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Abstract

In this paper, a systematic approach is developed for the structural
synthesis of a class of four-degrees-of-freedom (4-DoF) and 5-DoF
overconstrained parallel manipulators with identical serial limbs.
The theory of screws and reciprocal screws is employed for the anal-
ysis of the geometric conditions that must be met by the limbs of
such parallel manipulators. Limb structures that can be used for
constructing 4-DoF or 5-DoF parallel manipulators are enumer-
ated according to the reciprocity of the twist and wrench systems.
The assembly conditions of a parallel manipulator built by using
identical C- or F-limbs are discussed. Several 4-DoF and 5-DoF
parallel manipulators are sketched as examples.

KEY WORDS—parallel robots, structure synthesis, screw
theory, singularity avoidance

1. Introduction

Early research on parallel manipulators concentrated
mainly on six-degrees-of-freedom (6-DoF) Steward-Gough-
type manipulators. However, a 6-DoF fully parallel manipula-
tor has the limitations of small workspace, difficult direct kine-
matics, and complex mechanical design. For some industrial
applications, a parallel manipulator with fewer than 6-DoF,
called a low-DoF parallel manipulator, is sufficient. In com-
parison with a 6-DoF parallel manipulator, a low-DoF parallel
manipulator has the advantages of simpler mechanical design,
lower manufacturing cost, larger workspace, and simple con-
troller. Therefore, the study of low-DoF parallel manipulators
has recently become a main focus among the robotics research
community. In particular, 3-DoF parallel manipulators have
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attracted much attention because of their potential industrial
applications (Clavel 1988; Tsai 1996; Tsai, Walsh, and Stam-
per 1996; Gosselin and Angeles 1989; Karouia and Hervé
2000). However, relatively few papers are available on 4-DoF
and 5-DoF parallel manipulators. This is because a general
4-DoF or 5-DoF parallel manipulator cannot be constructed
with identical limb structure, as pointed out by Hunt (1983)
and Tsai (1998).

Several 4-DoF parallel manipulators with unsymmetrical
limbs have been reported recently. Hesselbach et al. (1998)
developed a 4-DoF parallel manipulator with two unsymmet-
rical limbs for cutting convex glass panels. Lenarcic, Stanisic,
and Parenti-Castelli (2000) used a 4-DoF parallel mechanism
with one PS and three SPS limbs to simulate the shoulder of a
humanoid. Rolland (1999) employed parallelograms, similar
to the Delta robot, for the construction of two 4-DoF paral-
lel manipulators called Kanuk and Manta, respectively. Both
Kanuk and Manta possess one rotational and three transla-
tional DoF. Tanev (1998) studied the forward kinematics of
a 4-DoF parallel manipulator with one RRPR and two SPS
limbs. Wang and Gosselin (1988) investigated the kinematics
and singularities of a 4-DoF parallel manipulator with four
RUS limbs and one RS passive limb. Chen et al. (2002) pre-
sented a 4-DoF parallel manipulator with two PRS and two
PSS limbs. A parallel manipulator with unsymmetrical limbs
results in unsymmetrical workspace, which may complicate
the task planning. Hence, several researchers have made great
efforts in designing 4-DoF manipulators with four identical
limb structures. Company and Pierrot (1999) presented a new
3T-1R parallel robot. A family of 4-DoF parallel manipulators
with identical limbs was investigated by Pierrot and Company
(1999) and Pierrot et al. (2001). They used the parallelogram
principle to construct two sets of limbs. Each set consists of
two identical PUU limbs connected to the moving platform
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by one common revolute joint. Zlatanov and Gosselin (2001)
proposed a 4-DoF parallel manipulator structure with four
RRRRR limbs. Each limb consists of three intersecting and
two parallel revolute joints. Due to the special arrangement
of the limbs, the resulting parallel manipulator is an overcon-
strained mechanism with one translational and three rotational
DoF. To the best of our knowledge, this is the first 4-DoF par-
allel manipulator with four identical serial limbs.

To date, very few 5-DoF parallel manipulators have been
proposed. Wang and Gosselin (1997) investigated the kine-
matics and singularities of a 5-DoF parallel manipulator with
five RUS limbs and one US passive limb. Zhang and Gosselin
(2001) studied the kinetostatics of a 5-DoF parallel manip-
ulator having a similar limb structure. Lee and Park (1999)
investigated the kinematics and dynamics of a 5-DoF parallel
manipulator. Merlet, Perng, and Daney (2000) investigated
the trajectory planning problem associated with a five-axis
machine tool based on a 6-DoF parallel manipulator. An algo-
rithm is proposed to make use of the extra DoF for singularity
avoidance. Recently, Huang and Li (2002) presented two 4-
DoF and two 5-DoF parallel manipulators with identical limb
structures.

In this paper, a systematic approach is presented for the
structure synthesis of a class of 4-DoF and 5-DoF parallel
manipulators with identical limb structures. First, the screw
theory is used to analyze the constraint conditions for such
parallel manipulators to possess a given number of DoF. Limb
structures that can be used for constructing 4-DoF or 5-DoF
parallel manipulators are enumerated. The assembly condi-
tions of a parallel manipulator constructed by using identical
C- or F-limbs are discussed. Several 4-DoF and 5-DoF parallel
manipulators are sketched as examples.

2. Platform Constraint System Analysis

A parallel manipulator typically consists of a moving platform
that is connected to a fixed base by several limbs as illustrated
in Figure 1 where only one limb is shown. We assume that
each limb in a parallel manipulator is made up of an open-
loop chain and the number of limbs equals the number of DoF
of the moving platform, such that each limb is driven by one
actuator and all actuators can be mounted on or near the fixed
base. We also assume that the revolute and prismatic joints
are the basic joint types used for each limb. Other types of
joint, such as universal and cylindrical joints, can be formed
by combining these two basic joints. The kinematic character-
istics of parallel manipulators can be best described by using
the screw theory (Ball 1900; Hunt 1978; Tsai 1999). In what
follows, the theory of screws and reciprocal screws is briefly
reviewed, then the constraint system of a parallel manipulator
is analyzed, and the constraint conditions that lead to 4-DoF
or 5-DoF parallel manipulators are summarized.

Fig. 1. Platform and limb wrench systems.

2.1. Screw Theory Preliminary

A unit screw $ is defined by a straight line with an associated
pitch and is conveniently represented by six screw coordinates
(Tsai 1999),

A S
$= I:S,,—I-)»S]’ @

where s is a unit vector pointing in the direction of the screw
axis, s, = r x s defines the moment of the screw axis about
the origin of a reference frame, r is the position vector of any
point on the screw axis with respect to the reference frame,
and A is the pitch of the screw. If the pitch of a screw is equal
to zero, the screw coordinates reduce to

$=m @)

On the other hand, if the pitch of a screw is infinite, the unit
screw is defined as

A 0

$= [s} . (3)

The unit screw associated with a revolute joint is a screw
of zero pitch pointing along the joint axis. The unit screw
associated with a prismatic joint is a screw of infinite pitch
pointing in the direction of the joint axis.



Fang and Tsai / Structure Synthesis of 4-DoF and 5-DoF Parallel Manipulators 801

A screw of intensify p is written as $ = pi. We call the
screw a twist if it represents the instantaneous motion of a
rigid body, and a wrench if it denotes a system of forces and
couples acting on a rigid body. In this regard, the first three
components of a twist represent the angular velocity and the
last three components represent the linear velocity of a point
in the rigid body that is instantaneously coincident with the
origin of a reference frame. On the other hand, the first three
components of a wrench represent the resultant force and the
last three components represent the resultant moment about
the origin of the reference frame.

Two screws, $ and $,, are said to be reciprocal if they satisfy
the condition

$'$, =0, “

where the transpose of a screw is defined as $7 =
[Sa Ss S¢ Si S, Ss]such that

$T$r = 85451 + 8552 + 65,3
(5)
+ Sl Sr4 + SZSrS + S3Sr()7

where S; denotes the ith coordinate of the screw $.

The twists associated with all the joints of an n-DoF serial
chain form a screw system of order n, called an n-system,
provided that all the joint screws are linearly independent.
For spatial manipulators, if n = 6, there exists no screw that
is reciprocal to the six-system of twists. If n < 6, there exist
6-n linearly independent wrenches that form a (6-n)-system.
Every wrench in the (6-n)-system is reciprocal to the n-system
of twists; namely,

§'$, =0, (=12A,6—nand;j=12A4,n), (6
where $, is the unit screw associated with the jth joint of
a serial chain, and $,; is ith wrench reciprocal to the n unit
joint screws. Given n unit joint screws, @j (j =1,2,A, n),
eq. (6) can be used to solve for a (6-n)-system of reciprocal
wrenches. On the other hand, given 6-n linearly independent
wrenches, eq. (6) can be used to find an n-system of twists.

2.2. Constraint System of Parallel Manipulators

For convenience, we call the screw system, 7}, associated
with the joint screws of a serial limb, the limb twist system.
As illustrated in Figure 1,

To=[5.5.0.8,]. ™

where n is the number of 1-DoF joints in a limb. In this study,
we limit ourselves to limbs with five basic joints to avoid ex-
cessive constraints on the moving platform. We also limit our-
selves to those manipulators for which the number of limbs is
equal to the number of DoF and all the limbs in a manipulator

share the same kinematic structure. Under these assumptions,
all the 4-DoF and 5-DoF manipulators considered are over-
constrained mechanisms.

The joint screws of alimb form an n-system. The reciprocal
screws form a (6-n)-system, W, called a limb wrench system.
We note that each limb contributes one constraint, $,;, to the
moving platform as shown in Figure 1 by a pyramid-like ar-
row. The overall constraint imposed on the moving platform,
called a platform wrench system, is obtained by a union of the
limb wrench systems; that is,

WP = [$r] 5 $r27 A7 $rk] s (8)

where k denotes the number of limbs, k& = 4 for 4-DoF and 5
for 5-DoF parallel manipulators. The platform twist system,
T», is reciprocal to the platform wrench. Hence, the platform
motion characteristics are completely determined by the na-
ture of the platform wrench system.

If the rank of the platform wrench system is C, the number
of DoF of the moving platform, F, is given by

F=6-C. &)

Hence, the necessary condition for a parallel manipulator to
have 4 or 5 DoF is

2 for 4-DoF manipulators,

C = Rank(W,) = 10)

1 for 5-DoF manipulators.

To simplify the problem, we assume that all the constraints
in the platform wrench system are either pure forces or pure
couples. Limbs that provide one constraint force are called F-
limbs, and those that provide one constraint couple are called
C-limbs. Since we require all limbs in a parallel manipulator
to have identical kinematic structure, the resulting platform
wrench system consists of either pure forces or pure couples.
Following the theory of line geometry (Merlet 1989; Hao and
McCarthy 1998), the platform wrench system must satisfy the
following conditions:

Cl. If W, consists of only constraint forces, all the con-
straint forces must lie in one plane and intersect at a
common point for a 4-DoF parallel manipulator, and
collinear for a 5-DoF parallel manipulator.

C2. If W consists of only constraint couples, all the couples
must be perpendicular to a given direction for a 4-DoF
parallel manipulator, and parallel each other for a 5-
DoF parallel manipulator.

For parallel manipulators to satisfy the above conditions, it
is necessary to identify those limb structures that can provide
one pure force or couple of constraint.

3. Enumeration of Limb Structures

In this section, we identify limb structures that can provide
either a pure force or a pure couple of constraint.
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3.1. Enumeration of F-Limbs

First, limbs that can provide one constraint force on the mov-
ing platform are enumerated. Let a unit wrench of zero pitch
assume the general form

A~ S,
$ = ’
r, XS,

T . . .. .
where s, = [, m, n,]| is a unit vector pointing in the

Y

direction of the wrench axis, and r, = [x Z]T is the
position vector of a point on the wrench axis. With one such
constraint, all feasible twists of a limb form a five-system.
Solving eq. (6), we obtain five basis twists:

r T
$,=|1, 0, o, —”yl& 0, 0}, (12a)
[ L.z —n.x T
$2 = 09 19 07 _l—a Os O ) (12b)
_ _ T
$3= 09 07 17 _wv Os O] s (120)
r T
mr
$4 = 09 07 07 _l_’ 17 0} . (12d)
r T
n,
&=Qo,a—ro,q. (12¢)

A general twist in the five-system is given by a linear combi-
nation of the above five basis twists, namely,

$=Cl$1 +b$2+C$3 +d$4+€$5

_dm,—i—en,—i—f . e:|T (13)

=[a, b, ¢,
L

where a, b, ¢, d and e are arbitrary constants that cannot be
simultaneously equal to zero, and where f = a(n,y —m,z) +
b(l,z —n,x) + c(m,x — [, y). There are two special cases of
interest.

Case 1. Letting s™s, = 0 and s> = 1, a zero-pitch unit twist
is obtained,

$=|:si|=|:a7 b e d(bn, —cm,) — cf J

So cl, —an,

(14)

d(am, — bl,) +af:|T

cl, —an,

where a*> + b* + ¢* = 1.

We observe that the direction of the unit twist, s =
[a b c]T, can be chosen arbitrarily. Once the direction is
chosen, the screw axis location is determined by a single pa-
rameter, d. Without loss of generality, we may assume that

T . .
r,=[0 0 0].Then f = 0, identically, and the moment
vector of the screw axis can be written as

d
Ss=rxs=—|——]s, xs.
cl, —an,

Hence, if s # s,, all the zero-pitch twists intersect the given
wrench. On the other hand, any twist that is parallel to the
given wrench, s = s,, can be located anywhere.

Case 2. Letting a = b = ¢ = 0, a unit twist of infinite
pitch is obtained,

I~ d r r !
s=[q]=lo. 0 0 —TE o)L ay

2
where (M + d?> + ¢* = 1. We observe that s™s, = 0,

identically. Hence, all the infinite-pitch twists are perpendic-
ular to the given wrench axis.

In summary, the revolute and prismatic joints of an F-limb
must satisfy the following conditions:

C3. All the revolute joints of an F-limb must be intersecting
or parallel to the constraint force.

C4. All the prismatic joint axes of an F-limb are perpendic-
ular to the constraint force.

In view of conditions C1 and C3, all the revolute joints of
an F-limb must intersect the wrench axis at a common point,
or are parallel to the wrench axis. Hence, there are two types of
revolute joints. Type-1 revolute joints, denoted as R, intersect
the wrench axis at a common point. Type-2 revolute joints,
denoted as R,, are parallel to the wrench axis. Furthermore,
to uniquely define the location of the constraint force and to
avoid redundancy, there must be at least two and at most three
type-1 revolute joints.

The maximum number of linearly independent zero-pitch
twist in a five-system is five. Hence, the upper limit on the
number of revolute joints of an F-limb is five. With consid-
eration of the condition C4, the upper limit on the number of
prismatic joints is two. Using revolute (R) and prismatic (P)
joints as the basic joint types, we obtain SR, 4R1P, 3R2P as
the feasible four-link, five-jointed, limb configurations. Here
a numeral preceding the symbol R or P denotes the number
of R or P joints.

Furthermore, for a parallel manipulator to possess finite
motion, all type-1 revolute joints must be connected in series.
Similarly, all type-2 revolute joints must be connected in series
with the possibility of some intermediate prismatic joints. In
this regard, the location of the constraint force is determined
by the point of intersection of type-1 revolute joints whereas
the direction of the constraint force is determined by type-2
revolute joints.

Note that a universal joint (U) is equivalent to two inter-
secting revolute joints. A cylindrical joint (C) is equivalent to
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one prismatic joint and a concentric revolute joint. Applying
the concept of joint substitution, three-link (four-jointed) and
two-link (three-jointed) limb configurations can be derived.
All feasible F-limb structures are enumerated in Table 1.

3.2. Enumeration of C-Limbs

Next, we consider those limbs that can provide one constraint
couple on the moving platform. Let the unit wrench of infinite
pitch assume the form

(16)

&:[3]:[0, 0. 0. L. m. n]

where [?+m?+n? = 1. Without losing generality, we assume
that [, # 0. With one such constraint, all feasible twists of a
limb form a five-system. Solving eq. (6), we obtain five basis
twists:

$=[-m., L, 0, 0, 0, 0], (17a)
$=[-n, 0, L, 0, 0, 0], (17b)
$;=[0, 0, 0, 1, 0 0], (17¢)
$,=[0, 0, 0, 0, 1, 0], (17d)
$s=[0, 0, 0, 0, 0 1]. (17¢)

A general twist in the five-system is obtained as a linear com-
bination of the above five basis twists; namely,

$:a$1+b$2+c$3+d$4+6$5:
NGE
[—(am,+bn,), al,, bl,, ¢ d e],

where a, b, ¢, d, and e are arbitrary constants, which cannot
be simultaneously equal to zero. There are two special cases
of interest.

Case 1. Letting a = b = 0 and normalizing the direction
vector, eq. (18) reduces to a unit twist of infinite pitch,

~ 1 T
$:|:g:|:z[0, 0, 0, ¢, d, e], (19)

where w = +/c? + d? + ¢2. Equation (19) represents a pris-
matic joint. Since ¢, d, and e in eq. (19) are arbitrary constants,
the prismatic joint axes of a C-limb can be oriented arbitrarily
as long as they are linearly independent.

Case 2. Letting s™s, = 0 and s"s = 1, eq. (18) reduces to
a unit twist of zero pitch,

acm, — adl, + ben, T
bl, ’

(20)
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where w = \/(am,. + bn,)? + a?l? + b*I2. Equation (20) rep-
resents a revolute joint. We observe from eqs. (16) and (20)
that

s's, = 0. 1)
We have the following necessary and sufficient conditions for
a C-limb:

CS5. All the revolute joint axes of a C-limb must be perpen-
dicular to the constraint couple.

C6. The prismatic joint axes, if any, of a C-limb can be
oriented arbitrarily as long as they are linearly inde-
pendent.

In view of conditions C2 and CS5, all the revolute joints of
a C-limb form two sets of parallel axes. Furthermore, these
revolute joints must be arranged in series with the possibility
of some intermediate prismatic joints such that the resulting
parallel manipulator can undergo finite motion. The number
of parallel revolute joints should not exceed three to avoid the
existence of redundant joints.

Since the maximum number of linearly independent zero-
pitch twists in a five-system is five, the upper limit on the
number of revolute joints is five. Furthermore, since the max-
imum number of linearly independent infinite-pitch twists is
equal to three, the upper limit on the number of prismatic
joints is three. Using revolute and prismatic joints as the ba-
sic joint types for structure synthesis, we obtain 5R, 4R1P,
3R2P, and 2R3P as the feasible four-link, five-jointed, limb
configurations.

Applying the concept of joint substitution, three-link (four-
jointed) and two-link (three-jointed) limb configurations can
be derived. All feasible C-limb structures are enumerated in
Table 2, where the subscripts A and B indicate two different
directions of rotation.

4. Synthesis of 4-DoF Parallel Manipulators

The main task of structural synthesis of 4-DoF parallel ma-
nipulators is to connect a moving platform to a fixed base
by four limbs of identical kinematic structure such that after
assembly these four limbs provide only two linearly indepen-
dent constraints to the moving platform. The limb structure
can be taken from Tables 1 or 2, or its kinematic inversion. In
what follows, we discuss the assembly conditions of 4-DoF
parallel manipulators with F- and C-limbs in turn.

4.1. Parallel Manipulators with Four F-Limbs

It follows from condition C1 that the constraint forces pro-
vided by the F-limbs must lie in one plane and intersect at a
common point. Therefore, the four F-limbs must be arranged
in such a way that the following conditions are satisfied:
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Table 1. Feasible F-Limbs

Limb
Type Four-link Limbs Three-link Limbs
5R R,R,RR,R, R,R,U;;R,
RiR/R;RyR, R, U;pR,R,
4R,P R,R,R,R,P R,R,U,,P
R,R,R,PR, RiR,CiR,
R, R, RR/P U RR,P,R,R,R,C,
R, R, R,R,P R,U;,R,P
R,R,R,PR, R,U,PR,
R,R,PR,R, R,C/R;R,
R,R,R,R,P R,Us R P, R;RR,C,
3R,P R,R,R,PP R,R,C,P
R,R,R,PP R,U,,PP
R,R,PR,P R,C/R,P
R,R,PPR, R,C/PR,
R,R,R,PP U, R,PP,R,R,C,P
R,PR,R,P R,CR,P, R,PR,C,
PR,R;R,P C,R,R,P, PR,U,P

Note that joints arranged in reverse order, known as the kinematic inversion,

are not included.

C7. All type-1 revolute joint axes in the four limbs intersect
at a common point.

C8. All type-2 revolute joint axes in the four limbs lie in
parallel planes.

A parallel manipulator constructed in this way will possess
three rotational DoF about the point of intersection of type-1
revolute joints and one translational DoF in a direction perpen-
dicular to a set of parallel planes in which all the constraint
forces lie. Figure 2 shows a 4-RRCR parallel manipulator
constructed with four F-limbs where the joint axes in each
limb are denoted by s;;, where i denotes the limb number and
J the joint number. The platform wrench system of the 4-
RRCR parallel manipulator consists of four constraint forces
intersecting at point O and lying in a plane passing through
O and parallel to the fixed platform. Hence, the manipulator
possesses three rotational DoF about point O and one trans-
lational DoF normal to the base plane. Since type-1 revolute
chains are attached to the moving platform, the center of ro-
tation is fixed in the moving platform. The translation of the
moving platform simply adjusts the center of rotation with
respect to the fixed base. Note that this mechanism is a kine-
matic inversion of that presented by Zlatanov and Gosselin
(2001). Figure 3 illustrates a 4-RRUR parallel manipulator
with four F-limbs whose kinematic characteristic is similar to
that of the 4-RRCR parallel manipulator.

4.2. Parallel Manipulators with Four C-Limbs

Condition C2 requires the constraint couples provided by the
C-limbs to be perpendicular to a given direction. Therefore,

the four C-limbs must be arranged such that the following
conditions are satisfied:

C9. Therevolute joints in each limb form two sets of parallel
axes whose common normal defines the direction of a
constraint couple.

C10. The four common normals of a C-limb form two sets
of parallel lines.

A parallel manipulator constructed in this way will possess
4-DoF, one rotational and three translational DoF. The ro-
tational axis of the moving platform is perpendicular to the
constraint couples. Figure 4 illustrates a 4-RUC parallel ma-
nipulator constructed with four C-limbs. Two linearly inde-
pendent constraint couples, $,; and $,,, satisfy the conditions:
$,1//(812 X §13) and s,,//(s2 X §23). Hence, the moving plat-
form possesses three translational DoF and one rotational DoF
about the axis parallel to the vector s,; X s,,. Note that the s,,
and s, axes are parallel to each other but do not lie in the base
plane, in order to prevent the platform wrench system degen-
erating when the moving and base platforms are parallel.

It is noted that, if a 4-DoF parallel manipulator is con-
structed with four identical F- or C-limbs, it is not possible to
obtain two translational and two rotational DoF combinations.

5. Synthesis of 5-DoF Parallel Manipulators

The synthesis of 5-DoF parallel manipulator involves an
arrangement of five C- or F-limbs of identical kinematic
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Fig. 3. A 4-DoF manipulator constructed with 4-RRUR F-limbs (s;;//s;», 8;; for i = 1, 2, 3, and 4 lie in a plane).
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Table 2. Feasible C-Limbs

Limb
Type Four-link Limbs Three-link Limbs Two-link Limbs
5R RARARARgsRp RARAUAsRp
4R,P RARARARpP RARAUsP, RARARAC
RARARAPRp RARACARp
RARAPRARB lQA(:AI{AIQBy RARACARB7 I{AC:AUAB
RARAPU,p
RAPRARsRg CaRsRARg, RAPR Uy CaRyUss
RgRARARLP UpaRARAP UpaRACa
RARARgRgP RaUasRpP, RA\RARpCy RaUapCs
RARARsPRg RAUxPRg, RARACgRp
RARAPRgRg RACARpRp
3R,P RARgRPP UasRgPP, RAR;CP UasCsP
RARsPRRP RACsR3P, UpsPRgP, UasPCs
RARpPCy
RARpPPR; UasPPRg, RACgPRy
RAPRgR:P CaRpR3P, R\PR;Cy, CaRpCp, RACpCp
RACgRRP
RAPRgPRg CaRpPRg CaCsRp
RAPPRpR; CAPRgRg, R,PCyRy
PPR,RpR; PPUpsRg, PCARgRp
PRAPRgR; PR,CpRp
PRARgR:P PUAgRgP, PRAR;C3 PUAsCs
PRARgPRp PUAsPRp
2R3P R,RpPPP UsPPP, R,Cz PP
RAPRPP CARgPP CACgP
RAPPRpP CAPRP, R,PC3P, CAPCy
RAPPCy
RAPPPRy C,PPRy
PRARPP PU,sPP, PR, CsP
PRAPRpP CAPRRP

Note that joints arranged in reverse order, known as the kinematic inversion, are not included.

structure such that the five limbs provide only one linearly
independent constraint wrench to the moving platform. The
limb structure can be taken from Tables 1 or 2, or its kinematic
inversion. In what follows, we discuss the assembly conditions
of 5-DoF parallel manipulators with F- and C-limbs in turn.

5.1. Parallel Manipulators with Five F-Limbs

For five F-limbs to contribute only one constraint force to the
moving platform, the F-limbs must be arranged such that the
five constraint forces, one from each F-limb, are co-linear.
Since the location of the constraint force provided by an F-
limb is determined by the point of intersection of type-1 rev-
olute joints and the direction of the constraint force is deter-
mined by the type-2 revolute joints, all five F-limbs must be
arranged to satisfy the following conditions:

C11. All type-1 revolute joints in the five F-limbs must in-
tersect at one point.

C12. All type-2 revolute joints in the five F-limbs must be
parallel to each other.

A parallel manipulator satisfying the above conditions will
have 5-DoF, three rotational DoF and two translational DoF
in a plane perpendicular to the constraint force. It follows from
conditions C11 and C12 that the only feasible F-limb type is
the four-link, (five-jointed) limbs listed in Table 1. Figure 5
shows a 5-R,R,R,R R, parallel manipulator constructed with
five F-limbs. The 5-DoF include three rotations about the ro-
tational center O and two translations in a plane perpendicular
to the type-2 revolute joints.
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Fig. 5. A 5-DoF manipulator constructed with 5-RRRRR F-limbs (s,,//S21//831//Sa1//Ss15 Si1//Sia/ /i3 fori = 1,2, ... ,5).
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5.2. Parallel Manipulators with Five C-Limbs

For a parallel manipulator with five C-limbs to possess 5-DoF,
the five constraint couples contributed by the C-limbs must
be parallel to each other. Hence, the five C-limbs must satisfy
the following conditions:

C13. All the base-connected revolute joints in the five C-
limbs must be parallel each other.

C14. All the moving-platform-connected revolute joints of
all five C-limbs must also be parallel each other and
in a direction different from that of the base-connected
joint revolute joints.

The platform wrench system of a parallel manipulator so con-
structed will contain only one independent constraint couple.
Therefore, the parallel manipulator will possess 5-DoF, three
translational and two rotational DoF in any direction perpen-
dicular to the constraint couple. Figure 6 shows a 5-RPUR
parallel manipulator constructed with five C-limbs. The con-
straint couple is parallel to the direction defined by s;; X §y4.
Hence, rotation of the moving platform about a direction par-
allel to s;3 x s;4 is prohibited.

Due to C13 and C14, the two-link limbs listed in Table 2
are not feasible for constructing 5-DoF parallel manipulators.

6. Singularity Avoidance

We classify the singularities of a low-DoF parallel manipu-
lator into three types. The first type, called limb singularity,
occurs when the limb twist system degenerates. Under such a
condition, the joint screws become linearly dependent and the
number of independent wrenches reciprocal to the twist sys-
tem increases accordingly. As a result, the moving platform
loses one or more DoF. The second type, called platform sin-
gularity, occurs when the overall wrench system of the mov-
ing platform degenerates. As a result, the moving platform
gains one or more DoF. The third type, called actuation singu-
larity, occurs when improper joints are chosen as the driving
joints such that when all the actuators are locked, the moving
platform still possesses certain DoF. These three types of sin-
gularity may occur at certain locations of the workspace or by
improper arrangement of the limbs or actuators. Therefore, all
three types of singularities should be taken into consideration
during the structural synthesis phase.

6.1. Limb Singularity

This type of singularity is similar to the singularity of a se-
rial manipulator. The main cause of limb singularity is due to
linear dependence of the joint screws. If a limb singularity oc-
curs and each limb loses 1-DoF, there are two possible changes
of the limb wrench system. (1) The additional constraint in-
troduced in each limb is a pure force. The platform wrench
system for both 4-DoF and 5-DoF parallel manipulators with

either F- and C-limbs will possibly form a six-system result-
ing in a lock-up of the moving platform. (2) The additional
constraint introduced in each limb is a pure couple. Hence, for
parallel manipulators constructed with F-limbs, the platform
wrench system also possibly becomes a six-system. However,
a parallel manipulator constructed with for C-limbs, the plat-
form wrench system can only increase to a three-system and,
therefore, the moving platform possesses 3-DoF.

6.2. Platform Singularity

The main reason for platform singularity is due to the linear
dependence of the constraint wrenches in the platform wrench
system. Since a 5-DoF parallel manipulator consists of only
one constraint wrench, the platform singularity is unlikely to
occur. There are two possibilities that may introduce plat-
form singularities to a 4-DoF parallel manipulator. (1) When
the two constraint forces in the platform wrench system of
an F-limbed parallel manipulator become co-linear, the plat-
form wrench system degenerates into a one-system and, con-
sequently, the moving platform gains one translational DoF.
(2) When the constraint couples in the platform wrench sys-
tem of a C-limbed parallel manipulator become parallel each
other, the platform wrench system becomes a one-system and
the moving platform gains one rotational DoF. Furthermore,
platform singularity may occur at certain locations within the
workspace of a manipulator. At such locations, the manipu-
lator will lose control.

6.3. Actuation Singularity

In general, any joint in a limb can be selected as an actuated
joint. However, due to the existence of some special geome-
try, an improper choice of actuated joints may result in local
mobility. In other words, when all the actuators are locked,
some local structure may be mobile. In order to avoid actu-
ation singularities, actuated joints must be chosen such that,
when all actuators are locked, the resulting platform wrench
system is a six-system. With the actuated joints locked, the
dimension of the reciprocal screw system in each limb will
increase by 1 (Joshi and Tsai 2002). That is, all screws that are
reciprocal to all the joint screws, except for the actuated joint
screw, form a two-system. Hence, the number of constraint
wrenches in the platform wrench system will increase by four
for a 4-DoF parallel manipulator and by five for a 5-DoF par-
allel manipulator. One way to check for actuation singularity
is to calculate the rank of the platform wrench system with
all actuators locked. If the rank of such a system is six, the
parallel manipulator is free from actuation singularity. Other-
wise, the actuated joints should be changed or the structure of
a parallel manipulator should be modified.
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Fig. 6. A 5-DoF manipulator constructed with 5-RPUR C-limbs (Sis5//S25//S35//S4s//Sss, Si11//S21//831//Sa1//Ss15

Sil//si3,si4//s,‘5 fOI‘i == 1,2, ,5)

7. Conclusions

In this paper, we present a systematic method for the structural
synthesis of a class of 4-DoF and 5-DoF parallel manipula-
tors with identical limb structures. First, the screw theory is
used to analyze the constraint conditions for such manipula-
tors to possess a given number of DoF. Then, limb structures
that can be used for constructing 4-DoF or 5-DoF parallel
manipulators are enumerated according to the reciprocity of
the limb twist system and limb wrench system. We discuss
the assembly conditions of a parallel manipulator constructed
by using identical C- or F-limbs. We show that 4-DoF paral-
lel manipulators constructed by using four F-limbs have one
translational and three rotational DoF, and those constructed
by using four C-limbs have one rotational and three trans-
lational DoF. Five-DoF parallel manipulators constructed by
using five F-limbs have three rotational and two translational
DoF, and those using five C-limbs have three translational and
two rotational DoF.
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