practical implementation

of 3-DOF parallelepiped mechanisms (Case I).
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(a) CAD model.

(b) Schematic representation.

Figure 3.12: CAD model and schematic representation of a practical implementation

of 3-DOF parallelepiped mechanisms (Case II).
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Figure 3.13: Schematic representation for the determination of the balancing conditions

for the practical parallelepiped mechanisms (Case I).

joints (F', B, J, R and C). All the axes of the revolute joints at a vertex intersect at the
vertex center point (e.g., the three actuated revolute joints (U, V, W) intersect at point
O). Moreover, the equality of the length for the corresponding links are defined as in
Case I. Then, the mechanism realizes the mobility and kinematics of the parallelepiped
of Case II (Figure 2.2).

Clearly, the kinematics of practical parallelepiped mechanisms (Figure 3.11 and
3.12) is identical to that of parallelepiped mechanisms (Figure 2.2) for Case I and II
respectively. Hence, all the results of the kinematic analysis obtained in Chapter 2 can

be used for the practical parallelepiped mechanisms.
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3.6.2 Reactionless Conditions for the Practical 3-DOF
Parallelepiped Mechanisms

A schematic representation for the determination of the balancing conditions for the
practical parallelepiped mechanism of Case I (Figure 3.11) is shown in Figure 3.13
where a and (a + b) are the offsets of the moving plane of two actuators relative to the
origin point O. The center of mass of each link is assumed to lie on the axis of the link.
All the terms are defined as in Section 3.2.

From Figure 3.13, the position vector of the global center of mass of the paral-

lelepiped mechanism, noted r, can be written as

Mr = my(rie; — (a+ b)e,) + ma(lie; + raes — be, )+

msz(loes + r3€1 — be,) + my(ryes — be,) + ms(laes + r5€3)+

me((ls — c)es + reea) + mqrres + mg(laes + lzes + rgeq )+
mo(l1e1 + o€y + T9€3) + my(l1er + laea + (I3 + . )es) (3.28)

where M is the total mass of the mechanism, i. e.,

9
M=) m;+m, (3.29)

=1

and vectors e; are defined as follows:

cos 6, cos 0 0 0
e = |sinf; |, e = |sinfy|, e3=|cosbz|, e, = |0 (3.30)
0 0 sin 03 1
Collecting terms in eq. (3.28), one obtains
Mr = (myry + maly + mars + mgrs + moly + myly)e;+
(TYLQTQ + mglg + myry + m5l2 + mgrg + mglg + ’ITLng + mplg)eg—f-
(m57“5 + mG(lg — C) + mery + mglg -+ mgrg + mp(l;g + le))eg—
(m1(a + b) + mab + mzb+ myb)e, (3.31)

From eqs. (1.3) and (3.31), a set of sufficient conditions for force balancing of the

mechanism can be written as follows:

miry + msrs + mgrs + (m2 + mg + mp)ll =0 (332)

MoTo -+ MiyTy + meTe -+ (m3 + ms + mg + Mg —+ mp)lg =0 (333)
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msrs + me(ls — ¢) + mery + mgls + morg + my(ls +1.) =0 (3.34)

Under the above force balancing conditions, the global center of mass is fixed at

e ml(a+b)+(n]\”i[2+m3+m4)bez (3.35)

Moreover, the angular momentum of the mechanism can be written as

9
ho = Z(hgz + Iy; X mlrgl) + r, X mpi'p — Icﬂﬁlul — [cr292u4 — [CT393LI7 (336)
=1

where

0; =6, u;=[0,0,1]", i=1,3,8;
0; = 0y, w; = [0,0,1]", i=2,4,6;
0; = s, w; = [1,0,0]", i=5,7,9

Hence, the angular momentum of the mechanism can be written in detail as follows:

h, = mlkjfélul +my(rie; — (a+b)e,) X 1€ +
mak20auy + mo(lier + roes — be.) X (I1€1 + ryés) +
msk261us + ms(lses + rse; — be.) X (Ipey + r3éq) +
mak20ouy + my(rees — be.) X ryeq +
msk203us + ms(laey + rse3) X (lo€y + r5e3) +
mek20ug + mg((Is — c)es + rges) X ((Is — ¢)és + r6€3) +
m7k:§93u7 + myrres X rres +
msk§91u8 + mg(loey + lses +rger) x (lo€g + 363 + 13€;) +
mok2fsug + mg(l1e; + loey + roes) X (1161 + lo€y + 79€3) +
mp(lier + laeg + (I3 + lc)ez) X (liéy + l2&s + (I3 + l.)és)
1610y — Lyobyuy — I363uz (3.38)

Furthermore, one has

0 0 1
el><é1:él 0 s ez><é2:9'2 0 , 63Xé3293 0 ,
1 1 0



0 0
61Xé2:92 0 , e2><é1:91 0 s
cos(fy — 6) | | cos(fy — 61)
[ sin6; cosfs ] [ — cos 6, sinfs ]
e Xe3=~03|—costcosbls|, e3xeé =60, |—sinb;sinb; |,
| — cos ) sinbs | | sinf; cosfs |
[ sinfycosfs | [ — cos By sin b5 |
€y X é3 = 93 — COS 02 Ccos 93 , e€e3X € = 02 —sin 92 sin 93 s
| — cosfysinbs | | sinfycosfs |
—cos 6, — cos 65
e, X él = ‘91 — sin91 , €; X ég = ‘92 — sin92
0 0

The components of h, can then be written as

where

hOJB

Ry

My T QW

Q

A(sin 0y cos 0305 — cos 0; sin 0391) + B(sin 0, cos 0305 —
cos 0, sin 8392) + D cos 0,0, + E cos 0205 + Hbs

— A(sin 61 sin 050, + cos 0, cos 0393) — B(sin 6, sin 050 +
cos 0y cos 9393) + Dsin 6,60, + E sin 0,0,

A(sin 6, cos 036, — cos 0; sin 9393) + B(sin 6, cos 030, —
cos 5 sin 8393) + C cos (03 — 6’1)(91 + 02) + Fo, + Gb,

mglsrs + molyire + myly (I3 + 1)

mslars + me(ls — c)re + mslals + molarg + myla(ls + 1)
maliro + mglors + mglarg + molily + mplils
miri(a + b) + malib + marsb

mary + mgly + myry

(ma +mg +my)If + my (kY + 1Y) + ma(k3 +15) +
mg(ki +13) — L

(M3 +ms + mg + mg +m,)l3 +ma(ks +13) +
ma(k3 +173) + me(k§ +18) — Lyo

me(ls — ¢)* +msls +mp(ls + 1) + ms (ks + 75) +
my(k2 4+ 12) + mo(kg +13) — L3

(3.39)

(3.40)

(3.41)

(3.49)

(3.50)
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From egs. (1.4) and (3.40-3.42), a set of sufficient conditions for moment balancing of
the mechanism can be writtenas A= B=C=D=FE=F=G=H =0, 1. e,

mglsrs + molimg + myli(ls +1.) =0 (3.51)

mslars + me(ls — ¢)rg + mglals + molarg + myla(ls +1.) =0 (3.52)
moliry + mglars + mglars + molily + mplils =0 (3.53)
mari(a 4+ b) + malib + marsh =0 (3.54)

Mary + maly + myry = 0 (3.55)

(m2 + mg + mp)l% + ml(k% + T%) + mg(k'g + Tg) + mg(kg + 7“%) — Icrl =0 (356)

(ms + ms + ms + mg + my) 5 + ma(k3 +73) + ma(ki + 77+
me(kg +78) — Iy =0 (3.57)

me(ls — ¢)* + msly + my(ls + 1e)* 4+ ms (k3 + 13) + me (k3 + r5)+
mo(kg +73) — Iepz3 = 0 (3.58)

Hence, any mechanism of type I (Figure 3.11) satisfying eqgs. (3.32-3.34) as well as
egs. (3.51-3.58) will be reactionless. The global center of mass will then be fixed as
presented in eq. (3.35) and the angular momentum of the mechanism with respect to

point O will be zero.

For the practical parallelepiped mechanism of Case II (Figure 3.12), a schematic
representation of the mechanisms for the determination of the balancing conditions is
shown in Figure 3.14. The center of mass of each link is also assumed to lie on the axis
of the link.

From Figure 3.14, the position vector of the global center of mass of the paral-

lelepiped mechanism, noted r, can be written as

Mr = myrie; + ma(lie; + raes) + ma(laes + r3er) + myrges+

m5(l2e2 -+ 7”583> -+ m6((13 — c)e3 —+ 7”662) + mrrres -+ m8(12e2 -+ l3€3 -+ Tgel)+
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Figure 3.14: Schematic representation for the determination of the balancing conditions

for the practical parallelepiped mechanisms (Case II).

mg(l1e1 + l2e2 + r9e3) + mp(llel + l2€2 + (lg + le)eg) (359)

where vectors e; are defined as follows:

sin 64 cos 65 0
e = 0 , €= | sinfy |, e3 = | cosbs
cos 0, 0 sin 05

Collecting terms in eq. (3.59), one obtains

Mr = (myry + maly + mars + mgrs + moly + myly)e; +
(TI’LQT’Q + mglg + TNyTy + m5l2 + meTg + mglz + m9l2 —+ mplg)eg—f-

(m57"5 + m6(l3 — C) + mqry + mglg + MoTg + mp(lg -+ le))eg

(3.60)

(3.61)

From egs. (1.3) and (3.61), a set of sufficient conditions for force balancing of the

mechanism can be written as follows:

miry -+ mars -+ mers -+ <m2 + Mg + mp)h =0

m2r2+m4r4+m67’6+(m3+m5+mg+m9+mp)l2 =0

msTs + mﬁ(lg — C) + myry + mglg + MoT9 + mp<l3 + le) =0

(3.62)

(3.63)

(3.64)
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Moreover, for case II, the angular momentum of the mechanism can be written as
9 . . .
ho = Z(hgl + Ty X mzrgz) + r, X mpi'p — Icﬂelul — ICT292u4 — Icr363U7 (365)
i=1

where the angular momentum hgy, of the ith link with respect to its center of mass can

be written as
hy = mik26w;, i=1,...,9 (3.66)
where

0; =61, u; =[0,1,0]", i=1,38
0; = 0y, u; = [0,0,1]", i=2,4,6;
0; = 03, u; = [1,0,0]", i=5,7,9

Hence, the angular momentum of the mechanism can be written in detail as follows:

h, = mlkfélul + myrie; X rié; +
m2k§92u2 + ma(l1e + roe2) X (1161 + 12€2) +
m3k§91u3 + mg(loes + r3eq) x (lo€y + 13€1) +
m4k292u4 + myrs€s X r4€9 +
m5k§93u5 + ms(loey + 15€3) X ([2€9 + 15€3) +
m6k§92u6 + me((l3 — c)es +1ge2) X ((I3 — c)és + re€s) +
m7k$93u7 + merres X ro€s +
msk261ug + mg(lsey + lses + rge;) X (Ioey + lsés + 75€;) +
mokafsug + mg(lier + loes + roes) X (11€1 + 12&y + 19é3) +
my(lier + loea + (I3 + lc)es) x (L1€1 + 12€9 + (I3 + 1c)€3)
_Icrlélul - Icr292114 - Icr393u7 (3.67)

Furthermore, one has

0 0 1
61Xé1:91 1 s e2><é2:92 0 s e3><é3:03 0 ,
0 1 0
— cos 6y cos 0 — sin 6y sin 6y
e X € =10y | —cosf;sinfy |, ey xe =60, | sinfcosby |,

sin 64 cos 69 — cos 64 sin 0,



cos 01 sin 63 — sin 0y cos 05
e X €3 = 05 | —sin 6 cos by , e3X e = 0, | cos6, sin s ,
— sin 6 sin 05 — cos 0y cos 5
sin 05 cos O3 — €08 0, sin O3
€y X ég = 9'3 — COS 92 COS 93 , e€egX ég = 92 —sin 92 sin 93 (368)
— cos 0y sin 05 sin 0, cos 63

The components of h, can then be written as

hew = A(cos b, sin 0365 — sin 0; cos 9391) + B(sin 6, cos 0305 —

cos 05 sin 9392) — C(sin #; sin 056, + cos 6 cos 0292) + Hb, (3.69)
hey = A(cosbsin 036, — sin 0, cos 9393) — B(sin 6, sin 030, + cos By cos 9393) +
cos 0y cos 9393) + C(sin 6, cos 056, — cos ; sin 9292) + F6, (3.70)
ho. = —A(cosb cos 050, + sin 6, sin 9393) + B(sin 5 cos 030, —
cos 0, sin 9393) + C(sin 6 cos 050, — cos ; sin 9291) + GO (3.71)
where
A = mglgrs + molirg + myly (I3 + 1) (3.72)
B = mglors + me(ls — )1 + mglals + mglarg + myla(ls + 1) (3.73)
C = moliry + malars + mslars + molyls + mylils (3.74)
F = (mg+mg+my)E+my(kf +7r?)+ms(k3 +1r3) +
mg (k3 +713) — Lot (3.75)
G = (mz+ms+mg+mg+my)ls+my(ks +73) +
ma(ki +13) +me(kg +15) — Lo (3.76)
H = mg(ly —c)* + mgli +my(ls +1.)* + ms(kZ + 1) +
mar (k3 +13) +mo(k§ +15) — L (3.77)

From eq. (1.4) and (3.69-3.71), a set of sufficient conditions for moment balancing
of the mechanism can be written as A=B=C=F=G=H =0, 1i. e,

mglzrg + molirg + mpli(l3 + 1) = 0 (3.78)

m5127“5 + mﬁ(lg — C)T6 + mglgl3 + mglg’/’g -+ mplz(lg + le) =0 (379)

m2l17”2 -+ m3l27’3 + mglgrg + mglllg + mplll2 =0 (380)
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Table 3.2: A numerical example of reactionless practical 3-DOF parallelepiped mecha-

nisms (Case I).

(mg 4+ mg + mp)l% +my (K2 4+ 71?) + mg(k:;f + T%) + mg(k§ + rg) — I, =0

(ms3 + ms + mg + mg +my)l2 +ma(k2 +72) + my (k3 +r3)+
mﬁ(k‘g + T’g) — .[CTQ =0

me(l3 — ¢)* + mgl; + my(ls + 1o)? +ms(kz +13) + mq(k2 +r3)+
mg(k’g + T’S) - ](37“3 =0

Link i m; (kg) ri (mm) k; (mm)
1 0.056891 16.171 76.952
2 0.053846 167.085 115.601
3 0.133818 -78.690 95.906
4 2.0351 -14.284 13.976
5} 0.054788 50.819 74.583
6 0.360865 -123.556 67.988
7 2.0425 -48.331 17.704
8 0.147928 -85.492 93.612
9 0.044532 105.0 60.622

Iy (kgmm?) | Lo (kgmm?) | I3 (kgmm?)
8127.2 19911.6 21629.4

(3.81)

(3.82)

(3.83)

Hence, any mechanism of type Il (Figure 3.12) satisfying egs. (3.62-3.64) as well as

egs. (3.78-3.83) will be reactionless. The global center of mass will then be fixed at

r = 0 and the angular momentum of the mechanism with respect to point O will be

Z€ero.

By comparing the two sets of dynamic balancing conditions for the practical par-

allelepiped mechanisms of Case I and Case II respectively, it is found that the force

balancing conditions are identical for both cases while there are two more conditions
(egs. 3.54 and 3.55) for the moment balancing of Case I than that of Case II. Actually,

the dynamic balancing conditions for Case II are a subset of those of Case I associated

with the special case for which a = b = 0. This confirms that dynamic balancing of a
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Table 3.3: A numerical example of reactionless practical 3-DOF parallelepiped mecha-

nism (Case II).

mechanism is only dependent on the geometric and inertial parameters but not on the

Link i m; (kg) ri (mm) k; (mm)
1 2.0076 -8.712 13.486
2 0.0904736 -43.315 98.642
3 0.0318086 75.0 43.301
4 2.0432 -51.575 18.085
) 0.3748467 -143.3 86.522
6 0.0636172 187.5 116.678
7 0.0318086 75.0 43.301
8 0.1479276 -85.492 93.612
9 0.0445321 105.0 60.622

Loy (kgmm?) | Iy (kgmm?) | I (kgmm?)
7296.2 24860.8 19830.4

actuation schemes and the motion of the mechanism.

3.6.3 Verification of the Reactionless Property

After dynamic balancing conditions have been obtained for each case, optimization
using the same algorithm and procedure as used in Section 3.3 will be performed in
order to obtain solutions for the counterweights and counter-rotations. The geometry

of the mechanisms has been chosen such that
[y = 150 mm, ly = 150 mm, I3 = 180 mm, I, = 30 mm
a =40 mm, b = 24 mm, c = 30 mm, m, = 0.05 kg

pr = 0.211272 kg/m

and an optimization has been performed using the objective function of eq. (3.27)
and the constraints of corresponding dynamic balancing conditions. The optimization
results for Case I and Case II have been obtained as shown in Table 3.2 and Table 3.3
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respectively. Apparently, the parameters in Table 3.2 also satisfy the dynamic balancing
conditions of Case II (egs. 3.62-3.64 and eqgs. 3.78-3.83). In other words, the practical
parallelepiped mechanism of Case II with parameters in Table 3.2 will be dynamically

balanced.

For the above example mechanisms, simulation models for the mechanisms of Case
I and Case II respectively are built using ADAMS (Figure 3.15). The mass, center
of mass and moments of inertia of each link are specified interactively. The three
counter-rotations are fixed on the base and connected respectively to the actuated
links by gears. Simulations have been performed for several arbitrary trajectories. The
resulting reaction forces and moments on the base of one simulation are illustrated
in Figure 3.16. The results clearly demonstrate that the resulting reaction forces and
moments on the base are very small compared to the joint forces and driving torques
(with a ratio of 107 to 107°).

Hence, it is clearly shown that the practical 3-DOF parallelepiped mechanisms can

be completely balanced.

Notice that all the above dynamically balanced parallelepiped mechanisms are ob-
tained on the assumption that the center of mass of each link of the mechanisms is
located on the axis of the corresponding link. Otherwise, we have found that the paral-
lelepiped mechanisms cannot be dynamically balanced unless all links whose center of
mass is not on the axis of the link undergo planar motion. Hence, in the future struc-
ture design of each link, we must ensure both of these requirements and the dynamic

balancing conditions as shown in the tables for the example mechanisms.

3.7 Discussion

By investigation of the parallelepiped mechanisms of both cases, it is found that the
mechanism of Case II has a larger workspace — without the consideration of joint lim-
itation and link interference — and more maximum real solutions of inverse kinematics
than the mechanism of Case I. Yet, the dynamic balancing of the mechanism of Case
IT can be obtained only on the assumption that the center of mass of each link is lo-

cated on the corresponding link, while the dynamic balancing of Case I could obtained
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for a more general case. Which mechanism is better depends therefore on the design

requirements and limitations of the practical applications.

From the above example mechanisms, we find that the reactionless 3-DOF par-
allelepiped mechanisms were achieved at the expense of a substantial increase of the
masses of the moving links and the complexity of the mechanism. Let us take the
practical 3-DOF parallelepiped mechanism (Case II; Table 3.3) as an example. The
payload (point mass) is 0.05kg, m; and r;,i = 1,...,9 are respectively the resulting
mass and position of the center of mass of the combination of link ¢, the counterweight
and the extension part for mounting the counterweight if applicable. The masses of
the original links are 0.03817 kg for link 5, 0.044532 kg for link 9 and 0.0318086 kg for

other links. Actually, the counterweight and its position on link 7 are listed as follows:
me = 1.9737, meo = 0.0277078, me3 = 0, mey = 2.0, mes = 0.298506

meg = 0.0318086, m; = 0, mg = 0.0843104, mo =0
re1 = —10.0647, rep = —145.9847, r.3 = 0, 1oy = —53.7286, o5 = —180
reg = 300.0, rer = 0, reg = —150.0, o9 = 0

where masses are in kilograms and the lengths in millimeters. In order to balance the
original mechanism, a total 4.5304518 (4.8358144-0.30536256) kg of mass has been
added. Apparently, the total mass increases about 12.5 times (4.5304518/(0.05 +
0.30536256)). As mentioned before, a 3-DOF parallelepiped mechanism is kinemat-
ically equivalent to a spatial three-link serial chain (e.g., Figure 3.17). In order to
balance this serial chain, an ordinary method can be used, i.e., at the extension part
of each link a counterweight is added to locate the center of mass of the link at the
joint for all motions (e.g., A, B,O). This results in zero linear momentum for whole
mechanism, whereas adding a counter-rotation (or a combination of counterweight and
a counter-rotation; not shown on the figure) leads to zero angular momentum. It is
assumed that the three counterweights are mounted at the positions as: r.; = 10.0647,
Teo = 145.9847, r.9 = 50 mm, for comparison with the example above. Regardless of the
mass of the extension part for simplicity, the three counterweight are finally determined
as: Meg = (105mypg+210my,) /19 = 0.3035172, m 4 = meg+mpg+m, = 0.3980492, mo =
(75mpe + 150ma)/reo = 0.425339265, mp = me + mpo + ma = 0.855197065, m. =
(75my; + 150mp)/ra = 15.1158 kg, where m4 and mp are total mass of link 9 and
link 2 respectively. Therefore, the total counterweight is 16.274516kg. The total mass
increases 16.274516/(my; + myz + myg) = 150 times. The shorter the length of 7., re
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me

Figure 3.17: A three-link serial chain

or 7.9, the more the mass increase of the system. Clearly, for the dynamic balancing
of the two mechanisms with the same payload, the parallelepiped mechanism can have
much less mass increase of the system than that of the three-link serial chain. This
result further confirms that the parallelograms can transmit the rotation of the moving
mass to a link pivoted to the base, and results in adding less counterweight on this link
for balancing the moving mass (Herder and Gosselin, 2003). A similar conclusion has
been found for the three counter-rotations. All these results further demonstrate the

advantage of lower inertia of the parallel mechanisms as compared to serial mechanisms.

3.8 Conclusion

The design and dynamic balancing of the novel 3-DOF parallelepiped mechanisms
with general architecture and practical implementations have been addressed in this
chapter. Two modes of actuation of the mechanisms are considered. The balancing
equations have been derived by imposing that the center of mass of the mechanism is
fixed and that the total angular momentum is constant with respect to a fixed point.
A set of conditions on the link parameters for each case has thereby been obtained,
which constitutes the balancing conditions. Counterweights and counter-rotations are
used to dynamically balance the mechanism. Optimizations have been performed in
order to obtain solutions for the counterweights and counter-rotations, based on the
balancing conditions. The dynamic simulation software ADAMS has been used to

simulate the motion of the novel 3-DOF parallelepiped mechanisms and to verify that
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the mechanisms are reactionless at all times and for arbitrary trajectories. Several
numerical examples of reactionless 3-DOF' parallelepiped mechanisms have been given
in this chapter and it has been shown that 3-DOF parallelepiped mechanisms can be

completely balanced.
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Chapter 4

Kinematic Analysis and Dynamic
Balancing of 6-DOF Parallel
Mechanisms Using Parallelepiped

Mechanisms

This chapter deals with the synthesis, kinematic analysis and dynamic balancing of 6-DOF
parallel mechanisms using parallelepiped mechanisms. The kinematic analysis including the
inverse and direct kinematics as well as the determination of singularity loci and workspace
of the 6-DOF parallel mechanisms are presented. The Jacobian matrix of the mechanisms
associated with different actuation schemes are derived. A geometrical algorithm and a dis-
cretization method are respectively used for the determination of the workspace for both of
the two cases of the mechanism. Then, the graphical representations that show the relation-
ship between the singularity loci and the constant-orientation workspace of the mechanism
are given. Finally, the dynamic equivalence between a platform and three point masses and
the dynamic balancing of 6-DOF parallel mechanisms are addressed.

72



4.1 Introduction

The spatial 3-DOF parallelepiped mechanisms introduced in the preceding chapters
can be used as legs to synthesize spatial multi-degree-of-freedom parallel mechanisms
or manipulators, having up to 6-DOF. The end-effector point of the 3-DOF mechanism
is attached to the mobile platform using either a spherical or a Hooke joint, depending
on the number of legs used and the desired number of degrees of freedom for the
mechanism. These factors also determine the number of joints to be actuated for each
leg. The mobility [ of the synthesized mechanism can be determined by the application
of the general mobility criterion of Chebychev-Grbler-Kutzbach (Hunt, 1978), i.e.,

g

l=dn—g—1)+>_fi (4.1)

i=1
where n is the number of links including the base, g is the number of joints, f; is the
degree of freedom of joint 7, d is the dimension of the system under study (e.g., for a
planar system d = 3, while for a spatial system d = 6). A 6-DOF parallel manipulator
or mechanism can be obtained using only three legs and two actuators for each leg and
spherical joints to connect the legs to the mobile platform. As mentioned before, the
parallelepiped mechanism is kinematically equivalent to a spatial RRR serial chain.
Hence, for the proposed mechanism, we have d = 6, n = 11, g = 12, and Xf; = 18,
the mobility of the mechanism thus being equal to 6. In fact, for the synthesized
manipulator, each leg has 6 degrees of freedom and does not exert any constraint on

the platform.

For the dynamic balancing of a multi-degree-of-freedom parallel mechanism with
several legs, the derivation of the balancing conditions is very complicated or even
impossible to obtain using the approach used in the preceding chapters (egs. (1.3) and
(1.4)) for the whole mechanism where the mass and inertia of the moving platform and
all the leg mechanisms need to be considered. One simple approach to this problem
is to replace the moving platform with equivalent point masses located at the points
of attachment of the legs to the platform. Ricard and Gosselin (2000) have used three
point masses to replace the moving platform for the development of reactionless planar

parallel manipulators.

In this chapter, after describing the synthesis of 6-DOF parallel mechanisms with

three legs of parallelepiped mechanisms, the kinematic analysis including the inverse
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Figure 4.1: CAD model of a 6-DOF parallel mechanism (Case I).

and direct kinematics as well as the determination of singularity loci and workspace
of the 6-DOF parallel mechanisms will be solved. The Jacobian matrix of the mecha-
nisms associated with different actuation schemes are derived. A geometrical algorithm
and a discretization method are used for the determination of the workspace for the
mechanisms using two different cases of the leg mechanism denoted as Case I and Case
IT. The graphical representations that show the relationship between the singularity
loci and the constant-orientation workspace of the mechanism are given. Finally, the
dynamic equivalence between a platform and three point masses will be discussed and

the dynamic balancing of 6-DOF parallel mechanisms will be addressed.

4.2 Geometric Description

The 6-DOF parallel mechanisms represented in Figures 4.1 and 4.2 are composed of
a fixed base and a moving platform connected by three identical legs. The legs are
symmetrically arranged and attached to the platform with spherical joints. Each of the

three legs is a spatial 3-DOF parallelepiped mechanism. A schematic representation of
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Figure 4.2: CAD model of a 6-DOF parallel mechanism (Case II).

one leg of the spatial 6-DOF parallel mechanism is shown in Figure 4.3. A fixed reference
frame O — xyz is attached to the base of the mechanism and a moving coordinate frame
O' — 2'y'Z is attached to the mobile platform. Moreover, a local coordinate frame {n¢
is attached to the base at point B; and its £-axis and n-axis coincide with the z-axis
and y-axis of the parallelepiped mechanism (Figures 2.2, 3.11 and 3.12). Any two
of the three links denoted by Vi, V5 and V3 respectively attached to the fixed base
are actuated using fixed revolute actuators for each leg (Figure 4.3). Hence, totally 6

revolute actuators are used for the whole 6-DOF mechanism.

4.3 Inverse Kinematics

In Figure 4.3, the points of attachment of the three legs to the base are noted B;, 1 =
1,2,3 and the points of attachment of all legs to the platform are noted P;, i = 1,2, 3.

The mounting angle of the leg mechanism noted «; is the angle of the £-axis of the



Figure 4.3: Schematic representation of one leg of the spatial 6-DOF parallel mecha-

nism.
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local frame with respect to the z-axis of the global frame. One can then write

p; =p + Qb; (4.2)

where p; and p are respectively the position vectors of point P; and the centroid of
the platform O’ expressed in the fixed coordinate frame and b; is the position vector

of point P; in the moving coordinate frame, i.e.,

z 2 2

Furthermore, Q is the rotation matrix corresponding to the orientation of the platform
of the mechanism with respect to the base coordinate frame — usually written as a
function of the three Euler angles representing the three degrees of freedom in rotation
of the platform that are defined by first rotating the mobile frame about the base z-
axis by angle ¢, then about the mobile new z-axis by an angle 6, and finally about the

mobile new y-axis by an angle v, i.e.,

cos ¢ cosy —sin¢sinfsiny —singcosf  cos ¢sin) + sin ¢ sin 6 cos P
= |sin¢cost + cospsinfsinty  cospcosf  sin@siny — cos @sin b cos)
— cosfsiny sin cos 6 cos
(4.4)

The computation of the joint coordinates of each leg is fully independent from the
computation of the rest of the joint coordinates. For example, we take the ith leg into
account. For a given position and orientation of the platform, the Cartesian coordinates
of P; in the fixed frame can be calculated from eq. (4.2). Then, the vector s; from the
base attachment point B; (with position vector pg;) to the platform attachment point

P; in the global frame for each leg can be written as follows:

For Case I,
8i = Pi~— Poi
ll COS(QU + Oéi> + l2 COS(QQZ‘ + Oéi) — (l3 + le) COS 931' sin (07
= | Iy sin(0y; + a;) + Loy sin(ba; + ;) + (I3 + L) cos O3; cos (4.5)
(13 + le) sin 931‘
while for Case II,
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[y cos au; sin 0y; + Iy cos(bo; + o) — (I3 + o) cos O3; sin o
= | lysinaysin0y; + o sin(0y; + a;) + (I3 + o) cos O3, cos o (4.6)
[y cosby; + (I3 + 1) sin O3;

where the first index of the subscript of joint coordinates (6y;, 02; and 03;) stands for
ordered joint coordinate — as defined in Figures 2.5 and 2.6 — while the second index
i represents the number of the leg. Then, the joint coordinates of the 3-DOF paral-
lelepiped mechanisms, namely, the actuated joint coordinates of the 6-DOF parallel

mechanism can be derived from egs. (4.5) and (4.6) for Case I and Case II respectively.

Another solution to the inverse kinematic problem of the leg mechanisms is to
substitute the components of vector s; with respect to the local frame B; — &n( to the
components (z, y and z) of vector p in egs. (2.3) and (2.7) respectively for Case I and
Case II. Then, the solutions to egs. (2.3) and (2.7) can be directly used for the inverse

kinematics of the leg mechanisms.

4.4 Direct Kinematics

The direct kinematic problem of the 6-DOF parallel mechanisms using parallelepiped
mechanisms can be shown to be equivalent to direct kinematics of the existing parallel
mechanisms or manipulators — e.g., a mechanism with three prismatic legs (RRPS
chains) and the TSSM mechanism — for which the solution has been shown to be
reducible to a 16th-order polynomial equation (Merlet 1992a; Nanua et al. 1990; Ebert-
Uphoff and Gosselin 1998).

4.5 Constant-Orientation Workspace

As we mentioned in Chapter 1, the constant-orientation workspace is the most com-
mon subset of the complete workspace for parallel mechanisms. In this section, both
numerical and geometrical algorithms are used for the determination of the constant-

orientation workspace of the 6-DOF parallel mechanisms.

Gosselin (1990) presented a geometrical algorithm for determining the constant-
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orientation workspace of 6-DOF parallel manipulators. For Stewart platform manip-
ulators, the workspace was obtained from the intersection of 6 regions, each of which
being the difference between two concentric spheres. Similarly, if mechanical interfer-
ences are neglected for the 6-DOF parallel mechanism of this chapter, the workspace
can be obtained from the intersection of three spatial regions. Each of these regions is
the workspace of a parallelepiped leg as shown in Figures 2.14 and 2.15 for Case I and
Case II, respectively, with respect to the local frame B; — £n¢ and with its center of

the workspace at the point with coordinates (pg; — Qb;) relative to the global frame.

Numerical algorithms (or discretization methods) are common and applicable to all
parallel mechanisms, especially to some spatial complex ones. The constant-orientation
workspace is the set of permissible positions — i.e., corresponding to real solutions of the
inverse kinematic problem — for the center of the mobile platform while the platform is
kept at a constant orientation if mechanical interferences are neglected. However, there
are several real solutions to the inverse kinematics of the mechanism and only one real
solution is used for the actuation of the practical mechanism. Therefore, we will also
determine the constant-orientation workspace of the practical mechanism associated
with the working mode (Chablat and Wenger, 1998) —the real solution of the inverse

kinematics for the actuation of the joints.

Now, an example of the 6-DOF parallel mechanism is given, the geometry of the
three leg mechanisms has been chosen such that
[y = 100 mm, Iy = 50 mm, l3 = 50 mm, [, = 50 mm

and moreover, the radii — from the centroid to the attachment points — denoted by
r and R of the mobile platform and the base are 60 mm and 171.8 mm, respectively,

and the mounting angles of the leg mechanisms are chosen as

o 1 2w 47
o= arctan(i), ay = + 3= + 3
Then
T COS § [0 —7COS §
by = | —rsin% |, by = , by = | —rsin§ (4.7)
0 0 0
Rcos & [0 —Rcos §
Por = | —Rsing |, po2= | R|,pos = | —Rsing (4.8)
0 0 0
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Figure 4.4: Constant-orientation workspace, (¢, 0,1) = (0,0,0) (Case I).

Finally, a constant-orientation workspace of the example mechanism (Case I) asso-
ciated with the Euler angles (¢,0,1) = (0,0,0) is obtained using a numerical method
and is shown in Figure 4.4, while workspaces of the mechanism with orientation of
(¢,6,v) = (0,0,0) and (¢,0,7) = (5°,20°,10°) of the platform associated with a spe-
cific working mode are shown in Figure 4.5. In order to show the difference between
these two kinds of workspace, only one section (e.g., z = 30mm) of the workspaces is
considered. The boundaries of the two kinds of workspace associated with this section
are shown in Figure 4.6 where the outer thin curve represents the boundary of the
constant-orientation workspace, while the inner thick curve stands for the workspace
associated with the chosen working mode. The difference between the two boundaries

is only apparent near the corners.

In order to better demonstrate the workspace of the example mechanism (Fig-
ure 4.4), different sections of the workspace are obtained and are shown in the left

column of Figure 4.7 and 4.8.

Moreover, the workspace of the 3-DOF parallelepiped mechanism of Case I has
been obtained using a geometrical method in Chapter 2 as shown in Figure 2.14. We
can determine the workspace of the 6-DOF parallel mechanism (Case I) just from the
intersection of these three workspaces of the leg mechanisms — each of which being

with an orientation of the mounting angle «; and with center at point of coordinates
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Figure 4.5: Constant-orientation workspaces associated with a specific working mode
(Case I).
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Figure 4.6: Comparison of constant-orientation workspaces associated with a specific

working mode and all working modes respectively, (¢, 8,1) = (0,0,0) (Case I).
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Figure 4.9: Constant-orientation workspace, (¢,6,1) = (0,0,0) (Case II).

(Poi — Qb;) relative to the global frame. Therefore, we can obtain the boundaries of
the workspace of the 6-DOF parallel mechanism for a given section (i.e., a given value
of z) from the corresponding boundaries of the workspace of the 3-DOF parallelepiped
mechanism (Figure 2.14). Namely, after drawing the boundaries of the workspace of
each leg mechanism in the global frame, by rotating the corresponding boundaries
(Figure 2.14) with an angle «; and putting the center at a point with the same x
and y coordinates as the point (pg; — Qb;), the boundaries of the workspace of the
6-DOF parallel mechanism are obtained for the given section. The intersection (thick
curves) of the three sets of boundaries just drawn are finally obtained as shown in the
right column of Figures 4.7 and 4.8. By comparing the two columns in the figures, we
can conclude that the constant-orientation workspaces determined respectively by the

numerical algorithm and the geometrical method are completely coincident.

However, it is very difficult to determine the workspace of the 3-DOF parallelepiped
mechanism of Case Il by a geometrical method. Hence, a numerical algorithm is used
for the determination of the constant-orientation workspace of the example 6-DOF
parallel mechanism (Case II) with working mode. Figures 4.9 and 4.10 demonstrate

respectively the workspace and its boundaries associated with different values of z.

84



T T T T T 60 T T T T T
a0 a0 4
201 201 B
= €
E of E of ]
> >
-201 -0 B
-40 —40f 4
~ . . . . . 60 . . . . .
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
X (mm) X (mm)

401
a0
201
201
— of —
£ €
£ E o
>_20| >
o0}
s
a0l
60l
~ . , . , . . . . , . .
-80 -60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
X (mm) X (mm)

(¢) z = 30 mm (d) z =10 mm

Figure 4.10: Boundary of the workspace for different values of z (Case II).

85



4.6 Singularity Analysis

For Case I, differentiating eq. (4.5) with respect to time leads to
§=J0;,i=1,23 (4.9)

where 9, = [91Z 9% égi]T and J; is the Jacobian matrix of leg ¢, which can then be
written as follows:
—lysin(fy; + o)  —lasin(fy; + o) (I3 + L) sin o sin 03,
J, = licos(0r; + ;) lacos(Oo + ;)  —(I3+ 1) cos ; sin Os;
0 0 (I3 + 1) cos O3

The joint velocities 0, can be obtained from the following inverse Jacobian matrix:

— cos(f2;+a;) —sin(f2;+0) — sin fs; sin f3;
11 sin(01,—02;) 11 sin(01;—02;) 11 sin(61,—02;) cos 03;
J -1 _ cos(01;+a;) sin(61;+a;) sin 01; sin 03; (4 10)
? l2 sin(601;—02;) l2 sin(01;—02;) l2 sin(61,—062;) cos 03; '
0 0 1
(I3+le) cos 03,

The Jacobian matrix J of the whole mechanism describes the relationship between

the velocities of the actuated joints and the platform velocity in the form.

w

0—3J [p] (4.11)

where 0 contains the velocities of all actuated joints, p is the velocity of the centroid of
the platform and w is the angular velocity vector corresponding to the skew-symmetric

matrix QQT, i. e.,
w=QQ" (4.12)

The relationship between individual joint velocities Hﬂ and the vector s; can also be
written as follows (Ebert-Uphoff and Gosselin 1998):

0ji = V15 (4.13)

T

where vector vj; is actually one row of the leg inverse matrix in eq. (4.10). Moreover,

one can write

s; = p + Qb; — po; (4.14)

Differentiating eq. (4.14) with respect to time yields
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Substituting eq. (4.15) into eq. (4.13) leads to
) T T P
b= 1¥% (@) x| P (4.16)

The above equation means that each actuated angle 0;; generates one row in the Jaco-

bian matrix J of the whole mechanism, i.e.,

J1
J=1: (4.17)
Je
with
e = [VgTz ((Qb;) x Vji)Tth (4.18)

where ¢ is the leg in which the actuated joint associated with the kth row of the Jacobian

is located and j is the actuated joint associated with this row.

It is now assumed that the revolute joints connected to the links V; and V5 respec-
tively are actuated for each leg. From eqgs. (4.10), (4.11) and (4.18), one can then write

the velocity equation in the form proposed in (Gosselin and Angeles, 1990), i. e.,

Ax = B (4.19)
where
= prw’" 4.20)
6 = [911912913921922923] (4.21)
(0,7 ((le) X nll)T_
np’ ((Qbg) x nlz)T
T b % T
A — H13T ((Qbs) n13)T (4.22)
ny ((le) X n21)
Ny’ ((Qbg) x n22)T
[ny3" ((Qbs) X ng3)" |
B = diag(gi1, 912, 913, 921, G22, G23) (4.23)
[ — cos(fy; + ;) cos O3
n; = | —sin(fy + ;) cosbs; (4.24)

L —sin 927; sin ‘93i
[ cos(bh; + ;) cos Os;
ny = |sin(fy; + a;) cosbs; (4.25)

sin 911' sin 031'
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g1i = lysin(by; — 6y;) cos Os; (4.26)
goi = losin(fy; — 0o;) cos b3, (4.27)
g3 = (I3+1.)cosbs; (4.28)

According to the definition given by Gosselin and Angeles (1990), the singularities of

Type I occur when

det(B) = 0 (4.29)
ie.,
3 3
H ll sin(@u — 921) COS (93i H l2 Sin(91i — 92z) COS 631' =0 (430)
=1 =1

This equation leads to singular conditions which define the boundary of the constant-

orientation workspace of the 6-DOF parallel mechanism as follows:

012‘ — 02,’ =nm,nec 7 (431)
By = n + g nez (4.32)

where Z = 0,£1,+2, .... Actually, these conditions are the singular conditions of the

parallelepiped mechanism of each leg as shown in Section 2.5.

The singularities of Type II occur when
det(A) =0 (4.33)

As mentioned before, however, the closed-form expression of the determinant of A
depends both on the Cartesian and the joint coordinates and it is impossible to find the
roots of such an expression analytically. Moreover, each row of matrix A associated
with the actuated joint is a six-dimensional Plcker vector associated with a line in
Cartesian space (Merlet, 1989; Monsarrat and Gosselin, 2001). Hence, totally six lines
l1;,125,7 = 1,2,3 can be obtained from vectors ny;, ny;. However, these lines are very
complicated and cannot easily be represented in space. It will be very difficult to obtain
singularity conditions using Grassmann line geometry. Here, a discretization method
is also used to determine the singularity loci inside the constant-orientation workspace.
Finally, the singularity locus and boundary of the workspace for different values of z for
the example mechanism (Case I) are obtained as demonstrated in Figure 4.11, where
the outer thick curve represents the boundary of the workspace while the inner thin

curves stand for the singularity loci.
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Figure 4.11: Singularity locus and boundary of the workspace for different values of z,

(¢,0,1) = (0,0,0) (Case I).
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Figure 4.12: Singularity locus and boundary of the workspace for different values of z,

(9,0,7) = (0,0,0) (Case II).

For other types of actuation of the example mechanisms (Case I), the Jacobian
matrices A and B can be obtained using vector n3; = [0 0 1]7 and g¢3;,7 = 1,2,3 to
replace the corresponding components in egs. (4.23) and (4.24). For instance, if the
revolute joints connected to the links V; and V3 respectively are actuated for each leg,
using vector ng; and gs; to replace ny; and go; results in the Jacobian matrices A and
B associated with this actuation. The singularity loci can then be obtained using the

discretization method.

For the mechanisms of Case II, the Jacobian matrix of the leg parallelepiped mech-
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anism is derived as follows:

{1 cos «y; cos B1;
J, = |lisino;cosfy;

—ll sin 911‘

—lg sin(Qg,; + ozi) (lg + le) sin a; sin 03,’
ly cos(0o; + ;) —(I3 + 1) cos ; sin O,
0 (lg + le) COS ‘93i

then, the inverse Jacobian matrix is written as

cos(02;+a;) cos O3;

110;

sin(f2;+a; ) cos O3,

110;

cos a; cos 01; cos 03;+sin o sin 01, sin O3

sin 021' sin 051

cos 01, sin 03;

J. -1 _ cos a; sin 01; sin 03; —sin «; cos 01; cos 03;
7

126;

sin 61, cos(f2;+a;)
(I3+1e)ds

where

52' = COS 011‘ COS ggi COS 03i — sin 912- sin 922‘ sin 032‘

126;

sin 61, sin(02;+a;)

(I3+1e)d;

cos 01, cos 02,
(I3+1e)d;

(4.34)

(4.35)

For this case, it is assumed that the revolute joints connected to the links V; and

V3 respectively are actuated for each leg. The Jacobian matrices A and B can then be

written as follows:

ny;

ns;

g1i
g3i

[(n;” ((Qby) x nyp)"]
np," ((Qby) x n12)T
ng3" ((Qbs) x n13)T
ny”"  ((Qby) x nz)"
ng," ((Qby) x H32)T

[nz" ((Qbs) x ng3)" |

diag(g11, 912, 913, 931, Y32, G33)
[ cos(ba; + ;) cos Os;

sin(fy; + ;) cos O3
L sin 921' sin 931'
[ cos(fy; + ;) sin 0y,

sin(QQi -+ Oéi) sin 011‘

| cos By cos by,
119;
(I3 +1c)0;

The singularities of Type I occur when

COS 912‘ COS QQZ' COS 831' — sin ‘911' sin ‘921' sin 631' =0

(4.36)

(4.37)

(4.38)

(4.42)
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Figure 4.13: Determination of the three point masses.

This equation leads to singular conditions which define the boundary of the constant-

orientation workspace of the mechanism.

Using a numerical method, the singularity locus (inner thin curves) of Type IT and
the boundary (outer thick curve) of the workspace for different values of z for the

example mechanism (Case II) are demonstrated in Figure 4.12.

4.7 Dynamic Balancing of the 6-DOF Parallel

Mechanisms

In order to simplify the dynamic balancing of multi-degree-of-freedom parallel mech-
anisms with several legs, the dynamic balancing for each detached leg mechanism is
considered independently, if the mobile platform is replaced by point masses located
at the points of attachment of the legs to the platform (see Appendix A). To ensure
that the point masses are dynamically equivalent to the solid platform, three conditions
must be satisfied (Ricard and Gosselin, 2000), namely: ¢) the sum of the masses of the
point masses must be equal to the mass of the platform, i) the center of mass of the
point masses must be located at the center of mass of the platform and iii) the inertia
tensor (or radius of gyration for planar motion) of the point masses must be the same as
that of the platform with respect to any coordinate frame. For a platform undergoing

planar motion, the radius of gyration should be equal to the distance between each of
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the attachment points and the center of mass of the platform.

For the spatial 6-DOF parallel mechanism of this chapter, the mass and inertia of
the platform are distributed among the attachment points of the legs to the platform
and replaced by three identical point masses m, symmetrically arranged on a plane
(Figure 4.13).

Clearly, the center of mass of the point masses is located at the center of mass
of the platform if the latter is uniform. The conditions for dynamic equivalence can
therefore be satisfied if the moments of inertia of the point masses and the platform
are equal. These moments of inertia are given in the frame with the 2’ axis orthogonal
to the plane and with the origin at the geometric center of the equilateral triangle —
using the three points as its vertices — or the centroid of the platform. The moments

of inertia of the three point masses relative to the frame can be written as follows:

3

l., = impm”im (4.43)
Ly, = L. (4.44)
L. = 3mpmra, (4.45)

where 7, is the distance between any point mass and the centroid of the platform.
Since my,, is equal to one third of the mass of platform m, r,,, is equal to the radius

of gyration of the platform with respect to the 2’ axis.

From eqs. (4.43) — (4.45), it can be found that any symmetric thin homogeneous
platform (circular, square, equilaterally triangular, etc.) can satisfy the above condi-
tions, which lead to I, = I, = %IZZ. Hence the platform can be replaced by three
point masses. However, if the platform has a nonzero thickness or is not symmetric,
the above conditions cannot be satisfied (Bedford and Fowler, 1996). In this case, the
platform could be replaced by four non-coplanar point masses. Consequently, four legs
could be used and the attachment points of the legs on the platform must not lie on

one plane in order to obtain a reactionless 6-DOF parallel mechanism.

Once the equivalent point masses have been determined, each of the point masses
is included in the corresponding 3-DOF leg and is considered in the balancing. By
dynamically balancing each of the three legs individually — including the point mass —
and attaching the legs — without the point masses — to a common platform satisfying

the above conditions, a reactionless 6-DOF parallel mechanism will be obtained. This
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result is correct because the redistribution of the internal forces due to the kinematic
constraints induced by the platform do not affect the dynamic balancing. Indeed, the
individual balancing of the legs is justified by the fact that dynamic balancing is a
property associated with the moving masses and inertia. In other words, although the
reaction forces and moments on the base of each leg may not be zero in the real system
with the solid platform — because of the distribution of the internal forces — the net

reactions on the base will be equal to zero.

For example, if the moving platform of the 6-DOF parallel mechanisms can be
replaced by three point masses (my,,, = 0.05 kg), numerical examples of the reactionless
3-DOF leg parallelepiped mechanisms associated with Case I and II can be given in
Table 3.2 and Table 3.3 respectively and reactionless spatial 6-DOF parallel mechanisms
can finally be obtained.

The verification of the reactionless property of the 6-DOF parallel mechanism has
also been performed using ADAMS. Simulation models have been built using ADAMS
(Figure 4.14). Simulations have been performed for several arbitrary trajectories. The
resulting reaction forces and moments on the base are illustrated in Figure 4.15. The
results clearly demonstrate that the resulting reaction forces and moments on the base
are very small with respect to the joint forces and driving torques (with a ratio of
107° to 107°%) due to small modeling errors. Hence, it is clearly demonstrated that the
synthesized 6-DOF mechanisms are reactionless. These numerical simulation results
support the approach of using point masses to replace a platform introduced in this

chapter.

However, it is clear that replacing the platform by equivalent point masses may well
yield balancing conditions that are more restrictive than those that would be obtained
if the mechanism was balanced globally. Taking the 6-DOF parallel mechanism with 3
legs as an example, dynamic balancing of each 3-DOF leg mechanism independently is
equivalent to dynamically balancing a system with in total 9 degrees of freedom (i.e., 9
counter-rotations have to be added), while dynamic balancing of the 6-DOF mechanism
globally may be achieved using only 6 counter-rotations due to the constraints of the

moving platform.
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Figure 4.14: Simulation of the 6-DOF parallel mechanisms using ADAMS.
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4.8 Conclusion

This chapter presented the kinematic analysis and dynamic balancing of 6-DOF parallel
mechanisms using parallelepiped mechanisms. After describing the synthesis of 6-DOF
parallel mechanisms with three legs composed of parallelepiped mechanisms, the kine-
matic analysis including the inverse and direct kinematics as well as the determination
of singularity loci and workspace of the 6-DOF parallel mechanisms have been solved.
The Jacobian matrix of the mechanisms associated with different actuation schemes
have been derived. A geometrical algorithm and a discretization method have been
used for the determination of the workspace and singularity loci for the two cases of
the mechanism. The graphical representations that show the relationship between the
singularity loci and the constant-orientation workspace of the mechanisms have been
given. Finally, the dynamic equivalence between a platform and three point masses has
been discussed and the dynamic balancing of 6-DOF parallel mechanisms has also been
addressed. Numerical examples of reactionless 6-DOF mechanisms have been given
and, with the help of the dynamic simulation software ADAMS, it has been shown that

the mechanisms are reactionless for arbitrary trajectories.
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Chapter 5

Synthesis of Reactionless Spatial
3-DOF and 6-DOF Mechanisms

Using Planar Four-bar Linkages

This chapter presents the synthesis of novel reactionless spatial 3-DOF and 6-DOF mech-
anisms without any separate counter-rotation, using four-bar linkages. Based on the con-
ditions of dynamic balancing of a single planar four-bar linkage developed elsewhere, the
spatial problem is shown to be equivalent to ensuring that the inertia tensor of reactionless
four-bar linkages remains constant when the planar mechanism(s) is(are) moving. The re-
actionless conditions for planar four-bar linkages undergoing spatial motion are first given.
Then, reactionless spatial 3-DOF mechanisms using four-bar linkages are synthesized. A nu-
merical example of the reactionless spatial 3-DOF mechanism is given and, with the help
of the dynamic simulation software ADAMS, it is shown that the mechanism is reactionless
for arbitrary trajectories. Finally, this mechanism is used to synthesize 6-DOF reactionless
parallel mechanisms.
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5.1 Introduction

In the preceding two chapters, the dynamic balancing of spatial 3-DOF parallelepiped
mechanisms and 6-DOF parallel mechanisms synthesized with parallelepiped mecha-
nisms have been achieved using counterweights and counter-rotations with fixed axis
and inertia. Actually, in order to obtain dynamically balanced mechanisms, most of the
authors in the literature on dynamic balancing have used additional counter-rotations.
However, adding counter-rotations to a mechanism increases its complexity and brings
some side effects, and then reduces its practicality significantly, especially in multi-
degree-of-freedom systems. Ricard and Gosselin (2000) have focused on the planar
four-bar linkage and obtained the complete balancing of the linkage in the plane as a
set of constraints on the geometric and inertial parameters of the links but without
separate counter-rotations. These dynamically balanced four-bar linkages have been
stacked up to synthesize reactionless planar 3-DOF parallel mechanisms (Ricard and
Gosselin 2000) and reactionless spatial 3-DOF parallel mechanisms (Vollmer and Gos-
selin, 2000; Gosselin et al., 2002). However, since the reactionless four-bar linkages
are balanced only in the plane, the stacked reactionless 2-DOF mechanisms — used as
legs to synthesize planar or spatial 3-DOF mechanisms — can only move in the plane.
Hence, these reactionless four-bar linkages cannot be directly used to synthesize reac-
tionless spatial 6-DOF mechanisms. Obtaining dynamically balanced four-bar linkages
which can move spatially (out of the plane) is a more challenging problem and is nec-
essary for the development of spatial reactionless multi-degree-of-freedom mechanisms

or manipulators having up to 6-DOF using four-bar mechanisms.

In this chapter, a general planar four-bar linkage is first considered in order to obtain
the conditions for its spatial dynamic balancing. Based on the conditions for dynamic
balancing of a planar four-bar linkage, it is shown that the spatial problem is equivalent
to ensuring that the inertia tensor of planar reactionless four-bar linkages remains
constant while the linkages are undergoing motion. Then, the reactionless conditions
for planar four-bar linkages moving spatially are derived and reactionless spatial 3-
DOF mechanisms using four-bar linkages without any separate counter-rotation are
synthesized. Finally, the latter mechanisms are used to synthesize 6-DOF reactionless

mechanisms which do not involve any separate counter-rotation.
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Figure 5.1: Planar four-bar linkage.

5.2 Reactionless Planar Four-Bar Linkages

Without Separate Counter-rotations

A general planar four-bar linkage with fixed base is shown in Figure 5.1. As indicated
in the figure, m; and [; are the mass and length, respectively, of the ith bar, and d
is the distance between the two joints on the fixed base. The position of the center
of mass of bar ¢ is described by parameters r; and ;. Moreover, 6; is the angular
position of bar ¢ with respect to the X axis. By imposing that the center of mass of
the mechanism is fixed and that the total angular momentum is constant with respect
to a fixed point — in order to obtain a dynamically balanced mechanism — Ricard
and Gosselin (2000) have derived the dynamic balancing conditions for planar four-bar
linkages and have identified three families (designated here as Case I, Case II and Case
III respectively) of reactionless four-bar mechanisms. The mechanisms are represented
schematically in Figure 5.2. In each case, there are no separate counter-rotations, and

only counterweights are required for complete balancing.

For Case I, the balancing conditions are written as

'5::1317¢1:07¢2:07¢3:7ﬂd:l17l2:l3a
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(a) Case 1.

(b) Case II.

(c) Case III.

Figure 5.2: Three families of reactionless four-bar linkages.
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where ¢(= +1) is the branch index (assembly mode of the four-bar linkage), i.e., the
sign used in the quadratic equation in the determination of 6, and 63 for a given 6,
(Appendix B), k; is the radius of gyration of the ith bar with respect to its center of
mass and I, = mlkf + ml(rf —r1ly cos ). It is pointed out that the above balancing
conditions impose strict constraints on the dimensional parameters of the linkage (and
on the assembly mode for Cases II and III). These dimensional constraints make all
three types of linkages “foldable”; i.e., all the bars can be aligned on the base. Therefore,
these mechanisms are generally not suitable for machinery where the input link must be
driven through full rotations. However, for multi-degree-of-freedom applications (e.g.
robotic applications), the above linkages can be considered as one-dof components

providing sufficient range of motion for many practical purposes.

By inspection of the three families of reactionless four-bar linkages in Figure 5.2, it
can be found that Case I and III are, structurally speaking, completely the same. They
are classified as two separate cases due to the difference in the mounting mode as well
as the actuation (i.e., the first link as input link). Nevertheless, for Case II, any of the
other two links except for the base link and the second link can be considered as input
link in eq. (5.2).
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Figure 5.4: Reactionless property of a dynamically balanced four-bar linkage.

Since the center of mass remains fixed for any configuration in a reactionless mech-
anism, the position of the center of mass of any mechanism in Figure 5.2 can be deter-
mined by considering a flat configuration (one in which all bars are aligned as shown
in Figure 5.3). Therefore, the center of mass lies on the base line OD at a distance T

from joint O. This distance can be obtained for each of the three cases as follows:

for Case I,
T mgll + miry + m3l1 (54)
my
while for Cases II and III,
7= d(m2l1 — mr + mgll) (55)

llmt
where m; = my + ms + mg3. The radius of gyration k; for the whole mechanism with

respect to its center of mass can be written as follows:

I, + Iy — m,r?
py = 5.6)
my
where
]g = mlkf + mgkg + m3k§
Id = mﬂ“% —|—TI’L2(Z1 +T2)2+m3(d—7“3)2 (57)

Any planar four-bar mechanism satisfying one of the three sets of conditions given

above (eq. (5.1), (5.2) or (5.3)) will be reactionless and will behave, globally, as a rigid
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body in the plane — fixed center of mass and constant radius of gyration — when
undergoing planar motion. In other words, any motion of the linkage will induce zero
reaction force and moment on the base when the latter is fixed. Conversely, it is not
possible to induce internal motion of the mechanism by imparting linear and /or angular
accelerations to the base. Taking a dynamically balanced mechanism of Case II as an
example, there is no shaking force and shaking moment on the base due to its fixed
center of mass and zero angular momentum. Clearly, the resulting external force and
moment of the mechanism are zero. If we consider the balanced four-bar linkage as
a system isolated from the base (Figure 5.4), the external forces and moment are the
joint forces (Foy, Foy, Fas, Fay) and the actuator driving torque T acting on the system
(gravity is excluded and friction is neglected). Although the direction and magnitude
of the forces and torque depend on which motion is applied, the zero reaction force and
moment on the base always come from: Fi, = Fy,, Iy, = Fyy and T' = dFy, and their
opposite directions. In other words, the reactions of the individual joint forces act on
the base and generate a couple to cancel the actuator reaction torque for any motion.
If the frictional torques are considered on the joints, the actuator driving torque and
the joint forces will be changed. But the resulting reaction moment on the base is still
T — My — dFy, = 0 (where My is the sum of frictional torques on joints O and D).
Namely, friction does not affect the results of dynamic balancing. Note that in a real

prototype the actuator inertia must be considered as part of the inertia of the input
link.

Notice that the above dynamic balancing conditions were derived on the assump-
tion that each link of the planar four-bar linkage is symmetric about the motion plane,
i.e., the products of inertia I,., I, of each link relative to its center of mass are zero.
Moreover, any mechanism behaving as a rigid body in the plane (i.e., fixed center of
mass and constant I,,) and having zero products of inertia (I, I,,) can be mounted
on the moving link (the first or third link) of the planar four-bar linkage to synthe-
size a reactionless mechanism with more degrees of freedom as long as the resulting

parameters of the moving link meet the corresponding dynamic balancing conditions
(eq. (5.1), (5.2) or (5.3)).

By inspection of eqs. (5.1-5.3), it is clear that infinitely many solutions exist and
hence each of the three families includes infinitely many linkages. However, the pa-
rameters cannot be chosen arbitrarily since the expressions appearing under the square

roots in the balancing conditions must be positive. Vollmer and Gosselin (2000) have
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Figure 5.5: Prototype of a reactionless four-bar linkage (Courtesy of Gabriel Coté).

investigated the feasibility domain in the design space and found that Case II pro-
vides the widest range of feasible values of design parameters and better compactness
properties. Hence, Case II is chosen for the design of reactionless four-bar linkages (Fig-
ure 5.5) and the synthesis of reactionless multi-degree-of-freedom parallel mechanisms
in Vollmer and Gosselin (2000) and in this chapter.

The manipulation of a reactionless four-bar linkage of Case II shown in Figure 5.5
also provides a convincing demonstration of the reactionless property. When holding
the base of the mechanism in one’s hand, it is not possible to induce motion of the four-
bar mechanism by imparting linear or angular accelerations to the base. By removing
some of the metal cylinders and hence creating some unbalance, this property is lost
and the result is clearly observable. Also, when holding the base in one hand and using
the other hand to push the mechanism to one of its limits, it is clearly felt that there
is no resulting reaction on the base when the mechanism hits its physical limit. Again,

comparing with the unbalanced mechanism, the illustration is convincing.
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5.3 Synthesis of Reactionless Planar and Spatial
3-DOF Parallel Mechanisms with Planar
Motion of Legs

Since a reactionless four-bar linkage behaves as a rigid body moving in a plane, it can
be mounted on the moving links of another planar four-bar linkage to synthesize a 2-
DOF reactionless planar mechanism. In this case, the “distal” four-bar linkage is first
balanced and then, its mass and inertia are added to the link on which it is attached to
perform the balancing of the “proximal” four-bar linkage. By repeating this procedure,
a multi-degree-of-freedom planar mechanism can be obtained simply by stacking the

four-bar linkages on each other.

An example of a planar 2-DOF mechanism obtained with this approach is shown
schematically in Figure 5.6 where the first index of the subscript stands for the number
of the link, while the second index stands for the number of the mechanism. Fig-
ure 5.6(a) shows the first dynamically balanced four-bar linkage (a point mass has been
considered at the end-effector if applicable but is not shown on the figure). The base
link of the first mechanism and the third link of the second four-bar mechanism are the
same link (the so-called common link). The global mass m,,, center of mass (position
A) and radius of gyration of the first mechanism excluding the common link can be
calculated from eqgs. (5.5) and(5.6). Figure 5.6(b) shows the second four-bar linkage
to be dynamically balanced. The center of mass of the common link with “naked”
mass Mswm, Namely, without the first mechanism attached on it is located at position
B. Figure 5.6(c) shows the synthesized mechanism. The mass and inertia of the first
mechanism should be added to the common link. Hence, if the resulting mass mg,
center of mass r3 (position C) and radius of gyration with respect to C' of the common
link and the attached first mechanism satisfy the balancing conditions of eqs. (5.2),
the second four-bar linkage will be dynamically balanced, i.e., the synthesized 2-DOF
mechanism will be reactionless. Note that all the centers of mass (i.e., A, B and C)
should be on the axis of the common link. The 2-DOF reactionless mechanism can be
used to synthesize reactionless 3-DOF parallel mechanisms. This can be achieved by
using the 2-DOF mechanism as a leg for the 3-DOF mechanism. By connecting three
such legs to a common platform, a 3-DOF reactionless mechanism can be obtained as
shown in Figure 5.7 (Vollmer and Gosselin, 2000).
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Figure 5.6: Sketch of the synthesis of a reactionless planar 2-DOF mechanism.
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Figure 5.7: Prototypes of reactionless 3-DOF parallel mechanisms (from Vollmer and

Gosselin, 2000).



5.4 Reactionless Conditions for Planar Four-Bar

Linkages Undergoing Spatial Motion

A reactionless mechanism behaves, globally, as a single rigid body. Hence, a fixed center
of mass and a time-invariant inertia tensor are necessary conditions for the dynamic

balancing of a mechanism undergoing general spatial motion.

Moreover, since a reactionless planar four-bar linkage behaves as a rigid body mov-
ing in the plane, it can be mounted on the third (or first) link of another four-bar
linkage to synthesize a reactionless planar 2-DOF mechanism. By repeating this proce-
dure, a reactionless planar multi-degree-of-freedom mechanism can be obtained simply
by stacking the four-bar linkages on each other. However, the stacked reactionless
mechanisms can only move in the plane. In order to obtain a 2-DOF mechanism using
two four-bar linkages which undergoes spatial motion for further synthesis of spatial
multi-degree-of-freedom mechanisms, the attached four-bar linkage must be mounted
on the third link of the base four-bar linkage in such a way that the motion plane of
the former mechanism is not coplanar to that of the latter mechanism. Therefore, if
the attached mechanism behaves as a rigid body in space and the above synthesis and
balancing conditions are satisfied, the synthesized spatial mechanism will be reaction-
less. Yet, there is no guarantee that a reactionless planar four-bar linkage (Figure 5.2)
undergoing spatial motion will continue to behave as a rigid body in space. In order to
address the balancing for spatial motion, the inertia tensor of a general planar four-bar

linkage is now studied.

5.4.1 Determination of the Inertia Tensor of a Planar
Four-Bar Linkage

From Figure 5.1, the inertia tensors I,; of the three mobile bars (i = 1,2, 3) of a planar
four-bar linkage with respect to the local frames with origin at O — parallel to their

corresponding local frame X,Y — are written as follows:

Ixrl —dzyl 0
Ibl = _Ixyl Iyyl + mlr% 0 (58)
0 0 ]zzl + mlr%
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Loy —Lpyo O
Lo = | —Leye Lyyeo 0 (5.9)
0 0 L2
Toaps  —Loypz 0
Lis= | —Loys  Lyyss 0 (5.10)
0 0 I3
with
Livy = Lo +molisin®o,
Liywe = Iyyo +molysinby(ry + 1; cosb,)
Ly = Iy +ma(re + 15 cosf,)?
L.as = IL.o+my(l] +735+2lrycos0,)
Lty = Lygs + mad’sin® 6,
Liyps = Ipys —mad(rs + dcosby)sinb,
Iypws = I3+ mg(rs + dcos 01,)2

[zzb3 = Izz3 + mg(d2 + 7“% + 2d7”3 CcOSs 0{,)
¢9a = 91 - 62 - "Lpg
O = 03+ 13

where I, Lyyi, 1.2 and Ipy;,@ = 1,2,3 are the moments and product of inertia of the
ith bar relative to the local frame X,Y with origin at the center of mass of the bar.
Moreover, I,.; = m;k?. Since a planar four-bar linkage is symmetric about the plane of

motion, the products of inertia (1,,;, ;) of the ith bar are assumed to be zero.

The rotation matrix Q; giving the orientation of the local frame X,Y relative to

the global frame X,Y can be given by

cos(0; + ;) —sin(0; +v;) 0
Q:= |sin(6; +¢;) cos(B;+;) O, i=1,2,3 (5.11)
0 0 1

Then, the total inertia tensor I of the four-bar linkage relative to the global frame is

written as

3
I = ZQ’L’L}Z’Q@T
i=1
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]xx _Ia:y _Ia:z
= |-L, I, -I,. (5.12)
_[xz _Iyz [zz

where all the components of the inertia tensor are functions of the parameters of the

four-bar linkage and will be discussed in the following sections.

5.4.2 Conditions for Obtaining a Planar Four-Bar Linkage

with a Constant Moment of Inertia /.,

In this subsection, the component of the inertia tensor associated with the moment of
inertia in a direction orthogonal to the plane of motion is first investigated.
In eq. (5.12), the total moment of inertia relative to the Z axis is found as
I, = 1.+ 2mgylyrgy cos(0; — O — o) + 2madrs cos(6s + 13) (5.13)
with

Ic = Izzl + IzzQ + IzzS + mlrf + m2l% + mQTS + m3d2 + mgrg (514)

Substituting the cosine and sine of §, and 03 expressed in terms of #; (Appendix B)

into eq. (5.13) gives
I, =1.+ Acosty + Bsint, + C cospz + Dsins (5.15)

where
mara(202d* cos? 0 — (313 + 13, + d*)lyd cos Oy + 3(13 + 13, + d*) — eAd*)

A pummy
(2lldCOS (91 — l% - dz)lg

(5.16)

marad(—213d cos® 0y — (12 + 125 + d?)l; sin® 01 + (212 + eAd?)d cos 0 — eAlyd?)

B =
(21yd cos 0y — 13 — d?)ly sin 6y

(5.17)

o mars(203d? cos? 0 — (13 — 12, + 3d?)l1d cos Oy + d*(13 — 12, + d*) — eAd*)
B (2l1d cos By — 13 — d?)l3

(5.18)
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marsd(203d cos® 0; + (13 — 135 + d?) 2 sin® 0, — (212 + eAd?)lyd cos 0 + eAd?)

D =
(2l1d COS 61 — l% — d2>l113 sin 61

(5.19)

I3, =15 — 13 (5.20)

where € and A are defined in Appendix B.

Clearly, it is impossible for coefficients A, B, C' and D to be all zero for any value of
6,. By inspection of egs. (5.15), (5.17) and (5.19), it is found that sin ¢, and sin 13 must
be zero in order to obtain a constant value (zero) of the fraction B sin s+ D sin s due
to the existence of the cosine and sine of #; in both the numerator and denominator of

the fraction.

Letting T' = A cos s + C'cos s, then one has

By cos? 0, + By cos b, + By

T = 21
(2l1d COS 01 — l% — dg)lglg (5 )

where B; is a function of the constant parameters of the four-bar linkage, calculated

from eqs. (5.16) and (5.18).

Suppose that eq. (5.21) can be decomposed as follows

Ay
(2l1d cos by — 13 — d?)

T = (A2 COS 91 + Al) + (522)

By comparing the coefficients of the polynomials in cos 6 in egs. (5.21) and (5.22), one

has the following linear system of equations.

1 —(2+d®) 0 Ao X By
0 20,d —(B+d*| | A = By (5.23)
0 0 2,d A, B,

Then, [Ag A1 A ]T can be obtained as follows:

Marals cos gy + marsly coshs) (1213 — 212 + 12d% — 13d* — 2eAd*
2 31103 2
A() = 21213 (524)

m2r2l3 COS wg(l?’ — 2[% — l%) + m37“3l2 COS ¢3(l% — 2d2 — lg)

A =
! sl

(5.25)
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lld(m2T2l3 COS ¢2 —+ m37“3l2 COS ¢3)
lol3

From eq. (5.22), it can be found that only if Ag = Ay = 0 then 7' (and hence I,,) will

be constant, namely,

Ay = (5.26)

MaTals COS 1y + marsly cos Pz = 0 (5.27)

Since sin ¥, and sin ¥3 must be zero, as found previously, the values of cos 15 and cos 15
in eq. (5.27) must be opposite due to the positive geometric parameters. Hence, over

the interval [0, 27|, one can finally obtain

Yo =0, VYg=m (5.28)
or

wg =T, Qﬂg =0 (529)
and

. m2T2l3

ry = oy (5.30)

Then
2 12 g2 2
IZZ _ Ic + m27’2(l3 ll l2 + d ) (531)

I

Hence, eqs. (5.28) (for Case I and Case II of Figure 5.2) or (5.29) (for Case III) and
(5.30) are the conditions for a planar four-bar linkage to have a constant moment of

inertia relative to the Z axis.

By comparing the two sets of conditions with egs. (5.1-5.3), it is found that the
conditions for constant moment of inertia (1,,) are a subset of the dynamic balancing

conditions in the plane, as it should be.

5.4.3 Conditions for Constant Moments of Inertia (I,,,[,,) of
a Planar Four-Bar Linkage

In this section the possibility of obtaining constant moments of inertia relative to the
X and Y axes (1,4, I,,) for a single planar four-bar linkage with constant I,, will be

investigated.
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The moment of inertia I, is first studied. Suppose that all the bars are symmetric,
namely, the inertia products are zero, i.e., Iy = I,,; = Iy, = 0. Also, from egs. (5.1~
5.3), we know that ¢, = 0 (for Case I) or ¢; = 7 (for Case II). Substituting egs. (5.28)
and (5.30) into eq. (5.12), one can finally obtain
o B, cos* 0; + Bs cos® 0, + By cos? 0, + By cos 6, + By

o (2l1d cos Oy — 13 — d?)?
where B; is a function of the constant parameters of the four-bar linkage (Appendix

Q).

(5.32)

Suppose that eq. (5.32) can be decomposed as follows

A

_ 2 1

I, = (A4cos®0y+ Aszcosby + As) + Ghdcosb, — B — &
Ao

(2[1[2 COS 91 — l% — d2)2

By comparing the coefficients of the polynomials in cos ¢, in egs. (5.32) and (5.33), one

)+

(5.33)

has the following linear system of equations.

1 -V V2 0 0 1747 [Bo]
0 2U —4UV V2 0 A, B
0 0 4U? —4UV V2 ||Ay| =|B, (5.34)
0 0 0 AU —4UV | | As Bs
0 0 0 0 a? | | A | By

where U = l;d, V = I? + d*.

Then, [Ag A1 Ay Aj A4]T can be obtained (Appendix C). From eq. (5.33), it
is clear that only if Ag = A; = A3 = A4, = 0 then I, could be constant, i.e., I, = As.

Finally, the conditions for constant I,, — the three independent solutions of Aq =
Ay = A3 = Ay = 0 — are derived as

marily + mol?ly — myryl?

Ia:a:l - Iyyl = ] (535)
2
[a::c2 — Iyyg = mgrg — m2r2l2 (536)
2 2l2 l l2
Ixac?) - Iny = maTa's _;;n;mgr2 23 (537)
302

Furthermore, substituting eqs. (5.35-5.37) into (5.12) leads to a constant and prin-
cipal inertia tensor. In other words, the three principal moments of inertia are all

constant and all the products of inertia are zero.
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Similarly, for Case III, suppose that I,,; = I,.; = I,.; = 0 and ; = 7, substituting
egs. (5.29) and (5.30) into eq. (5.12) and using the same procedure as above leads to

the following set of conditions for constant I, and I, for this case.

Lppi — Iy = mﬂ”% +murily (5.38)
2,2
— l
Ly — Iy = - TRl (5.39)
mgy
Iopws — Iyy3 = m37“§ — mgr3l3 (5-40)

Given the above results, it may seem possible for a single planar four-bar linkage
to have a constant spatial inertia tensor while moving. However, from the balancing

conditions (5.2) for Case II where 75 < [y and eq. (5.36), one can write
|Ia:m2 - Iyy2| —Lop=14=1.+ ml(rf + Tlll) >0 (541)

ie.,
|Ixoc2 - Iyy2| > [zz2 (542)

Clearly, this is impossible since the difference between any two components must
be smaller than or equal to the third one for the three principal moments of inertia of

any rigid body (Appendix D).

It has also been proved, with the help of the corresponding balancing conditions of
the discussed case — as in Case II — that condition (5.35) of Case I and condition
(5.40) of Case III cannot be satisfied. This means that it is impossible for a single
planar dynamically balanced four-bar linkage without separate counter-rotation to have
constant moments of inertia I, and I, while moving. In other words, a single planar
four-bar linkage can only behave as a rigid body in the plane but not for a spatial

motion. Hence, it cannot be dynamically balanced for spatial motion.

5.4.4 Synthesis of a Constant Inertia Tensor Mechanism

Using a Pair of Planar Four-bar Linkages

Since it is impossible for a single planar dynamically balanced four-bar linkage to main-

tain a constant inertia tensor when undergoing spatial motion, the possibility for a
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mechanism composed of a pair of planar dynamically balanced four-bar linkages is in-
vestigated in this section. Figure 5.8 is a schematic representation of this composition.
The two dynamically balanced four-bar linkages are arranged perpendicularly. The base
links and the input links of the two mechanisms are fixed perpendicularly respectively.
Hence, the two mechanisms move simultaneously (namely with same values of 6y, 0,
and 03) if the lengths of the corresponding bars of the two mechanisms are equal or
have the same ratio. This composite mechanism has one degree of freedom. The idea
of using such a mechanism arose from the observation that the sum of the moments
of inertia I, and I,, of a single dynamically balanced four-bar linkage is constant for
any value of #;. Hence, the composite mechanism emerges from the conjecture that
by placing the mechanisms orthogonally, the components of the inertia tensor will be
functions that may remain constant. This conjecture will now be verified. In the no-
tation of Figure 5.8, the first index of the subscript is used for the number of the link,
while the second index represents the number of the mechanism. Moreover, subscript
b stands for base links. The pair of four-bar mechanisms used here are of type II.
However, mechanisms of type I or III could also be used. Indeed, it has been proved
that the planar dynamically balanced four-bar linkages of the other two cases (Case
I and III) can also be synthesized as constant inertia tensor mechanisms for spatial
motion. However, it has been found that there are more possibilities of interference
in the synthesis for the latter two cases. Furthermore, there is much more freedom in
the choice of the design parameters in Case II than in the other two cases (Gosselin
et al. 2002). Therefore, the four-bar linkages of Case I are taken as components to

synthesize reactionless multi-degree-of-freedom mechanisms in the present work.

First, assume that the base links of the two four-bar linkages are fixed and u and
v represent respectively the ratios of the lengths and masses of the corresponding bars

of the two mechanisms, i.e.,

M = vmi (5.44)

After obtaining each inertia tensor I; of the four-bar linkages, the total inertia tensor
I;.,, — where the subscript ¢t means total while wb means without base links — of the

composite mechanism with respect to the global frame X,Y can be written as

L =1 + QLQ] (5.45)
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where

Qi=|-1 00 (5.46)

Finally from eq. (5.45) it is found that to obtain a composite mechanism with

constant inertia tensor the relationship between u and v should be as follows:

v - (5.47)

This result implies that the principal moments of inertia of the corresponding bars

of the two mechanisms relative to their centers of mass should be equal.

After substituting eq. (5.47) into (5.45), the following constant and principal inertia

tensor can be obtained.

Ig::rtwb 0 0
Itwb - 0 [yytwb 0 (548)
0 0 ]zztwb

where

Lowtws = Lyyews = [(Ma1 + m31)m§1lfl - 2m11m§1l§’1m + m21m31l%1([zx11 +
Tyyi1 + Lpaor + Lyyor + Lpgzy + Lyys1 + mn?”%l + mzllgl + msllgl) +

2 2 2 2 2 2,2 2
mnmgllnrn — 2m11m21m31111l217‘11 + m11m311217"11]/(mglmglln) (549)

Loty = 21, (5.50)

Then, assume that the base links are mobile and symmetric with masses m;; and
mp2, hence the total mass M and center of mass — described by a distance r, and an

angle (# in Figure 5.8 — of the composite mechanism can be written as

M = My + Myo (551)
(muxg1)? + (Mi2yg2)?

r, = v g v ! (5.52)

tan = _u2Ye2 (5.53)

mi1Tg1
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Figure 5.8: Synthesis of a constant inertia tensor mechanism.

with
My = My + Moy + M3y + My (5.54)
Mig = Mz + Moz + M3z + Mi (5.55)
l li1 — ) [
2 = o1(marlin — myrrin + marlan) + My linry (5.56)
Ml
l l19 — l [
Vg = 22(m22 12 — M12T12 + M32 12) + Mpal12Tp2 (5.57)
Myalio

where ry; is the distance from joint O to the center of mass of the 7th base link while
xg1 and ygo are the coordinates of the corresponding center of mass of the individual
four-bar linkages including base links. It is apparent that the center of mass of a four-
bar linkage including the base link is situated on its base line, namely on the axis of
the frame. The total inertia tensor of the two base links relative to global frame XY

1S written as

[xztb 0 0
Iy=| 0 Iy, O (5.58)
0 0 Izztb

with

Liwiy = Lpon + Iyyb2 + mb2r§2 (559)
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Iyytb = Iyybl + [sz2 + mb17a§1 (560)
Izztb - Izzbl + Izzb2 + mblrl?l + mb270132 (561)

where Lgpi, Lyypi and 1. are moments of inertia of the base link of the ith four-bar

linkage relative to the center of mass of the base link.

Finally, the inertia tensor of the composite mechanism relative to the local frame
X,Y — with origin O; at the center of mass of the total mechanism and the X axis

passing through joint O and the center of mass — can be obtained as

Ly, = Qs(Luw+ Itb)Q:%F -R

Liatg  —loyrg 0
= | —Loyg  Iyyig 0 (5.62)
0 0 L.y
where
[cos3 —sinfB 0
Qs = |sinf8 cosB O (5.63)
0 0 1
[0 0 0
R = |0 Mr2 0 (5.64)
0 0 M
Livtg = Lyytwb + Loty c08? B+ Ly sin’ 3 (5.65)
Lytg = Lostwb + Loty sin® B+ Ly cos® 8 — Mr} (5.66)
Lag = Lotws + Low — M1} (5.67)
Liyg = sinfcos B(Lyyw — Luan) (5.68)

From egs. (5.59), (5.60), (5.62) and (5.68), it is clear that a principal inertia tensor

I, can be obtained only if I, is equal to zero, i.e.,
Iyytb = Loany (569)
or

Iyyb2 = [yybl — Loopr + Lpapo + mblrgl - mb27n[32 (570)

This condition can be satisfied by properly choosing the mass and inertia of the

base links of the two four-bar linkages.
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Figure 5.9: Synthesis of reactionless multi-degree-of-freedom mechanisms.

5.4.5 Synthesis of Reactionless Multi-degree-of-freedom

Mechanisms

A planar dynamically balanced four-bar linkage can be considered as a rigid body
when moving in the plane while the composite mechanism discussed in the preceding
subsection can be regarded as a rigid body when moving spatially. Therefore, they
can be attached on the third bar of another four-bar linkage to synthesize reactionless
2-DOF mechanisms.

A schematic representation of the synthesis principle is shown in Figure 5.9. A
mechanism of mass m,,, behaving as a rigid body as mentioned above is attached on
the third bar with mass msz,,, of a planar four-bar linkage with a fixed base. The center
of mass of the attached mechanism is located on the axis of the third bar. A global
frame X, Y, Z with origin at the fixed point O and a local frame X, Y, Z with origin
at the center of mass of the attached mechanism and with X direction along the axis
of the third bar are shown in the figure. The subscript wm stands for without attached

mechanism while m stands for the attached mechanism.
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The resulting parameters of the third bar and the attached mechanism which include
the resulting mass mg, center of mass r3 and radius of gyration ks relative to the

resulting center of mass can be written as

ry = MmTm — M3wmT3wm (572)
ms
Izz3 = m3k32, = Izszm + mbm(Tme + 7’3)2 + [zzm + mm(rm - T3)2- (573)

If the attached mechanism is a planar four-bar linkage — mounted in the motion
plane of the base mechanism — clearly /.., and I, are zero. Whereas if the attached
mechanism is the composite mechanism which is mounted on a plane orthogonal to the
motion plane of the base mechanism and with the same X direction as in Figure 5.8
(i.e., the Z direction is identical to the Y direction in Figure 5.8) — then I,.,, and
I,.., are zero since the inertia tensor of the composite mechanism relative to its local
frame (Figure 5.8) is principal under the condition of eq. (5.69) or (5.70). Clearly, if
the resulting parameters (eq. (5.71-5.73)) and other parameters of the base mechanism
meet the balancing conditions in eq. (5.2), the synthesized mechanism will then be
reactionless. This result will be confirmed by the calculation of the linear momentum

and angular momentum of the synthesized mechanism.

Apparently, the synthesized mechanism has a fixed center of mass (see eq. (5.5)),
i.e., zero linear momentum. Moreover, the angular momentum with respect to the fixed

point O and the global frame of the synthesized mechanism can be written as
2

h, = Y (hy +rg X mity) + hygwm + Tegwm X MawmTgwm +
i=1
QoL Qt O + Tgm X Mg, (5.74)
with
rq cos(fy + ) (1, cos By + 19 cos by ]
rg1 = | rysin(éy +m) |, rge = | lisinfy + rosinbsy
0 0
d + T30 cOS O3 d + 7, cos(f3 — ) ]
Tg3wm = T'30m SIN O3 , Tgm = T'msin(fs — )
0 i 0 ]
0 0]
hy=| 0 |, hygum= 0 0, =10
L.i0; Lz3mbs 05 ]
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cos(f3 —m) —sin(f5—m) 0

Qs = | sin(f3 —7m) cos(f3—m) 0O

0 0 1

Loam  —loym  —lozm

Ly = | —Loym  Lyym  —lyem
—Joem  —lyem Lm

where 1, is the inertia tensor of the attached mechanism relative to the local frame
(Lzym = 0 if the attached is a composite mechanism) while Qg is the rotation matrix of

the local frame with respect to the global frame.

Substituting all the above parameters into eq. (3.9), one has

0
h,=1| 0 |, (5.75)
hOZ
where
he: = [L.1+ mlrf + ma(raly cos(by — 61) + l%)wl +

[0 + ma(raly cos(fy — 61) 4 12))0 +

[L..30m + Lzm + M3wmT3wm(d cos 03 + r3um) —

My (d COS O3 — 7,)]03 (5.76)
Substituting egs. (5.2), (5.71-5.73) and (B.3-B.4) into (5.76) leads to h,, = 0. i.e.,

h, = 0. Hence, the synthesized mechanism has a fixed center of mass and zero angular

momentum, namely, the mechanism is dynamically balanced.

Since the synthesized mechanism is reactionless, it still behaves as a rigid body
moving in the plane of the base four-bar linkage. Hence, the synthesized mechanism can
be attached on the third bar of another planar dynamically balanced four-bar linkage

in order to obtain spatial reactionless mechanisms with more degrees of freedom.

5.5 Synthesis of Reactionless Spatial 3-DOF

Mechanisms

Now that two basic mechanisms — a single planar dynamically balanced four-bar link-

age and a planar composite mechanism with a pair of four-bar linkages — have been
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fixed base

actuated joints
Figure 5.10: Conceptual CAD model of a reactionless spatial 3-DOF mechanism.

obtained, reactionless multi-degree-of-freedom mechanisms can be synthesized accord-
ing to the synthesis principles and constraint conditions discussed in the above sections.
Figure 5.10 schematically shows the synthesis of a reactionless spatial 3-DOF mecha-
nism composed of these two basic mechanisms (counterweights are not shown on the
figure). Two planar four-bar linkages are stacked in the horizontal plane, while a com-
posite mechanism is rigidly attached on the third bar of the second planar four-bar
linkage in the vertical plane. The numbering of the four-bar mechanisms starts from
that with a fixed base link. Since a reactionless 6-DOF parallel manipulator using
four-bar linkages will be constructed in the next section, a point mass is considered
here at the end-effector. Indeed, the 6-DOF manipulator will be composed of three legs
connecting the base to a common thin platform. Each of the three legs will consist of
the reactionless 3-DOF mechanism shown in Figure 5.10. The mass and inertia of the
platform are distributed among the attachment points of the legs and replaced by three
point masses m,. Hence, starting from this point mass, all the parameters of the bars
of the four-bar mechanisms are chosen or calculated using the reactionless conditions.
Finally a numerical example of this reactionless 3-DOF mechanism is given in Table 5.1
(point mass m,, = 0.1143kg). Note that if a point mass, a four-bar linkage or a com-
bination of mechanisms is attached on one element of another four-bar linkage, the
parameters of the latter element in the table are actually the resulting parameters of
the element and the attached mechanisms. For example, the parameters (mss, 739, k32)
in the table are resulting quantities of the third bar of the second four-bar linkage and

the composite mechanism.
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Table 5.1: A numerical example of the reactionless spatial 3-DOF mechanism.

Composite Mechanism
Parameters 1st Four-bar 2nd Four-bar
3rd Four-bar | 4th Four-bar

ma; (kg) 16.386 5 0.7 2.8
ma; (kg) 30.178 5 0.5 2.0
ms; (kg) 21.475 10.875 0.775 3.1
my; (kg) 0.4 0.2
li; (mm) 1608 812 500 250
ly; (mm) 5000 2500 1000 500
l; (mm) 1608 812 500 250
lpj (mm) 1000 500
r1; (mm) 804 285 174.46 87.23
r9; (mm) 3642.55 1622.54 511.5 255.75
r3; (mm) 1646.19 242.3 165 82.5
b (mm) 500 250
ki; (mm) 2673.709 636.766 197.312 98.656
ko (mm) 100 840 175 87.5
ks; (mm) 1255.93 273.337 178.106 89.053

Furthermore, from egs. (5.2), (5.49-5.70), it is found that besides the parameters
given in the table, some additional parameters of the composite mechanism (i.e., the
third and fourth four-bar mechanisms) have an influence on the dynamic balancing,.
These parameters are as follows, namely, I3 = 3.3 X 10%kg - mm?, L1; = Ly =
Liasj = Loapy = 6kg-mm?, Iy; = Loy = muki;, Lyoj = Laoy = mojks;, Iys; = Los; =

mgjkgj, J=3,4.

The verification of the reactionless property is performed using ADAMS. For the
above example mechanism, a simulation model is built using ADAMS. Simulations
have been performed for several arbitrary trajectories. The resulting reaction forces and
moments on the base are illustrated in Figure 5.11. The results clearly demonstrate that
the resulting reaction forces and moments on the base are very small with respect to
the joint forces and driving torques (with a ratio of 1075 to 107%). Indeed, the reaction
forces and moments obtained are most likely due to small modeling errors. Hence, it

is clearly shown that the synthesized spatial 3-DOF mechanisms can be completely
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Reaction Forces and Moments on the Base
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Figure 5.11: Verification of the reactionless property of the 3-DOF mechanism.

balanced. In other words, there are no reaction forces and moments on the base at all

times, for arbitrary trajectories.

Note that the parameters of the example reactionless mechanism (Table 5.1) were
not determined by optimization due to the complexity of the optimization for whole
system. As was the case with other dynamically balanced mechanisms, this reactionless
3-DOF mechanism was achieved at the expense of a substantial mass increase of the
system and complexity of the mechanism. The total masses of the composite mecha-
nism, the second and the first mechanisms are 9.875, 20.875 and 68.039 kg respectively.
We can approximately express this mass relationship with 1:2:7. Kinematically, this
mechanism can be regarded as a spatial three-link serial chain. The mass variation of
the distal link produces great influence for the balancing of the successive links. Hence,
if we can decrease the mass of the composite mechanism, the total system mass will
decrease greatly. For instance, if we choose the same link lengths for both four-bar
linkages in the composite mechanism (i.e., u = 1), the same link masses can then be
determined for both four-bar linkages (i.e., v=1). Therefore, if the total mass of the

composite mechanism is decreased from 9.875 to 3.95, then, the total mass of the system
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will be about 27.65 kg by multiplying 3.95 with 7 according to the above mass relation-
ship. Moreover, there are some other possibilities to further decrease the system mass
and shrink the reactionless 3-DOF mechanism. For example, changing the position of
the attachment point of two four-bar linkages (e.g., from point P to P’ in Figure 5.12)
leads to the decrease of r3 and k3, then my, mo as well as the lengths of all links of the
fixed four-bar linkage. Similarly, decreasing the length of the extension part of the link
connected to the end-effector (or platform) can also lead to the similar results for the
successive four-bar mechanisms. Moreover, an optimization for the whole mechanism
with the considerations of the above factors and detailed parameters using dimensional
variables specifically tailored to the link geometry will definitely decrease the system

mass and shrink the whole reactionless 3-DOF mechanism.

Compared with a three-link serial chain dynamically balanced using the conven-
tional method (Section 3.7), the reactionless 3-DOF mechanism with four-bar linkages
has more moving links and larger system size for the same payload. However, this
does not necesarily imply greater system mass because neither system has been opti-
mized yet. Moreover, three separate counter-rotations have to be used for dynamically
balancing the three-link serial chain. The design of separate counter-rotations is nor-
mally complicated (Figure 1.5) relative to the initial mechanism. Furthermore, using
counter-rotations like gear inertia counterweights under cyclic torque variation may
generate noise rattling (Esat and Bahai, 1999). Additionally, adding an actuator, a
counterweight and a counter-rotation in each pivot of the serial chain is a difficult de-
sign. Therefore, the most important advantage of the reactionless 3-DOF mechanism
presented in this chapter is that the use of additional separate counter-rotations and
their side effects are avoided. Moreover, it is easy to design and manufacture a practical

dynamically balanced system with only counterweights and revolute joints.

5.6 Synthesis of Reactionless Spatial 6-DOF

Parallel Mechanisms

The spatial 3-DOF mechanism mentioned above can be used as a leg to synthesize
spatial multi-degree-of-freedom — having up to 6-DOF — parallel mechanisms or ma-

nipulators. As discussed in Chapter 4, a 6-DOF parallel mechanism can be obtained

127



\\

Figure 5.12: Attachment point of two four-bar linkages.

using only three such legs and two actuators for each leg and spherical joints to con-
nect legs to the mobile platform. The spatial 6-DOF parallel mechanism schematically
represented in Figure 5.13 (counterweights are not shown on the figure) is composed of
three identical legs symmetrically connecting the fixed base to a common thin platform.
Each of the three legs is a spatial 3-DOF mechanism (Figure 5.10).

In order to simplify the dynamic balancing for spatial multi-degree-of-freedom par-
allel mechanisms with several legs, as addressed in Chapter 4, the dynamic balancing
for each detached leg mechanism is considered independently, if the mobile platform is
replaced by point masses located at the points of attachment of the legs to the platform.
For the spatial 6-DOF parallel mechanism of this chapter, the mass and inertia of the
thin platform can be replaced by three identical point masses m,,, on the attachment

points symmetrically arranged on a plane.

When the equivalent point masses have been determined according to eqs. (4.43—
4.45), each of the point masses is included in the corresponding 3-DOF' leg mechanism
and is considered in the balancing. By dynamically balancing each of the three legs
individually — including the point mass — and attaching the legs, without the point
masses, to a common platform satisfying the above conditions, a reactionless 6-DOF
parallel mechanism will be obtained. Hence starting from this point mass, all the
parameters of the bars of the four-bar mechanisms are chosen or calculated under
the reactionless conditions. For example, if a mobile platform can be replaced by

three point masses (my,, = 0.1143kg) a numerical example of the reactionless 3-DOF
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Figure 5.13: Conceptual CAD model of a reactionless spatial 6-DOF parallel mecha-

nism.

leg mechanism can be given in Table 5.1 and a reactionless spatial 6-DOF parallel

mechanism can finally be obtained.

The verification of the reactionless property of the spatial 6-DOF parallel mechanism
is also performed using ADAMS. For the above example mechanism, a simulation model
is built using ADAMS (Figure 5.14). Simulations have been performed for several
arbitrary trajectories. The resulting reaction forces and moments on the base are
illustrated in Figure 5.15. The results clearly demonstrate that the resulting reaction
forces and moments on the base are very small with respect to the joint forces and
driving torques (with a ratio of 1075 to 107%) due to small modeling errors. Hence, it is
clearly demonstrated that the synthesized spatial 6-DOF mechanisms are reactionless.
These numerical simulation results support the formal mathematical proof and the

algorithm using point masses to replace a platform used in this thesis.
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5.7 Conclusion

The reactionless conditions for planar four-bar linkages moving spatially and the synthe-
sis of novel reactionless spatial 3-DOF and 6-DOF mechanisms using four-bar linkages
without additional counter-rotations have been addressed in this chapter. Based on
the conditions of dynamic balancing of a single planar four-bar linkage moving in the
plane, the spatial problem has been addressed. It has been shown that a single planar
four-bar linkage cannot be dynamically balanced when moving spatially. However, it
has been found that a mechanism composed of a pair of connected planar reactionless
four-bar linkages has the property of a rigid body — a fixed center of mass and a con-
stant inertia tensor — and can be dynamically balanced in space by being attached
on another four-bar linkage undergoing planar motion in a plane perpendicular to the
composite pair of four-bar linkages under the condition of the principal inertia tensor
of the composite mechanism and the balancing conditions for a planar four-bar linkage.
Then, reactionless spatial 3-DOF mechanisms using four-bar linkages have been synthe-
sized. A numerical example of a reactionless spatial 3-DOF mechanism has been given
and, with the help of the dynamic simulation software ADAMS, it has been shown that
the mechanism is reactionless for arbitrary trajectories. Finally, a 6-DOF reaction-
less parallel mechanism has been synthesized. It is remarkable that such reactionless

mechanisms can be synthesized without introducing any separate counter-rotation.

131



Chapter 6

Kinematic Analysis of a
Reactionless Spatial 6-DOF Parallel
Mechanism Using Planar Four-bar

Linkages

In this chapter, the inverse kinematics and singularity analysis of a novel reactionless 6-DOF
parallel mechanism using four-bar linkages are presented. Three types of actuation schemes
of the mechanism are considered. The Jacobian matrix of the mechanism is first derived and
the six lines defined by the Pliicker vectors associated with the six actuated joints of the
architecture are given. The linear dependencies between the corresponding lines are studied
using Grassmann line geometry, and the singular configurations are presented using simple
geometric rules. The expressions describing all the corresponding singularities are obtained
and the graphical representations that show the relationship between the singularity loci and
the constant-orientation workspace of the mechanism are given.
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6.1 Introduction

For a novel 6-DOF parallel mechanism, kinematic analysis is a critical issue in the
context of design and control. For the singularity analysis, as we mentioned in the
Introduction, an efficient approach is based on the roots of the determinant of the
Jacobian matrix (Gosselin and Angeles, 1990; Mayer St-Onge and Gosselin, 2000).
However, in some cases the closed-form expression of the determinant depends on the
Cartesian and the joint coordinates and is then of a very complex form. It is impossible
to find the roots of such an expression analytically. Another useful approach is based
on Grassmann line geometry (Merlet, 1989; Mouly and Merlet, 1992; Monsarrat and
Gosselin, 2001). The procedure leads to an exhaustive list of geometric conditions that

correspond to singularities.

In this chapter, the inverse kinematics of the reactionless 6-DOF parallel mechanism
synthesized in Chapter 5 will be solved. The Jacobian matrices of the mechanism
associated with different actuation schemes are derived and the corresponding lines
defined by the Pliicker vectors will be given. The line geometry method is used here
to determine the conditions associated with the singular configurations. Finally, the
graphical representations that show the relationship between the singularity loci and

the constant-orientation workspace of the mechanism are given.

6.2 Geometric Description

The reactionless 6-DOF parallel mechanism schematically represented in Figure 5.13 is
composed of a fixed base and a very thin moving platform connected by three identical
legs. The legs are symmetrically arranged and are attached to the platform with spher-
ical joints. Each of the three legs is a spatial 3-DOF mechanism in which two planar
dynamically balanced four-bar linkages are stacked in the horizontal plane, while a pla-
nar composite mechanism — a pair of planar dynamically balanced four-bar linkages
arranged perpendicularly with one-degree-of-freedom— is rigidly attached on the third
bar of the second planar four-bar linkage in the vertical plane. A reactionless spatial
6-DOF parallel mechanism without separate counter-rotations is achieved under cer-

tain conditions as discussed in the preceding chapter. A schematic representation of
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Figure 6.1: Kinematic chain of one leg.
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the kinematic chain of one leg of the mechanism is shown in Figure 6.1. Any two of
the three revolute joints between the first bar and the base link of each four-bar linkage
can be actuated for each leg. Globally, six revolute joints are actuated for the whole
6-DOF mechanism. Three types of actuation schemes of the mechanism designated as
Case I, II and III respectively are considered in this thesis. In Case I, the first and
second four-bar linkages (numbered from the base to the end-effector in Figure 6.1a)
in the horizontal plane are actuated, while the first and third four-bar linkages as well
as the second and third one are actuated in Case II and III respectively. In order to
obtain a workspace as large as possible, for each leg, the attachment point on the base
B, the projection point P! of point P; on the base and point O are collinear in the

initial configuration of the mechanism.

A fixed reference frame O — zyz is attached to the base platform of the mechanism
and a moving coordinate frame O’ — z'y'z" is attached to the moving platform. The
nomenclature of Chapter 4 is used here, namely, vectors po;, pi, b;, Q and s; are used.
The mounting angle of the leg mechanism noted 1); is defined as the angle made by the
base link of the first four-bar linkage of the leg with respect to the z-axis of the global

frame.

6.3 Inverse Kinematics

As mentioned in Chapter 4, for a given position and orientation of the moving platform,
the position vectors of attachment point P;, i=1, 2, 3 expressed in the fixed coordinate

frame can be obtained from eq. (4.2).

Considering the ith leg mechanism, one can then write from the kinematic chain of
the leg

8; = Pi — Poi = di; +do; + 1e; +dgi + 1 (6.1)
with
Lo dy cos ; —d9 cos auy;
Poi = | Yoi |, dii= |disinyg; |, dg= | —dysinay;

20i 0 0
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[, COS Qvp; ds cos (3 cos aua;
I, = | losinag; |, d3; = | d3cos(sinay;
0 d3 sin ﬂ

—Tp COS (r3; COS (xg;

rp; = | —7p COS (ug; Sin ay; (6.2)
—7psin as;
where
ay = O3+ (6.3)
Qoi = O31; + U39 + i (6.4)
g = O3+ 0 (6.5)

where 3 is the angular position of the center of mass of the composite mechanism shown
in Figure 5.8, namely, the angle between the base link of the third four-bar linkage and
the base plane in the 6-DOF mechanism (Figure 6.1). The first index of the subscript
of a variable with three subscripts (e.g., 611;) stands for the number of the bar, the
second index for the number of the four-bar linkage and the third one for the number
of the leg. Moreover, all variables (e.g., 0114, dy;) are defined as in Chapter 5, simply
by adding one index i for the leg (i. e., 611, d; become 6;1;, dy;).

Substituting all the vectors in eq. (6.2) and egs. (6.3) — (6.5) into eq. (6.1) leads to

dy cos; — dgy cos aig; + A; cos aw; T; — To;
d1 sin ¢Z — d2 sin aq; + Az sin Qg; = | Yi — Yoi (66)
dssin 3 — r,sin ag; Zi — 20i
where
A; =l + dscos 3 — 1, cos as; (6.7)
From eq. (6.6), two solutions for ag;, i.e., 033, — obtained from the z component —

and four solutions for ay; and aw; respectively, i.e., 031; and f3s; are obtained.

Moreover, from Figure 5.1 and Appendix A, the relationship between the input
joint angle #; and output joint angle #3 for a four-bar mechanism of Type II (e = —1

in Appendix A) can be written as follows

(I3 + 12) cos O3 + 2111,
13 + 2111y cos O3 + 13
(l% — l%) sin 63

ing, — 6.9
L T P ol cos 3 1 3 (6.9)

cos 0 (6.8)
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Hence, four solutions for #11; and 6;5; and two solutions for 6;3; — the joint coordinates

of the first bars of the three four-bar linkages in the ith leg — are finally obtained.

6.4 Direct Kinematics

The direct kinematic problem of the 6-DOF parallel mechanism using planar four-bar
linkages can also be shown to be equivalent to the direct kinematics of existing parallel
mechanisms or manipulators for which the solution has been shown to be reducible to
a 16th-order polynomial equation (Merlet 1992a; Nanua et al. 1990; Ebert-Uphoff and
Gosselin 1998).

6.5 Singularity Analysis

6.5.1 Jacobian Matrix

Differentiating eq. (6.1) with respect to time leads to

where 9Z = (ém, 9121‘, élgi)T and J; is the Jacobian matrix of leg ¢, which can be written
as follows
Bh‘(dg sin a1y — Az sin CYQZ‘) _AZBQZ sin 9, T‘pBgi COS (¥9; sin 3
Ji = Bli(—dg COS ay; + Al COS 0421‘) AZB21 COS (v9; T‘pBgi sin 9; sin 34 (611)
0 0 —1pBs; cos ag;
and

sin(@lji — 923‘1’) .
B, = =1,2,3 6.12

The joint velocities 0; can be obtained from the following inverse Jacobian matrix.



— COS (xg; COS (34 — sin aip; cos a3 —sin aig;

g1 g1i g1

J'_l _ | Aicosagi—dacosan;  Aisinasi—dasinay;  (Ai—dachsa) tan o, (6 13)
v g2i g2i g2i '
0 0 =1
93i
where

gii = Blid2 sin 93% COS (3; (6 ].4)
go; = AiBQidQ sin 0321' (6 ].5)
gsi = DBair,cosag; (6.16)

The Jacobian matrix J of the whole mechanism, which describes the relationship be-
tween the velocities of the actuated joints and the platform velocity can be derived in

the same form and following the same procedure as in Chapter 4. One can write

31
J=1: (6.17)
Jo
with
jk = [ij; ((le) X Vji)T]1><6> k= 1, ,6 (618)

where vector V]Ti is actually the corresponding row of the leg inverse matrix in eq. (6.13).
For example, for the first type of actuation (Case I) — the first and second four-bar
linkages are actuated for each leg — the first and second rows of the matrix in eq. (6.13)
are taken as v;;,j = 1,2 to constitute the global Jacobian matrix J (egs. (6.17) and

(6.18)). One can finally write the the following velocity equation:

Ax = B#6 (6.19)
where

= [pTw’]’ 6.20
= [911191126’113912191229123] (6.21)

[0y, ” ((le) X nn)T_

n;,” ((Qbg) x H12)T

ni3" ((Qbs) x nyg)”
A = 6.22
ny; * ((le) X nzl)T ( )

Ny’ ((Qbg) x Il22)T

| ny3” ((Qbs) X nys)” |
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B = diag(—gi1, —912, — 913, 921, G22, 923) (6.23)
[ cos auz; COS Qug;
n;; = | cosas;sin ay; (6.24)
SiHOzgi

i Az COS (vg; — dg COS (X1

ny;, = Az sin Qg; — d2 sin Qa4 (625)

L (Az — d2 COS 9320 tan Qa3

The singularities of Type I occur when det(B) = 0, i. e.,

3 3
H Bh’dQ sin 9321' COS (¥g; H A,L'Bgidg sin 632i =0 (626)

i=1 i=1

This equation leads to singular conditions as follows

elji — egji = nmnec Z, j=1, 2 (627)
O30, = nmw,nec Z (628)
a3 = nmw+ g, nez (6.29)
l.+d
ag; = 2nm =+ arccos(i—i_ > COSﬁ), nez (6.30)
T'p

Furthermore, the singularity of the ith leg mechanism can be obtained from the Jaco-

bian matrix J; (eq. (6.11)) of the leg, namely,
det(J;) =0 (6.31)
then,
1rpdyA; B1;Bo; Bs;f59; cos aig; = 0 (6.32)

This equation leads to singular conditions which define the boundary of the constant-
orientation workspace of the 6-DOF parallel mechanism as shown in eq. (6.27-6.30)

plus an additional singular condition, i. e.,
013 — O3, = nmw,n c A4 (633)

As shown by Zlatanov, Fenton and Benhabib (1995), the existence of invertible 6 x 6
Jacobian matrices A and B is not a sufficient condition for nonsingularity unless the
velocity equations between the active and passive joint velocities are defined. The 6-

DOF parallel mechanism of this chapter is an example of this situation. In other words,
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Figure 6.2: Constant-orientation workspace (Case I).

although the Jacobian matrices A and B are invertible, the singular configuration

occurs when the additional condition (eq. (6.33)) is satisfied.

For other types of actuations (Case II and III), the Jacobian matrices A and B
can be obtained by using vector ng; = [0 0 1]7 and g3; to replace the corresponding
components. The singularities of Type I as well as the additional singular conditions

associated with Case II and III can also be obtained.

For the singularities of Type II, the closed-form expression of the determinant of
A is of a very complex form and it is impossible to find the the roots of such an
expression analytically. Hence, a discretization method is first used to determine the
singularity loci and the constant-orientation workspace. An example of the 6-DOF
parallel mechanism is given, the geometry of the three leg mechanisms has been chosen
in Section 5.5 and the mounting angles (3°, 123° and 243°) of the leg mechanisms as
well as two sets of radii (r, R) — (800,6200) mm and (200, 5600) mm — of the mobile
platform and the base respectively are chosen. The position vectors pg; and b; can be
calculated from egs. (4.7-4.8).

Figure 6.2 demonstrates the constant-orientation workspace of the example mech-
anism (Case I). Due to the limitation of workspace of the legs, the obtainable orienta-
tions for the example mechanism with larger platform is very limited. By contrast, the

orientation workspace for the mechanism with smaller platform is considerable. The
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Figure 6.3: Singularity locus and boundary of the workspace for different values of z
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singularity locus (inner thin curve) of Type II and the boundary (outer thick curve) of

the constant-orientation workspace for different values of z are shown in Figure 6.3.

6.5.2 Linear Dependencies of the Set of Lines for Case I

A geometric approach will now be used for the determination of the singularities of
Type II in the following sections. As we mentioned before, a line can be defined by its
Pliicker vector (Merlet, 1989). Let two points on the line A be M; and M,. For any
reference frame, let a be the vector from point M; to point M,, and let b be the vector
from the origin of the frame to point M;. The corresponding six-dimensional Pliicker
vector P is then defined by

P, =T (bxa)] (6.34)
Actually, each row of matrix A associated with the actuated angle is a Pliicker vector
associated with a line. Hence, three lines \y;, Ao;, A3; for each leg can be obtained from
vectors ny;, ny;, n3; as shown in Figure 6.1. All the lines pass through the attachment
point P;. Line \y; is along the third bar of the third four-bar linkage, line \3; is parallel
to the z axis of the fixed frame, while line \y; passes through P, and a point which lies
on the vertical line through point P;;; and with a distance h,; over the horizontal plane
through point P;. The distance h,; can be calculated in the plane of the composite

mechanism. For the case of actuation study, only two of the three lines for each leg and
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globally 6 lines for the whole mechanism will be considered for the singularity analysis
of Type II.

The 6-DOF parallel mechanism is in a singular configuration of Type II if and only
if one of the Pliicker vectors associated with a line is linearly dependent on the other
Pliicker vectors in the Jacobian matrix A, namely, there is a subset spanned by n of its
lines having a rank less than n. For Case I, the first and second four-bar linkages are
actuated. Then, the corresponding lines \;; and \y; which define a plane A;,7i =1,2,3
are considered. The methodology and the notation used here are the same as those used
in (Merlet, 1989). The detailed classification of the linear varieties by rank is shown
in Figure 6.5 where a little black ball stands for the intersection of two lines, while a
parallelogram for a plane. To study the singularities of the 6-DOF parallel mechanism

with six lines, we have to consider the linear varieties of rank 1 to 5.

6.5.2.1 Subset of Two Lines

Condition 1. When two lines A\;;(: = 1,2,3;j = 1,2) are collinear, a singular configu-
ration is obtained. For the mechanism under study, the set of two lines can be of two

types.

1. The two lines are associated with the same leg i. A singularity occurs when the

two lines of the ith leg are aligned. The closed-form expression of the singularity locus
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for this case is the same as the one of Type I.

2. The two lines belong to different planes /A;. Singular configurations occur only

if two corresponding planes are coincident.

6.5.2.2 Subset of Three Lines

Condition 2. The lines belong to a flat pencil of lines: the three lines are coplanar and

all intersect at a same point. Singularities arise in the following two sub-cases.

1. Two of the three lines belong to the same plane A; and the other line in leg j

passes through P; and lies on the plane A;.

2. One line of each leg intersects at a common point lying on the plane of the mobile

platform.
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6.5.2.3 Subset of Four Lines

Condition 3b. The lines belong to two flat pencils having a common line but lying in

two distinct planes and with distinct centers. We consider two sub-cases.

1. Two pairs of lines have a common point each at P; (e.g., P;, P») and the common

line of the two flat pencils passes through the points P, and Ps.

2. Only one pair of the four lines has a common point (e.g., A1, Aa1, A2 and A;3).
The two lines \;» and A;3 must be coplanar. Let P»3 be the intersection point. The

common line between the two flat pencils is the line going through P, and Pss.

Condition 3c. All the four lines pass through the same point but are not coplanar. In
this case, only one pair of the four lines (e.g., A11, Ao1, Ai2 and A;3) has a common point

(Py) and the lines A5 and A\;3 pass through the common point.

Condition 3d. The four lines are coplanar but do not belong to a flat pencil of lines.

Two sub-cases are to be considered.

1. Two pairs of lines have a common point each at P; (e.g., A1, Aa1, A2 and Agg).

Such a case is obtained when the two planes are coincident.

2. Only one pair of the four lines has a common point. In that case, all the lines

must be coplanar with the moving platform.

6.5.2.4 Subset of Five Lines

Condition 4b. The five lines intersect two skew lines. Without loss of generality, let us
consider the lines Ai1, Aa1, Ao, Ao, and A;3,7 = 1 or 2. We first define a set of two skew

lines s; and sy that intersect four lines in two different ways.
1. s € Ay and crosses P», and sy € /Ay and crosses P;. A singular configuration
occurs if line \;3 intersects the two skew lines s; and sy but does not lie in the mobile

plane and the planes A; and A,.

2. s1 € A1 N Ay and sg is the line that passes through P, and P,. A singular
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configuration occurs if line \;3 intersects s; and ss.

Condition 4c. The five lines define three flat pencils having one line in common but lying
in distinct planes and with distinct centers. We consider the five lines A1y, Aa1, A12, Ao,
and \;3,2 = 1 or 2. The former four lines belong to two flat pencils having the line
d € A1 N Ay in common with centers at P, and P,. The singularity of condition
4c is obtained if and only if the line \;3 intersects the line d, i.e., the three planes
A;, i =1,2,3 all intersect the line d.

Condition 4d. All the five lines belong to the same plane or pass through a unique

point in that plane. There are three possible sub-cases.

1. Lines Ai1, A21, A2 belong to the same plane, A9 and A3 pass through the same

point.

2. Lines Aq1, A21, A3 belong to the same plane as the platform, Aoy and A9y pass

through the same point.

3. Lines Ai1, A9; belong to the same plane and the other lines pass through the same

point.

6.5.2.5 Subset of Six Lines

Condition 5a. The variety spanned by the six lines is a general linear complex. All
coplanar lines of the complex intersect a common point. This can occur if the three lines
belonging respectively to the three flat pencils defined by lines (A;; and g, i = 1,2, 3)

and lying on the moving platform plane intersect at the same point.

Condition 5b. All the six lines intersect the same line. There are two sub-cases for this

singularity:.

1. The common line passes through P; and P;. This singularity occurs if the plane

A}, and the platform plane are coincident.

2. The common line is the line of intersection between planes A; and A;. This

singularity occurs when vertex P lies on the intersection line.
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Figure 6.6: Singularity loci and boundary of the constant-orientation workspace (Case
I1I).

Now, all the singular configurations have been presented using geometric rules.
The expressions describing the corresponding singularities can then be obtained. For
example, only the expressions for the first sub-case of Condition 3b are derived and

given here.

According to the condition and geometric rules one can write

(n11 X mg1)-prz = 0 (6.35)
(n12 X ngz) - prz = 0 (6.36)

where pis is the vector connecting P; to Ps.

Finally, one can deduce two equations representing the singularity loci of this sub-

case with the following form:

f1(0411,04217$7y727¢797¢) = O (637>
f2(0512’05227x7y727¢707¢> - O (638)



6.5.3 Expressions of the Singularity Loci for Cases II and III

For Cases II and III the six lines are A\y; and A3; and A\g; and \g; respectively. Moreover,
the planes A;,i = 1,2,3 defined by the lines Aj; and A3; (or Ay; and A3;) are always
perpendicular to the base plane of the mechanism. Following the same procedure as
in Case I, it is found that all the singular configurations of the mechanism can be
reduced to the generation of a general linear complex except for the first sub-case
of 3b (6 = £7 is a singular condition) (Monsarrat and Gosselin, 2001). In singular
configurations, the three planes A; are normal to the plane of the base and intersect
one common line being perpendicular to that plane. Hence, for a given orientation of
the moving platform, the cross section of the singularity surface is the same for any z
coordinate. Let d;,7 = 1,2, 3 be the three intersection lines between the planes A; and
the plane of base. In the plane, the three lines intersect the same point. We define
the point P, as the projection of point P; on the base plane, i.e., p; = [Diz  Diy O]T.
Then, we determine the equations of the three lines d; that pass through the points
Pji; and P, for Case II1, i.e.,

(Pjriy — Piy)t + (Piz — Pj1iz)V +psi = 0,4 =1,2,3 (6.39)

where ps; = pj1izPiy — DjtiyDic-

All the three lines intersect a common point only if the following determinant van-

ishes, i.e.,

Pj11y — P1y  Pj12y — P2y Pj13y — P3y
Piz — Pjite  P2e — Pjizs D3z — Pjise | =0 (6.40)
Ds1 Ps2 Ds3

Substituting the components of vector p;;; and p; leads to
Cl$2 + ngz + ngy + 0433 + C5y + 06 =0 (641)

where the coefficients C;, 7 = 1, ..., 6 are the function of the geometric parameters of the
mechanism and the orientation Q of the mobile platform. Furthermore, the nature of

the above curve depends on the following quantity:

2
§ =010y — 043 (6.42)

The curve will be a circle (6 = 1), an ellipse (6 > 0), a parabola (§ = 0) or a hyperbola

(0 < 0). Figure (6.6) demonstrates the section of the constant-orientation workspace
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Figure 6.7: Singularity locus and boundary of the workspace (Case II).

and the singularity surface for a given coordinate z. It is found that there is no sin-
gularity inside the workspace for the mechanisms of Case III. This result is confirmed

using the discretization method.

For Case II, we should replace the coordinates of point Pj;; with those of point
Pjy; in eq. (6.40). However, the coefficients C; include the joint coordinates of the
first four-bar linkages. This implies that we cannot obtain a fixed singularity locus
for a given orientation of the platform as shown for Case III. Figure 6.7 illustrates
the singularity locus (inner thin curves) and the boundary (outer thick curve) of the
constant-orientation workspace for the example mechanism which is obtained using a

discretization method.

6.6 Conclusions

The inverse kinematics and singularity analysis of a novel reactionless 6-DOF parallel
mechanism have been addressed in this chapter. Three types of actuation schemes of the
mechanism were considered. The Jacobian matrix of the mechanism was first derived
and the six lines defined by the Pliicker vectors associated with the six input angles of
the architecture have been given. The linear dependencies between the corresponding

lines were studied using Grassmann line geometry, and the singular configurations were
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presented using simple geometric rules. The expressions describing the corresponding
singularities have been obtained and the graphical representations that show the re-
lationship between the singularity loci and the constant-orientation workspace of the

mechanism have been given.

All the results presented in this chapter will be of great help during the design
process and for the control of the new type of parallel mechanism introduced in Chapter
5.
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Chapter 7

Conclusions and Future Work

In order to eliminate the excitation of the base in high speed machinery and in large-
scale precision devices or the disturbance of the free-floating base in space robotics
and telescope mechanisms, thereby to significantly improve the general performance,
the development of reactionless mechanisms and manipulators (including spatial ones
having up to 6-DOF) has become an increasingly challenging and promising research
subject in the field of parallel mechanisms and motivates researchers to study it. A
systematic study of the synthesis and kinematic analysis of reactionless spatial multi-
degree-of-freedom parallel mechanisms has been performed in this thesis. This study
includes the conceptual design of 3-DOF leg mechanisms, the synthesis of 6-DOF paral-
lel mechanisms, the geometric description and kinematic analysis of these mechanisms
as well as their dynamic balancing. Some results of this study have been presented
in international conferences or will appear in journal papers (Wu and Gosselin, 2002a,

2002b, 2002¢, 2003a, 2003b; Gosselin and Wu, 2002). In this chapter, a number of
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conclusions are highlighted, some results are discussed, and research issues for further

studies are given.

7.1 Summary

This thesis set out to investigate the dynamic balancing of elementary linkages. The
balancing equations are derived by imposing that the center of mass of the mechanism
is fixed and that the total angular momentum is constant with respect to a fixed
point. Counterweights and counter-rotations were added for dynamic balancing. A
1-DOF link was extended to a dynamically balanced 2-DOF serial chain. Two of
these were used to synthesize a planar 2-DOF parallel mechanism. This allowed the
simplification of the dynamic balancer. By adding another link that can move out of
the plane of the 2-DOF mechanism, a new kind of 3-DOF parallel mechanism referred
to as a parallelepiped mechanism has been presented and a practical design has been
implemented in this thesis. The 3-DOF parallelepiped mechanism may be regarded as
a three-link serial chain since the kinematic analyses of the two kinds of mechanisms are
completely the same. On the other hand, the parallelepiped mechanism may be also
considered as a “truly parallel” deformable truss, i.e., a multi-dof truss-type mechanism
in which all actuators are mounted in parallel on the base. The mechanism has lower
inertia and a higher stiffness compared to the three-link serial chain where two of
three actuators are mounted on the moving links so that the mass and inertia of the
actuators must be considered in the balancing. Optimizations were used to determine
the counterweights and counter-rotations, based on the balancing conditions. The
dynamic simulation software ADAMS has been used to simulate the motion of the
3-DOF parallelepiped mechanisms and to verify that the mechanisms are reactionless
at all times and for arbitrary trajectories. Furthermore, compared to the dynamic
balancing for the three-link serial chain by adding a counterweight at the extension of
each link, it has been found that reactionless 3-DOF parallelepiped mechanism can be
obtained at a lower expense of the addition of counterweights due to the parallelograms
which can transmit the rotation of the moving mass to a link pivoted to the base and
result in adding less counterweights on this link. Finding simple mechanisms which can
be dynamically balanced and then serve as legs to construct multi-degree-of-freedom
parallel mechanisms is crucial for the synthesis of reactionless parallel mechanisms of

the desired degrees of freedom.



The reactionless conditions for planar four-bar linkages moving spatially and the
synthesis of novel reactionless spatial 3-DOF using four-bar linkages without addi-
tional counter-rotations have been addressed in this thesis. Based on the conditions of
dynamic balancing of a single planar four-bar linkage moving in the plane, the spatial
problem has been addressed. It has been shown that a single planar four-bar linkage
cannot be dynamically balanced when moving spatially. However, it has been found
that a mechanism composed of a pair of orthogonally connected planar reactionless
four-bar linkages has the property of a rigid body, i. e., the composite mechanism has a
fixed center of mass and a constant inertia tensor. Therefore, it can be attached to any
other mechanism provided its mass and inertia comply with the balancing conditions
of this other mechanism. In this thesis, such a composite mechanism was attached
to a serial chain of dynamically balanced four-bar linkages undergoing planar motion
in a plane perpendicular to the composite mechanism, in such a way that the inertia
tensor of the composite mechanism is constant and that the balancing conditions of the
planar serial chain are satisfied. Thus, reactionless spatial 3-DOF mechanisms using
four-bar linkages have been synthesized. The reactionless property of this 3-DOF mech-
anism has been verified by a numerical example using ADAMS. The most important
advantage of the kind of reactionless mechanism is that the use of additional separate
counter-rotations and their side effects are avoided. Moreover, it is easy to design and
manufacture a practical dynamically balanced system with only counterweights and

revolute joints.

Reactionless spatial 6-DOF parallel mechanisms using parallelepiped mechanisms
and a reactionless spatial 6-DOF parallel mechanism using four-bar linkages have been
synthesized in this thesis. These are the first completely balanced spatial 6-DOF paral-
lel mechanisms we have seen in the literature. An algorithm using point masses located
at the points of attachment of the legs to the platform to replace a moving platform
has been derived in this thesis in order to simplify the dynamic balancing for planar
and spatial multi-degree-of-freedom parallel mechanisms with several legs. It has been
shown that a reactionless spatial parallel mechanism can be obtained by dynamically
balancing each detached leg mechanism independently instead of dynamically balancing
the whole mechanism. It has been found that for planar parallel mechanisms a uniform
platform with any thickness while for spatial parallel mechanisms only symmetric thin
homogeneous platforms can meet the requirement of dynamic equivalence derived in
this thesis. Although there is still some skepticism about this algorithm, numerical

examples and their simulations using ADAMS have verified the reactionless properties
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of the balanced mechanisms as well as the correctness and efficiency of this algorithm.
The approach of dynamically balancing each leg independently can be applied to the
dynamic balancing of any multi-degree-of-freedom parallel mechanisms if the moving

platform can be replaced by corresponding point masses.

The kinematic analyses including the inverse and direct kinematics as well as the
determination of singularity loci and workspace of both the 3-DOF leg mechanisms and
the 6-DOF parallel mechanisms have been solved in this thesis. For novel manipulators,
it is necessary to find out the inherent characteristics of the mechanisms in the context
of design and control of the mechanisms. The Jacobian matrices of the mechanisms
associated with different actuation schemes have been derived. Geometrical algorithms
and discretization methods are used for the determination of the workspace for the
corresponding mechanisms. Also, analytic methods based on the determinant of the
Jacobian matrix and discretization methods have been utilized for the singularity anal-
ysis. Especially, a geometrical algorithm based on Grassmann line geometry has been
used for the singularity analysis of such a complex mechanism as the reactionless 6-
DOF parallel mechanism using four-bar linkages. Finally, the graphical representations
that show the relationship between the singularity loci and the constant-orientation
workspace of the mechanisms were given. Each approach has its own advantages and
is suitable to different applications. In addition, some important results of kinematic
analysis have been obtained. For instance, by suitable design of the parameters of
the 6-DOF parallel mechanism using four-bar linkages (Case III), singularities can be

avoided inside its workspace.

A general procedure for the synthesis of reactionless multi-degree-of-freedom par-
allel mechanism has been developed in this thesis. Essentially, this procedure is based
on stationary global center of mass and constant angular momentum. This classic ap-
proach was extended by the notion that dynamically balanced mechanisms, globally
behaving as rigid bodies, can be attached to a rigid link in any other dynamically
balanced mechanism. Thereby, the number of degrees of freedom can be expanded
(Figure 5.8). This was proved to be a useful tool in the design of multi-dof dynami-
cally balanced mechanisms. The procedure includes the design of a simple mechanism,
derivation of balancing conditions of the mechanism, optimization for determination of
counterweights and/or counter-rotations, synthesis of multi-degree-of-freedom parallel
mechanism, dynamically balancing each leg mechanism independently, simulation us-

ing ADAMS with numerical examples, verification of reactionless property, kinematic
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analysis with suitable algorithm, characteristics verification of the mechanism with the
design criteria. This procedure is very helpful in both the conceptual design and de-

tailed design stages.

Reactionless spatial multi-degree-of-freedom mechanisms have great potential ap-
plications such as space robots, telescope mirror mechanisms and some industrial high
speed devices. All the results of kinematic analysis will be of great help during the

design process and for the control of the mechanisms presented in this thesis.

7.2 Discussion and Future Work

Many dynamic balancing approaches and balanced mechanisms have been proposed in
the literature. However, the practical application of the proposed balancing techniques
is questionable. The price paid for balancing includes extra additional masses, com-
plex balancing devices, increase of joint forces and driving torques and even unrealistic
configurations. Most of the mentioned problems are common to many balancing tech-
niques and undesirable but unavoidable, just as an ancient Chinese proverb says “one

cannot get something without paying anything in return”.

As we have discussed in the respective chapters in this thesis, the development of
reactionless multi-degree-of-freedom robotic systems was achieved also at the expense
of a substantial increase of the masses of the moving links and the complexity of the
mechanism. However, we have shown the advantage of the two kinds of reactionless
3-DOF mechanisms proposed in this thesis as compared to three-link serial chains. The
reactionless 3-DOF mechanism using four-bar linkages has 11 moving links, 2 more than
that (9) of the reactionless 3-DOF parallelepiped mechanism, and hence may have a
greater mass increase of the system for the same payload. Apparently, the former
mechanism looks larger and more complicated than the latter mechanism. However,
three counter-rotations have to be used for the latter mechanism. Moreover, the design
of separate counter-rotations is normally complicated relative to the initial mechanism
especially for the design near a pivot on the base with counterweights and counter-
rotations as well as actuators, a challenging issue for future work. Furthermore, using
counter-rotations like gear inertia counterweights may generate noise and vibrations.

Hence, the disadvantages of the complexity and larger mass of the reactionless 3-DOF
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mechanism using four-bar linkages may be overcome by its merit of avoiding separate
counter-rotations in high speed applications. For a completely new design of reac-
tionless 3-DOF mechanism or 6-DOF parallel mechanism, the two kinds of syntheses
using parallelepiped mechanism or using four-bar linkages respectively are both good

candidates. Which one is better depends on the design requirements and limitations.

Another challenge in the future is the simplification of the designs proposed in this
thesis in order to decrease the total system mass and render them more suitable for
practical application as the launch cost is a crucial consideration for space robots. As
mentioned before, for instance, there are some possibilities to shrink the reactionless 3-
DOF mechanism using four-bar linkages such as changing the position of the attachment
point of two four-bar linkages (point P in Figure 5.6), decreasing the length , (eq. 6.2)
of the extension part of the link connected to the platform, using the same size for the
two four-bar linkages of the composite mechanism and so on. Many solutions are no
more than proof-of-principle. For instance, optimization has been used to find a solution
from infinitely many, but selecting different object functions or boundaries of optimum
variables may well yield much better performance. An optimization for the whole
mechanism with the considerations of the above factors and detailed parameters using
dimensional variables specifically tailored to the link geometry will definitely decrease
the mass of the mechanism. Following the general procedure and using the kinematic
analysis algorithm as well as the corresponding codes developed in this thesis, finally, a
more practical design of the reactionless mechanism can be obtained. Future work also
includes the applications of the approaches presented in this thesis to other mechanisms
as well as the design and fabrication of balanced prototypes of the reactionless spatial

3-DOF mechanisms and spatial 6-DOF reactionless parallel manipulators.

Some of the procedures used in this thesis may be generalized. For example, in the
parallelepiped mechanism of Case I, the assumption that the center of mass of each

link is located on the link axis may be generalized.

To find out the dynamic equivalence between a moving platform and four point
masses is an imperative research issue for future work. We have shown that a very thin
uniform moving platform can be dynamically replaced by three point masses. However,
if the platform has a nonzero thickness or is not symmetric, the dynamic equivalence
conditions cannot be satisfied. In this case, the platform could be replaced by four non

coplanar point masses. Subsequently, four legs could be used and the attachment points

155



of the legs on the platform do not lie on one plane in order to obtain a reactionless
6-DOF parallel mechanism. It is worth while to derive these conditions such that the
approach of dynamically balancing each leg mechanism independently for the dynamic

balancing of whole mechanism can be applied to more parallel mechanisms.

The dynamic balancing of mechanisms has received considerable attention for sev-
eral decades and many dynamic balancing approaches and balanced mechanisms have
been proposed. However, so far, very few have been put into practical applications due
to the high cost for the balancing. The potential applications have attracted researchers
to continue working on this subject and new approaches and solutions are constantly
being reported. To develop a perfect reactionless parallel mechanism which will finally

be used in space robots or telescopes is our dream, but there is still a long way to go.
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Appendix A

Dynamic Balancing of a Spatial
Parallel Mechanism with Multiple
Legs

Figure A.1 shows a spatial multi-degree-of-freedom parallel mechanism with &k legs.
Assume that each leg has n links. A fixed and a moving coordinate frame and some
nomenclatures are defined as in Section 4.2 and 4.3. The angular momentum of the k
point masses with respect to the fixed point O and the fixed frame can be written as
follows:

k
hkp = sz‘ X MpiPi
i=1
k .
= > (p+Qb;) x my(p + Qb;)

i=1
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Figure A.1: A spatial parallel mechanism with multiple legs.

k k k
= pX (Z Mpi)P + P X Q(Z myib;) + Q(Z myib;) X p +
i=1 i=1 i=1
k

Zle X mpi(w X sz), (Al)

=1

where w is the angular velocity of the moving platform.

If the center of mass of the point masses coincides with that of the platform (i.e.,
0'), then ¥m,;b; = 0 and eq. (A.1) becomes

k k
hy = px (Y mu)p+ Y Qb; x my(w x Qb,). (A2)
i=1 =1

Moreover, the second term in eq. (A.2) stands for the angular momentum of the point
masses relative to their center of mass O'. We express the angular velocity of the
platform w and the position of the point masses relative to their center of mass O’ in
the fixed frame (i.e., Qb;) as

Wy L
w=|wy |, Qb;=|uw|, (A.3)
Wy Zbi

then the angular momentum of the point masses relative to their center of mass O’ can
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be obtained as
S (Yo; + 25)We — Mypi@ioidy — LT 26iw
hy = | =Empyisiws + Smpi(g; + 2wy — DMy 26iws | - (A4)
— My 2T — LMy 26 YbiWy + S (T + Y )ws
Using the definition of the moments and products of inertia (Bedford and Fowler 1996),
eq. (A.4) leads to

Iys Iy —1p.| |we
hy = |1, L, —I,.||w|=Iw, (A.5)
L. —Ly L. W
then
k
hiy, =p X O my)p + Lpw. (A.6)

=1

From eq. (A.6), it is found that if the k& point masses are dynamically equivalent
to the platform — namely with the same mass (m, = ¥m,;), the same center of mass
(O') and the same inertia tensor (I, = Iyxp) — the angular momentum of the point
masses is identical to that of the platform. Therefore, by using the point masses to
replace the platform, the angular momentum of the complete mechanism relative to

the fixed point O and expressed in the fixed frame can be written as

k
h, = Z(hgli + (v +a;) X myTy; + ...+ Dy + (Tp + a5) X Myl +
i—1

(rpi + a;) X MmypTy)

k
= Z(hgli + 1y X myty 4. Dy T X Mg + Ty X Myply) +
i=1

k
Z a; X (mlii‘li + ...+ mmrm + mpii‘pi), (A?)
=1

where hgj;, 7 = 1...n is the angular momentum of the corresponding link relative to
its center of mass. If each leg mechanism including the point mass is dynamically
balanced, then the center of mass of the leg is fixed and the angular momentum of the
leg with respect to the fixed point B; is zero, namely, the sums in both parentheses
in eq. (A.7) are zero respectively. Hence, h, = 0 and the global center of mass of the
complete mechanism is fixed, i.e., the whole system is reactionless. Furthermore, from
eq. (A.7) the same conclusion can be obtained even if the leg mechanisms of the system

are not identical, namely with different number of links.
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Appendix B

Determination of the Dependent
Variables in Planar Four-bar

Linkages

The kinematic constraint equations can be written from Figure 5.1 as

licos ) + lacos by = d -+ l3cos 05 (B.1)
llsin91+lgsin92 = l3SiH03 (BQ)

Differentiating eqs. (B.1) and (B.2) with respect to time, 6, and 5 can be found as:

ll sin 01 — 93 .

D ( )

b2 = zzsin(eg—ez)el (B-3)
( )
( )

0 (B.4)

. — [{ sin
5 lgSin 03—92
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Also, from eqgs. (B.1) and (B.2), cosf3 and sin s can be written as

cosy = (lycosb; +lycosby —d)/l3 (B.5)
sin 03 = (ll sin 91 + lg sin 02)/[3 (B6)
Substituting egs. (B.5) and (B.6) into the trigonometric identity cos 2 +sin ? = 1, one
has
(d —1ycosby)lycosby — H

infy, = B.7
SHL2 lllgsinﬁl ( )
and
—A; + Y]
COS 02 = # (B8)
with

Yi = 6\/A%—4A2A0:€A

1
H = 5(z§+z§—l§+d?)—dzlcosel
A() = H2—l3l351n201

Ay = —2l,H(d—lycosby)
Ag = l%lg + d2lg — 2dl1 COS 91
e = =1

Then, 65, 65 and their derivatives can be obtained using the above formulae for

given 6; and 91.
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Appendix C

Coefficients B; and A, of the
Polynomials in cosf; in eqgs. (5.32)
and (5.33)

C.1 Coefficients B; in cosf; in eq. (5.32)

By = (—Iyamsld® — I,3msl3d® — m312r3d® — m315rsd® + Lomsl3d® + Lomsl$d® +
Lewzmal3dS + LamslSd? — Iomslad® — IemalSd® 4 21,,3malad® + 2milirad* +
Am3i3r3l} — 2L0malyd* — 21,.3malyd* + 21,9mal5d* — moramal3d®ls —
maramal$d® — I,smslae A%d® — I,,3mal3d?l5 — I,3malsd®l} —
maramal3d?l — mardmal3e® A%dS — moramal3dS — m313rie? A%dS —

m32rad3ly — m33rad>lt + Lgomsl3d?ly + Lpomsl3d?l} + Lgomsl3e? A2dS —
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B

Lyamal3d®15 + Lamsl3d?lt + Lamalid?ly + Lgamalse? A%d8 — Iomal3d?l} —

Lyyamal3e? A%d0 + dmaoralomsl3lid® — dmaralomal3l — dmaralimsl3l —
2maramsladiieA + 2morimalidieA + 2moramslid® + 2morimsl3d*s +
2maramslil2d® — Smaralomal2d?l} + dmarslomslieAd® — dmarol3msl3l3d? +
Amagralomal3e Ad 3 — dmaralomaladHl} 4 dmarelomalils + 21,,3malalid® +
21,y3malsd?l3 + 21,,3msl3d 13 + 61,,3msl3l315d% — 21,,3msl3d 1] +
21,y3mslieAd® — 21,,3malid e A + 21, 3mal3d* 3eA + 21,,3msl5eAd T —
2maramalieAdS + 6marimsl3313d® — 2maramal3d* 3 + 2maoramslid®l3 +
AT, m3l3131} + 81, 1mal3l3d> 18 + 41, m3l313d* — 2marimalie Ad*? +
Amarimal3I31T + 4malSmal3l3 + 8malimsl33d® 4+ 4mal?mal3iid® +

AT, 3m3l31311 + 4T ,0mal3l31 + 61,,0mal313d%1T 4 21,0mal3l3d* +
2m3larieAdS + 2m3l3r3i313d? + 2m3lsrad®ls + 2miliradieA +

2malaradH3 + 6malgrilid? — 2m3l3rad 2 — 2m33radtiZeA +

2mA3rie Ad? + 21, .omal3d 3¢ A — 21, omslidieA +

2 ppomslad s — 2L,0msl313d? + 210mal2d 13 + 21, .0msl3eAdS +
2Leomal3315d? — 21,m0malsd?ls + dmyrimsl3i3d* — 21,0malid*3eA +
Amyrimal3 31 + 8myrimal3l3d2 1 + 21, omalsd e A + 21,,0m3l313d? —

2L, 0mal3e Ad ? — 21,p3mal3eAdS — 21,,3m3l3l3d* — 21, 3mal3d?l3 —
2L3malse Ad 3 + 21, 3mzlyd e — 21, p3m3lad 3eA + 21,3mal3d 3 +
2La3mala313d? + 21,3mal3d 1} — 21,0mal3d? — 21,,0mal5eAd® +
21,omal3d*13 + 21.omalieAd*13) / (413m3l3)

—lyd(—m313r31 + 81,,1m3l31313 4 Lpomal3lzeAd? — 21,0m3l305 —
moramslalzeAd® — dmorimsl3d®l? — moramsl3l] + SIyylmglglgdz +
2malsrals — 4m33rsd?l3 — 3m33ridt — 3moramslidt 4 2marelomsl3i?eAd® +

AT om3l313d% + 61,,0m3l31313 + 6maralomslieAd* + 21,,3msl513 +

2m2r%m3l§l% — 3m2r§m3l§eAd4 — 3Iyy2m3l§€Ad4 + m%lér%eAdQ — Iz,,ygmglgl;1 —

Leasm3l3l3eAd® + AL,3mal3d* 13 + Lipamsl3ld + 21,,0mslal? — Iomal3l] +
3L pomalad® + 8malimalald?® + 6marimal3lts 4 Lomals 4+ 4Lomslad®l? +
Lozomsl3l} + 8molimal3i3 + 4L,pomsl3d?13 4 Lgomslily — LgomslaeAd? —
m3lSr3 + 4m3I3rsd*l3 — m33ralie Ad® + 4m3lsrad® + AL 3malsd?l3 +
Amgralomslal? — Al omal2d?13 — Izmalae Ad® + LaamalS — m3l3rals +
6m3l3rals — Aleamalsd® + 61,,3m3l3l313 + dmaramalid®l3 4+ 2maorimsl3ls +
31,3malae Ad* + Iysmal3lieAd? + 21,,3msl5l3 + 3m3larieAd* +

m3l3r3l2eAd? — ALysmsl3d*l — Iyamal3li — 31,,3mal3d* — I,3mal3ls +

AT 3malad® + Tysmal3le Ad® + 41, 3mal3d?l5 + IyomslieAd® + dmarimglyd® +

mgrgmglgeAd2 — mgrgmglgl%eAdQ — Iyygmglg — Inymglg + 3Im3m3l%d4 +

Lipomal3lieAd® + AL yomslid® — Iyomsl3lseAd? + 8myrimsl3l3d® +

8myrimal3l31% + 21,,0m3l3ls — Iyamsl3lEeAd® — AL omslid® 4 21,0m3I31305 —

Amagroldmal3l? — 2Lomal3ls + 21,.3malsl315 — 31,0malid* + L3msl3ls —
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Bs

moramsls + 2m313r31313 — Laamal3l3eAd? — 21,.3msl513 + 310mal3eAdt —

3L p3mslaeAdt — morimsl3ly + LgzmslyeAd® — 8Smaralomslad?ls —
8maralomsl3l] — 2L,.3mslalt)/(213msl3)

~(=2Lyy2mslsl3l + m3lgr3lE + Lysmsl3ls + Lyyamsl3l + LyyemslSIT +
m313r31S — LopomslSls + I3malSit — Lomsl3ll — Lamal3ll —
LeazmalSi3 + 2m313r3lt — 21,,3m3l3l} + 2L3malyl + 21,.0msl3lt —
21, omal3l} + 101,,3m3l3d?l} + 10maramal3d?l} + 10m3i2rid2l} —
10Lpom3l3d?l} — 10L3mal3d?l} 4 101,,0msl3d? 1T + m312r3215 +
Lyamal3l3ls + Lyamsl335 + maramal3ls + marsmalSit +
morsmslalily — Laomsl22ly — Lasmsl3lils + dmorelomslil?d® —

4m2r2l2m3l§l? — 4m2rgl§’m3l§lff — 10m2r§m3l§l%d2 + 87)”&27“2lngg,lnglil —

Amarolsmsl3lid? — 8morolomslae Ad T — dmoralomslid? + dmaoralomslil] —

101,,3mal5l3d? — 61,,3msl31215d* + 131,,3msl3d 13 — 41 3mal3eAd*E —
6marsmal3ltiad® + 13marsmalid*l} + 41, msl3l3l — 81,,1msl313d%1T +
ALy 1msl3l3d* + dmarimsl3e AdHT + 2marsmsl3l3lT + dmalimgl3l3 —
Smalimal3l3d® + 4molimal3id® + 21,,3mal3131F + 21,,0m3l31311 —
61,,0m3l313d%13 — 10m313r31313d? — 6m3larilid® + 13m3i2ridl? —
Am3I3r3e Ad 2 + 101,0m3l513d? — 131,,0mal3d 3 — 101,,0mal31213d? +

Amyrimal3l3lt — 8Smyrimal3i2d2l3 + dmyrimal3iad? — 101,0mal3l3d* +

AT, om3lie Ad 1?2 + 101 ,.3mal313d? + 4L3malae Ad* 13 — 101,3m3l31315d° —

13Lp3malad 13 + 131,,0mal3d*? — AL omal3eAd 13 — 2morimsl3l] —
AT pp1msl3l3l] + 21,p3mslal3ls — 8T pimslal3d?? — 20,,0msl31513 —
2m3I5ra213 + 20,0mal3l213 — Al mal3l3dt — 2m3l3r3lts —

21,y 3mals 315 — 2marimsl32l5 — 2@,.3msl31113) /(A3mal3)
Ld(m3l3r3lt + ALy, msl31303 + 3marsmsl3d*l + morsmsl3lt +

AL, 1msl3l3d% + 3m3I3rad2IT + Tyomsl3l31T — Iysmslali —
maramal3l? — 31,.3malad?l} — Leamslal] — Lamal3ls +

Lyyamsl3lt + 4malimal3i3d* + moramsl3i3l5 — 31.omsl3d®lE —
Lewomal2lT + dmolimal3l3 + 2marolomslal? + 31,,0msl3d?l3 +
m3l4r312 + Lyamalalil3 + 31,,3mal3d?l3 + I,smalsl] +
Amar?mal33d® + Amir?mal3312 — Laomsl3l313 — 2marel3msl3ls +
Lowomslsld — Laamal3213 — m313r31213 — dmaorolomsl3d®l? —
Amarolomsl3l} 4 Lazmalal? — 4L ymal3lad? — 4l,.1msl31313) / (13msl3)
—13d? (4marimal3l3 + AL, mal313 + Amalimal3l3 — dmaralomsl3l? +
marsmal3ly + m3I3r3lE + Lysmal3l} — ALamglal3 + Iyamsl3ll —
Lowsmsl3ld — Lomal3i?)/(13msl3)
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C.2 Coefficients A; of the Polynomials in cos#; in

Ao

Ay

eq. (5.33)

(1m31573 + 11 1,0malS — 1} Lpamal§ + 13 IyyamalS — 1§ LeamalS +
4d0 T, pamal3lieA — 2d* I yomalils 4 21 Lamalsls — 20 m313r313 +
205 Lowomalyl3 — 203 1,,3mal513 — 20imarimalils — 201 1,,0mal313 +
Im313r315 + 11 T,3mal3ls + 11, 0msl3ls + [imarimsll +
13maramal3ly — 11 Lpomsl3ly — 13 Lazmal3ls — 213d*m313r3ls —
213d* I 3malsls — 213d% I, omsl3ls — 203d*marsmal$ — 203d*marsmsl3ls +
22d% I pomsl2ls + 202d? Iopamsl3ls + AP d*m2ldr2e A — A12d* I zomslieA —

1 32 1 2°3 1 2°3"2 1 3
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Appendix D

Relationship between I, I, and
]ZZ

The moments of inertia relative to any three coordinate axes for any rigid body can be
written as (Bedford and Fowler, 1996)

Ly = /(y2 + 2% dm
I, = /(:EQ—I—ZQ)dm
L. = /(:U2 +y?) dm
where z, y and z are the coordinates of a differential mass dm of the body in the

three-dimensional frame.

Clearly, the difference between any two moments of inertia must be smaller than or

equal to the third one.
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