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1. Introduction

Structural synthesis of overconstrained manipulators can be categorized as an important step of the general structural
design study of fundamental mechanism and machine science. Structural design of overconstrained multi-mobility manip-
ulators is a geometrical methodology that is used to generate all related architectures of the dedicated area. In order to widen
the applications of overconstrained manipulators in industry, manipulator motions in subspaces should clearly be
investigated.

Throughout the literature, several 3D overconstrained mechanisms with angular conditions have been discovered. Sarrus
[1] described a special case of planar-hybrid linkage, which has six axes intersecting by pairs of three at distinct points, and
Bennett [2] introduced a spherical hybrid linkage as well as a plano-spherical hybrid linkage with the criteria of intersecting
six axes by pairs at two different points.

Seven different types of mobile 6R linkages with linear-angular conditions were discovered by Bricard [3]. By combining
three Bennett loops with linear and angular conditions, two 6R overconstrained linkages are constructed by Goldberg [4]. As
an inverse of Bricard’s orthogonal 6R linkage, the “wirbelkette” overconstrained mechanism with equal link lengths and zero
joint offsets was introduced by Franke [5]. Altmann [6] presented a 6R linkage, which is a special case of the Bricard line
symmetric linkage. The general model of the six link mechanism with six skew orthogonal axes and equal link and offset
lengths is described by Harrisberger and Soni [7]. Waldron [8-10] proposed a family of overconstrained hybrid linkages,
where some of them are created by combining Bennett overconstrained linkages. Wohlhart [11,12] combined double Gold-
berg linkages to construct an overconstrained hybrid Bennett-based 6R linkages. Mavroidis and Roth [13] developed a 6R
overconstrained mechanism with two Bennett joints that have no common axis. Dietmeier [14] introduced a new family
of overconstrained 6R linkages.

A special trihedral Bricard linkage was derived by Schatz [15] and new asymmetrical 6R linkage has been obtained with
single degree of mobility. The new RRRS symmetrical overconstrained mechanism with linear and angular conditions, and
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another new overconstrained mechanism with linear and angular conditions in subspace 1 = 5 are described by Alizade et al.
[16]. Only a few researchers, Baker [17-22], Mavroidis et al. [13,23-26], Karger [27], Shih and Yan [28], Lerbet [29], Jin and
Yang [30], deal with analytical methods. In the studies of Baker [17-23], both the analysis of the overconstrained Altmann’s
linkage by using geometric and algebraic way. Moreover, Dai et al. [31] propose a new approach to mobility analysis based
on the motion decompositions and constraints in screw systems. The traditional mobility rules for a linkage is included and
strengthened with a new equation by Guest and Fowler [32] and applied to the overconstrained mechanisms. Furthermore,
Huang and Sun [33] investigated the finite displacements of all known Bennett-based 6R overconstrained linkages by the
help of numerical simulations and found that every Bennett-based 6R linkage, except for the isomerization of Wohlhart’s
hybrid linkage, relates with the properties of the Bennett mechanism.

A parallel manipulator can be defined as a platform connected to the ground by at least two legs and motors that are dis-
tributed to these legs. One of the investigations about parallel manipulators with two legs is done by Li et al. [34]. The study
is related to the 2 DoF parallel manipulator with spherical output and its work space analysis. The only investigation known
to us about overconstrained parallel manipulators with two legs is done by Gogu [35]. An approach for structural synthesis of
overconstrained parallel wrists with 2 DoF has been proposed in the study. The main property of the designed overcon-
strained mechanism is its spherical output with a singularity free and fully isotropic structure.

In this paper the new formulated recurrent unit vector equations are used for describing the orientation of links in mech-
anisms. The analytic approach helped us to create linear and angular conditions for two kinds of RRRS mechanisms with one-
general constraint. Further the theory of structural groups with one-general constraint is introduced. Later the mobility of
the end effector chains of the rigid body in subspace 4 = 5 is described. Finally the theory in the design of possible architec-
tures of parallel manipulators with angular or linear-angular conditions are given. All this theory is presented by serial
examples of new overconstrained parallel manipulators in subspace / = 5. These investigations permit to create parallel
manipulators with general constraint one that are composed of single-loop and the link that describes the motion of the
end effector in 3D.

2. Recurrent unit vector equations

Spatial serial or parallel manipulators consist of kinematic chains. In order to describe position and orientation of these
links mathematically, different methods can be applied. The most commonly used orientation coordinates can be given such
as Euler angles, Euler parameters, Rodriguez parameters and direction cosines. Being the part of these methods, recurrent
unit vector equations are described by including link (d;, 6;) and kinematic pair (q;, o;;) parameters by Denavit and Hartenberg
[36]. Note that recurrent unit vectors are the unit vectors, where their directions are intersected by one another in series. The
unit vector equations are derived to find the direction of the third vector with respect to any reference frame by giving the
directions of two vectors in that reference frame.

As shown in Fig. 1 three independent unit vectors e;, e;, e, describe the joint parameters as d; = ay and 6; = ay (Fig. 1a),
and also the link parameters as a; =ay, and o; = oy (Fig. 1b). In any case, two unit vectors e; = [l;, m;, n,-]T and
e, = [lk,mk,nk]Twill describe the directions of links for joint parameters and the directions of joints for link parameters.
The directions of joint and link are a unit vector, e; = [I;, m, n,-]T as shown in Fig. 1a and b respectively. Note that, for revolute
pair, parameters oy is variable while ay is constant, but for prismatic pair, while parameters o, is constant ay is variable
(Fig. 1a).

Now let the directions of two unit vectors e; and e; are known. Knowing the two directions, our problem is to compute the
direction of the third unit vector e,. Throughout the solution of this problem, first we will describe the vector equations of
the three unit vectors as,

e x e, = e;Sino, e - e, = lily + mimy + nin, = Cosoty, € - e = il +mym +nn, =0 (1)
If the first equation of Eq. (1) is wanted to be introduced in algebraic form, it can be represented as

(l]i + mjj + njk)Sinacik = (m,—nk — n,—mk)i + (nilk - link)j + (limk - milk)k (2)

e €k " an 1€
N

Ak ‘

Fig. 1. Joint and link parameters of a spatial link.



R. Alizade et al./Mechanism and Machine Theory 45 (2010) 1-14 3

Expanding Eq. (2) yields,

ljSiHOCik = Olk — nimg + m;ny 0 —n m;
m;Sinoty, = nily + 0my — ling or e;Sino, = Ae;,, where A= | n 0 - (3)
aninot,»k = —mli + limy, + Ony —m; I; 0

If both sides of the Eq. (3) are multiplied by e], the result will be

e/e;Sina;, = e/Ae, or Sinoy = e;; - € (4)
where,

eleg =1, ej=eA e =I[lymyny’, lj=mn;—mm, my=nl—1ln;, n5=>hm—ml
Using Eq. (4), the system of Eq. (1) can be written in the following form,

e; - e, = Sinoy, e€;-e,=Cosay, €-e =0 (5)
Solution of the system of Eq. (5) results in,

g'B=e; (6)
where, g = [Sinay, Cosoy 0]7,B = [e; €; €]

Finally Eq. (6) gives us the recurrent unit vector equations as;

Iy = ISinoy, + LCosoy, my = mySinoy, + m;Cosoy, Ny = nySinog, + niCoso (7)
Recurrent unit vector equations (Eq. (7)) can be used to describe an orientation of a rigid body with respect to reference
frame.

3. New overconstrained RRRS linkage with linear and angular constraints

During the history of mechanisms many overconstrained linkages have been discovered and synthesized by using angular
conditions. However, in the same period, the number of mechanisms designed by using both angular and linear conditions is
relatively scarce and especially they are designed by the combinations of Bennett conditions with other angular constraints.

In the path of a new design of the current study, linear and angular constraints have been created by the analytical ap-
proach for the new RRRS linkage shown in Fig. 2. The hinges 1, 2 and 3 with arbitrary directions e,, e; and eg are described by
joint parameters {ai3, %13}, {ass, %35}, and {as7, os7}, so that the remaining link parameters will be {a,4, 024}, {46, 046}, and
ags. Note that, the spherical joint S and the first revolute joint are connected to the fixed frame, parameters o3, 035 and os7are
variable and remaining parameters are constant. As shown in Fig. 2 the vector loop-closure equation for the mentioned over-
constrained mechanism can be written as follows:

7
> e i =p, where po =[x y,z]', e =/[lm,n) (8)
i

The vector Eq. (8) can also be written in the vector matrix form as,
all m nj=p" 9)

where a = [a;_1,4]",1=[l],m = [m],n=[n],p = xy.z|i=2,...,7.
The vectors {ei}g can be calculated by using recurrent unit vector equations (Eq. (7)) with given vectors e; = [1,0, O]T and
e, =[0,0,1]" as below,

Fig. 2. Parameters for RRRS linkage.
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Cis 513524 Ci13C35 — C24513535 C46513524 + (C24513C35 + C13535)S46
es=| Sz |, e =] —Ci3S4 |, e =/ S13Cs5+CaCi3S35 |, €5 = | 535513546 — (C24546C35 + C46524)C13 |,
0 Caa 524535 C24C46 — C35524546
C13(C35Cs7 — Ca46S35557) — S13(—S524546557 + C24(Cs7535 + C35C46557))
€7 = | C57(C35513 + C13C24S35) + S57(—C46513S35 + C13(Ca5Ca6Cos — S24546)) (10)

C57524535 + S57(C35524Ca6 + C24546)

where, Cy, and Sy, represent the cosine and sine of the angle oy, respectively.
Substitution of the elements of the vector values from Eq. (10) into Eq. (9) yields,

PCi3 +qS15 = Xc (11)

pSi3 —qCi3 =Y. (12)

r+a53 =2 (13)
where,

D = Ga4 + C35(as6 + A63Cs7) + S35(A57546 — AesCa6557),
q = S24(a3s + as57Ca6 + A68S46S57) — C24(S35(A46 + A68Cs7) + C35(As3CapSs7 — A57546)),
1 = Ca4(a3s + as57C4s + As8S46S57) + S24(S35 (a6 + AssCs7) + C35(a68Ca6S57 — Us57546))
After this point the following operations are carried on the Eqs. [11-13] for the ease of use. First Eqs. (11) and (12) are mul-

tiplied by S;3 and C;3 respectively and then subtracted from each other. Second the same equations are multiplied by C;3 and
Si3 respectively and then added to each other. Finally, after rearranging the Eqgs. (11)-(13) the results yield,

xSi3—-y.Ciz=¢q (14)
xCi3+ySi3=p (15)
Ze—Qi3=Tr1 (16)

Expanding Eqs. (15) and (16) with respect to Css and Sss, we can get the following equations

P1Css +q1S35 =14 (17)
= ;G35 + P1S35 =12 (18)

where p; = a6 + a68Cs7, q; = a57S45 — A68C16557, 11 = XcC13 + Y S13 — o4,
12 =2 — 13 — Ca4(a35 + 57C46 + A63S46S57)

After solving Eqgs. (17) and (18), we will find,

" qi|| b1 di| P || P G B

2 Pill—41 Pq —q; T201—q1 Py
By using Sss and Css values found in Eq. (19), a unique value for o35 = Atan 2(Sss, C3s5) is obtained.

We may consider Sy, and Cy as two independent variables and add following trigonometric identities as supplementary
equations of constraint,

1
Ci3s = AMA! = . Sy =AATl = ‘ (19)

S+ Chs=1, SL+Ch =1, (XS13—YC13)* + (VS13 +xC13)° =x* +y2 (20)
After summing the squares of Eq. (14)-(16) by taking into account Eq. (20) and substituting Eq. (19) into Eq. (14), we obtain
the following equations with respect to the unknowns Cs; and Ss; as,

Cs7 = [r3 — 2035524(X:S13 — ¥ Ci3) — 224 (Y S13 +XcC13)]P§] (21)

Ss7 = [ra + S24(XcS13 — ¥.C13)]q5 " (22)

where 13 = X2 +y2 + (zc — t13)* + a2, + @& — a2 — a2, — a2 — 2035(Zc — A13)Caq, T4 = Coa(Zc — (13) — A57Ca6 — 35,5 = 20460ss,
and g, = desSas.

Egs. (21) and (22) both represent a unique solution for os; = Atan 2(Ss7, Cs7). Due to the fact that Ss; and Cs7 are found, by
using the trigonometric identities (Eq. (20)) we can reach the following overconstraint equation,

4a3g[ra + 0Sza)” + Sag[rs — 20355240 — 2024 — 40%60%,S36 = 0 (23)

where o = X:S13 — y.Ci3, f=XxCi3+Y.S13
Arranging overconstraint Eq. (23), the following polynomial equation can be constructed as,

Ac? +Bo+CR+Dof+E=0 (24)
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where,

A= 4‘1%65%4 + 4‘1%55545316 - 40%45315» B =8a3s74S + 411351’35245‘216-, C= 4024T35316, D= 80240355245316, E=4a%13 + Sierg—
40%,02,S36 + (X2 + y2)4a3,S56-

In the case of mobile mechanism, the functions « = f(o3), § = g(13) are not constant, thus coefficients of the polynomial
Eq. (24) must be equal to zero (A=B=C=D =E =0). As a result, we will get the following linear and angular conditions for
the overconstraint mechanism RRRS as,

2S5, + a3:53,50 — 2,555 = 0, 2a%5TaSys + 357352455 = 0,

2 2
(2473536 = 0, (24035524545 = 0,

2.2, @2 .2 2 22 2, 2402 <2

4aysrs + Syet3 — 4a405sSa6 + (X + Y )403,54 =0

(25)
Now for simplification, let the joint offset parameters ass be zero. Thus solving Eq. (25) both gives us the linear and angular

constraints and the coordinates of the spherical joint for the overconstrained RRRS mechanism with mobility M = 1.

Fig. 3. New 3D overconstraint RRRS linkage with linear and angular constraint.

Table 1

Structural Bonding of Mechanisms.

Structural Structural properties Geometry of joint axes  Structural Structural properties of joint axes Geometry of joint axes
bonding of joint axes bonding

Angular

$

5%

($$$) Intersecting in one point

($9)

=$

$ Parallel

Linear-angular
i
‘.l‘. 51519% Skew perpendicular to each other 'l ;:;g/
3 I
\
! $1%

$$$ Arbitrary

3%

Coincident *
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-1 -1 2 .2 2 2 2 2 2 2 2 05
(g6 = (2454654, 2Zc = A57C46Coy + 13, XZ + Y, = R = ag5055055,  Ges = (G54 + a5;Tan" o)

The new overconstrained RRRS linkage with linear and angular constraints as described by Eq. (26) is introduced in Fig. 3.
Overconstrained mechanisms are usually created by using either angular conditions, such as intersecting joint axes in one
point, joints with parallel axes, and joints with coincident axis or linear and angular conditions, such as joints with skew

perpendicular axes and arbitrary axes. The structural bondings of these are illustrated in Table 1.

The common cases of presented analytical approach results are described by four known types of overconstrained RRRS

mechanisms with angular and linear-angular conditions as shown in Table 2.

Two new overconstraint RRRS mechanisms are illustrated in Table 2 by using linear and angular conditions with respect
to Eq. (26). As represented in Table 2. the fifth one introduces the symmetrical overconstrained RRRS mechanism and the

sixth one introduces the asymmetrical RRRS mechanism with linear and angular constraint.

Table 2

Overconstrained RRRS mechanisms with angular and linear-angular conditions.?

Link and Joint . Link and Joint .
Parameters Mechanism Parameters Mechanism
(3%9%)-($33) —_—
i a.,=0.a,. =0 ($$$)'$$$
Ll ey oy =0, 0y =0 Z.
= =0,a,, =0
gp| %s =Y _
= - B \ (z_ala_“s?‘aai)*o
< | Z° as;. R =ag -
) ur:.u.s $: !
Bennett’s Spherical Hybrid Bennett’s Plano-Spherical Hybrid
($59)-81519%
Wy =907, 0ty = 90° ($33)-$53
a3 =0,a55 =0 Q)3 =35 =ds3 =2, =0
Ay =Gy R =dgg R=aydaq ﬁ';i
z=dy; s SiNtyy = a,, Sine,
T
&
=
80 Harrisberger’s Sphero-Orthogonal , . )
= g P s Waldron’s Spherical-Bennett Hybrid
< Hybrid
1
s $59)-3%5
2| (sss)-555 o) o
- | a5 =0 1 3T
Ay = oy Ay = apq S46 504
I =as t+ay 2. = a5 Cus Coy '+ a5
Xy =R =ag _\;‘:!-Q—Vg = R? = at.at.a52
gy =(a,_§4 +a§., Tamzrzu)o‘5 c 2 2 * 268 “ 0.5 1 24
i “ y age = (a5, +as; Tan™ ¢,,) . {a‘,‘ 'S
lﬂu : $ L
Symmetric Non-Symmetric

2 The animations of two new overconstrained mechanisms can be seen at www.iyte.edu.tr/~erkingezgin/mechanisms.
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4. Creation of structural groups with general constraint

In classical definition structural groups are the kinematic chains that have zero mobility. As it is the first main step in
structural design of robot manipulators, creation of these groups has vital importance. However, to create such structural
groups related with the current subject, the term general constraint should be clearly defined.

In fact, the general constraint of the manipulators refers to the difference between the maximum possible achievable mo-
tion of their single link that is assumed to be moving freely in general space (1 =6) and the maximum possible achievable
free motion of the same link in the space or subspace (1 = 5,4, 3, 2), in which the manipulator is actually moving. Note that
this definition only valid for the manipulators, where the general constraint is constant.

throughout the manipulator. Due to the fact that, the maximum possible achievable motion of any single link is equal to
its space or subspace number (7), the general constraint (d) can be formulated as,

d=6-2 (27)

where in Eq. (27), 6 represents the general space number, as it is always constant for every manipulator, 4 is the number of
independent scalar equations of closure loop.
Introducing the definition, the general structural mobility formula for the manipulators with general constraint can now
be introduced in the following form,
J
M=(d-6)L+) f; (28)
i1
where M is the mobility of the manipulator, j is the number of joints, f; is the degrees of freedom of the ith joint, and L is the
number of independent loops of the manipulator. As the mobility of any structural group is zero, by using Eq. (28), the objec-
tive function of the structural groups with general constraint can be given as,

j
> fi=6-dL (29)

If only one DoF pairs to be used in the predesign Eq. (29) will be reduced to
j=(6-dL (30)

Using the objective function given in Eq. (30), for the joints with one degree of freedom any designer can easily create struc-
tural groups for the manipulators with general constraint in the pre-manipulator designs by following the procedure below.

e Determine the moving space or subspace (1) and the number of independent loops (L) of the desired manipulator that will
be designed for the specific task.

e Calculate the general constraint (d) of the manipulator by using Eq. (27).

e Calculate the number of joints (j) by using Eq. (30).

e By using appropriate and desired angular and linear-angular conditions of the selected space or subspace, combine the
joints together with links to create the structural groups.

Note that, as the current study focuses on parallel manipulators with general constraint one, only the angular and linear-
angular conditions for 4 =5 will be given in further sections.

5. Creation of structural groups with general constraint one

This section describes the creation of the structural groups with general constraint one as well as the descriptions of
angular and linear-angular conditions for the subspace / = 5.

As the parameters, general constraint and the number of loops, are pre-determined (d =1, L = 1), the objective function
Eq. (30) for the current task will result in the number of joints equals to five (j = >_ f; = 5). Calculating the number of joints,
the appropriate angular (Table 3) and linear-angular conditions (Table 4) should be considered in order to combine the joints
with links.

Table 3 shows the four possible angular conditions for /. = 5. The geometry of the condition (Table 3.1) can be created by
the rotation of two spheres that have the constant distance between each other. The conditions (Table 3.2) and (Table 3.3)
describe the motion of the sphere on the plane or plane on the sphere. And the last condition (Table 3.4) consists of two sets
of parallel axes that give us two planes with constant twist angle.

Table 4 demonstrates the eight possible linear-angular conditions for /. = 5. The conditions (Table 4.1) and (Table 4.2)
describe the motion of a plane on an elliptic torus and vice versa. The conditions (Table 4.3) through (Table 4.6) can be
generated by the motion of a sphere on an elliptic torus and vice versa, where the geometry of the elliptic torus differen-
tiates due to the joint and link parameters. Note that, in conditions (Table 4.5) and (Table 4.6) the elliptic torus shifts in to
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Table 3
Possible angular conditions for the subspace 4 = 5.

1 2 3 4
7 i I 3 : AN i ; \ .,
* I 1 ' \ dON N kY I roN A v N P
A\ r [ [ [ NN N v/ N AN Y
\\ l' ,/’ ‘\ t' ‘\ l’ B Ry N ™ : ,’ ‘\\ By “‘ N ‘\\ ’r' H
Ni” ‘H' \/ NS N K ::' LAY N8OS '
- ® . v A AN W A ]
. . v \. \‘ \ N VY g
Two spheres with Sphere on plane Two planes with constant
consiani distance or plane on sphere twist angle
Table 4
Possible linear-angular conditions for the subspace 4 =5.
1 2 3 4
’ | ] ‘ l u ’ ‘ I .‘ I ' [] ‘ ‘ ' . . ,l' -
LN I“ A LAY \,' N
L 200 Y - T 2 B W [N
/] : \‘ 1 ll ! vaal gy M 1l
! Vol A | |‘ 1| ! ! v @ r. )
Plane on elliptic torus Sphere on elliptic torus
6 7 8
1 \ 1 \ (] r
. S A : I II ll 1 A | " I
\ A ‘ iy 11 | |
A o e i I
A 1 i I A\ |
\ " v\ ¢/ A} v 7 1 1 '
1%/ (W \ " (W 1 11 N [ I
® 1 \. 1 I -, ] 11
Sphere on torus Sphere on elliptic torus Torus on elliptic torus

torus because of the perpendicular axes. The condition (Table 4.7) is the basis for the motion of an elliptical torus on
an elliptical torus and the last condition (Table 4.8) is similar to the former with one intersection for two of the joint
axes.

Finally, using the conditions that are described above, the calculated joints can be combined in 14 possible different ways
that results in the structural groups with general constraint one (Table 5).

6. Mobility of the end effector chains in space or subspaces

Describing the creation of simple structural groups of robot manipulators with general constraint, an important proce-
dure should be followed to give the desired mobilities to the robot manipulators. In the light of this, creation of the end effec-
tor chains gains great importance.

By adding the joints and the branch loops to the end effector that is freely moving in space or any subspace, different end
effector chains can be formed (Fig. 4). With respect to their pair and branch loop properties, each of these end effector chains
has its own mobility. The formed end effector chains will then be combined appropriately with the zero mobility structural
groups to create robot manipulators with various mobilities.

In general, a single end effector moving free in space or any subspace 4 has mobility equals to the same space or sub-
space number. However, when connected with pairs and branch loops, mobility of the resultant end effector chain will
become,

M=o+ SO+ 5000 - i) 1)
L=1
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Table 5
Simple structural groups with general constraint one respect to angular and linear-angular conditions.

Link-joint parameters

# Structural group | |
Angular
($5%)-(5%)
a =ay _: ays =0 rss_($$)
1 34 = ds) 2 a.=0
dy =dy =ds -
d, = ds Oy =0tys =0
$5-($59) $5-358
3(9%9) $5-555
3 (],’45:0 4 a12=a34 =0
d =d,=d, %as =0
Linear-Angular
$$$-53 35-555
5 2 ‘“;145-:;3 2 L6 o3y =05 =0
dy=dy=dy =0 fi=e =0
$53-(3$
ap [ Sy, =(“2§ /S?"zs $$-($$$)
7 a5 =0 8 a3 =ay5=0
dy=dy=d; =0 dy=d, =0
h=ds dy=d; =ds

($3%)-51$
(399)-91 (35)-51515
=0
9 ds =0 10 df]:dj =0
a45=ﬂ/2 Q3 =0y =7/2
dl =d2 =d3 Gy = Qs
($59)-5% $35-(59)
o i =dy =0
11 %2 =y = 0 12 iz f;;flz :azs /S0y,
d5 =0 (A = ((1-223 +a';2Tar.-2a,2)ns
($3)-$3%
$$$5$
dy =dy =dy =0 dy=ds =0
= ap ! f:z: ":5: C,"Sor " = ’fStxu i 'ISQZ.?
" aln fald f% = g/ Sy =ays | Sos
Oy =T -0t
ay =12
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I
e End Effector

Branch Loop
~N
N

Fig. 4. End effector chain with branch loop.

where, 4, is the space or subspace of the end effector, }_ f; is the total degrees of freedom of the single pairs; that is, the pairs
outside the branch loops, n is the number of branch loops, f; is the total degrees of freedom of the pairs of the Lth branch loop
and /, is the space or subspace of the Lth branch loop. As it is clear that, > f; = Zf-‘zlf,» — S0 .fi the Eq. (31) will be reduced to,

k

n
Me=lety fi=> A (32)
1 L=1

i=

where, k is the number of pairs in the end effector chain.
Finally, after the proper connection between the structural group and the end effector chain, the total mobility of the
resultant robot manipulator will become,

M=M.,—i+q-j, (33)

where, / is the space or subspace of the base structural group, j, is the number of passive joints and q is the number of redun-
dant links.

7. Mobility of the end effector chains in subspace . =5

In order to proceed in the design of parallel manipulators with general constraint one, current study considers only the
simple end effector chains without branch loops in subspace 4 = 5. As there are no branch loops and the subspace of the end
effector is /. = 5, Eq. (32) will be reduced to,

k

Me=5+>f (34)
i1

By using Eq. (34), five different end effector chains with various mobilities are created and tabulated to fulfill the design task

of the parallel manipulators with general constraint one (Table 6). However, the end effector chains in Table 6 are figured in

their simple structural form. Before the connection process with the structural groups is started, they should be reconfigured

correctly with respect to the suitable angular or linear-angular conditions of the structural group on which the connection

occurs.

Table 6

End effector chains without branch loops in subspace 1 = 5.

# Structure f; M. # Structure f; M.
1 0 5 4 3 8

|

10

w
N
~
=2}
w
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Although the figure in Table 6.1 is just an end effector, it is added to the table for the clarification of the step by step devel-
opment of the end effector chains. Also note that, the maximum mobility of the end effector chains in Table 6 is limited to the
2 = 10. The reason of the case is the prevention of the redundant motions. Due to the fact that the maximum number of
achievable independent motion in subspace 4 = 5 is limited to five, 2R3P or 3R2P, after the end effector chains are connected
to the structural groups of subspace /4 = 5, more than designated mobility 2/ will result in the occurrence of the redundant
motions with respect to the Eq. (33).

8. Structural design of the parallel manipulators with general constraint one

The last and the most important part of this study is the procedure of the structural design in the creation of parallel
manipulators with general constraint one by using the results of the previous sections. As the subspace is decided as
J =5, this procedure can be explained easily by following step by step instructions as,

Table 7
Structural bondings of general constraint one parallel manipulators with angular conditions.

. Angular Conditions of Structural groups .
§ \x‘ S {’;‘ .’,‘ ! \il,"' \\ \\ \ "; \\‘\\\ \‘\ “\E/" \“”:, g
) ‘. .. ® NN [ . =

M b c d *
Tﬁ 359 ﬁ%w ($$9)-$559 (889)-($58S)

2 $535- $ $353-(399) (555$)-55% ($5$5)-(5$9) 12
$553-555 $355-(359) ($$9)-555 (8855)-($59)
89399983 | 333-(3988S) | (89995958 | (339)-(559$9)
iﬁ $_$ $553-(5999) | (55$9)-5985 | ($559)-($559)

3| S335-588% | SPI9-(5%%9) ($555)-5558 | (3339)-(3589) | 20
$3$55-55% $$555-(599) ($55$5)-55% (5$5$3)-($%9)
$3555-555 | S555$5-(S99) ($9559)-555 | (55599)-(859)
553-555555 | 535-(599599) | (535595995 | (s85)-(555559)
§553-55555 | SI55-(8999%) | (3$39)-55SS | (5535)-($5595)
5$96-S5385 | $599-(385$5) | ($539)-IS8S | (3539)-(533%9)

, | 39355-8955 | $5555-(3595) | (59999)-5995 | (59589)-(3889) |
55355-5555 | $TTHS-(598%) | (55599)-5555 | (38339)-(8389)
$S$555-585 | $SIFTI-(5%S) | (5$$5$S)-S$S ($35$$9)-($$9)
$55355-555 | $S5ISS-(5$S) | ($95395)-555 | (SI95IS)-(3%9)
$$5335-555 | SIS$S-(595) | ($53555)-555 | (SSIPSI-(339)
S5939-995%5 | $339-(893953) | (35$9)-595998 | (5359)-($55959)
$3355-58555 | $530-($5S33%) | ($955)-955885 | ($$55)-(5$$559)
$3$535-5555 | $S555-(35358) | ($5$33)-5555S | (355$9)-($$$$S)

s | $53335-5555 | $3355-(55599) | (39399)-55555 | ($5335)-($$$SS)
$35555-5555 | SSSSFS-(3559) | (355559)-5555 | (559559)-($589) |
5355555555 | 555355-($59%) | (555399)-5555 | (355599)-(S5%9)
5355-555555 | 553595-($559) | ($53959)-5555 | (FSTI-(3939)

23 46 23 92
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Decide the desired mobility (M) of the manipulator that will be constructed

Chose one of the conditions of subspace 4 =5 that the manipulator will possess from the Table 3 or Table 4.
Select the structural groups from Table 5 with respect to the condition chosen

Calculate the mobility of the end effector chain (M,.) by using Eq. (33).

Select the end effector chain from Table 6 that corresponds the mobility (M,) calculated.

Combine the selected structural group and the end effector chain in accordance with the chosen condition.
Select the ground link of the designed parallel manipulator with general constraint one.

Note that Tables 7 and 8 show 163 structural bondings of all possible one loop parallel manipulators with general con-
straint one that have 92 manipulators with angular and 71 manipulators with linear-angular conditions.
Example: Let us design four overconstrained parallel manipulators with angular and linear-angular conditions.

(A) The first overconstrained manipulators mobility is decided as M =2 with the condition shown in Table 3.4. The struc-
tural group with respect to the condition is selected from Table 5.4. The mobility of the end effector chain is calculated
as M, =M + 4 =2 +5 = 7and the end effector chain is selected as Table 6.3. The overconstrained manipulator will
result in the structural bondings of, s sss-ss ss33555, as shown in Table 7a for mobility M = 2. Finally the ground link
is selected ($£$$-$$%$ ) for construction and the resultant manipulator is shown in Table 9.1.

(B) The second overconstrained manipulators mobility is decided as M =4 with the condition shown in Table 3.3. The
structural group with respect to the condition is selected from Table 5.3. The mobility of the end effector chain is cal-
culated as M, = M + /. = 4 + 5 = 9 and the end effector chain is selected as Table 6.5. The overconstrained manipulator
will result in the structural bondings as shown in Table 7b for mobility M =4. Finally the ground link is selected

(55$35-(5539)) for construction and the resultant manipulator is shown in Table 9.2.

Table 8
Structural bondings of general constraint one parallel manipulators with linear-angular conditions
Linear and Angular Conditions of Structural groups
A I R AR TR oy .

. ,’l\ v ! ,’I\ v I ‘\l,"t-—% L =

glArN VS INY | N AV T : g

E ”:i ‘1 -|n' ‘ \ .'., .'. \‘ . L\ hl, ,'d'”':"u: \\r','llll: E

= " “ ‘Il||‘| ’.r': ‘\‘ ,’Ill ‘\‘ }"E-’\ -': 'j‘i‘\‘ ‘\‘ " I !ll “'lll E
PN NV TN 2

M a b c d ] £
5335-555 | (5559)-59% |(55$9)-885 | ($535)-5S ($3)$55$$

) $339-858 | (3995)-355 |($859)-39% ($395)-355  |$55555$ | ($5)$395% i,
5555-555 | ($599)-335 [($$55)-555 | ($$$5)-$35 [5-55555F | (53:9)-8888 |
$S-$3:3% | (559)-53:85 |($$5)-83:85 | ($$$)-$$-9% ($$)$553:$
55555555 | (S9939)S8% | gqq55) 555 | (55595)-595 ($9)85555%

5 (5555595 | (99889095 gqe5s).-555 | (55359)-565 [PSPSISSS \($9)898895 |
55555-555 | (399991388 |(5o55s)-553 | (53555)-555 [oovovey ($5:9)-9968% |
AT -$$- ot o $5)355$$:3
555-55:55 | SPPSSERS |6559).55:55| ($955) 5355 (

SIDPS0-$95 | (555595)-955  (555559)-656 | (589559)-555
355555-559 ($5555%)-585  ($5S8$%)-$$S | ($55$$9)-$$$ (55:5)-555555

+ [FSTSFI-999 | (8558555) 855 ($59555)-388 | (858385) 858 35998899 | (el |
$FEDTF-53F | (3F5555)-58F  ($55555)-595 | ($5555%)-555
$3555-55:9] (95999 S5:85 (§59) $5:85 | (56655)$5:56

5 |BEE5SS-$S-5HSSSFSF)-55:38 (555559)-55:5%| (55555%)-53:3% S - 4

14 14 14 14 3 10 71
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Table 9
New parallel manipulators with general constraint one.

# Manipulators [#] Manipulators
Angular conditions

$555-555 $5555-(3595)

@y = dyy = azy =0
oy =0 =0, 07 =y, dy=d, =d; =d,

Qys = 0Olsg = g7 =0 Q5 = gy = Clyg = Qlgg = 0

Linear and Angular Conditions

$E55555% (355555)-53:85
Rz
4
Rs
- 3
Reg .
Ro n
& R R & o Tl
' Rs
dy=dy=dy=dy=ds=deg=0
dy =dy =dy =d, =0,ds =dg =dy =dg =0 Ty = O3 = Oigy = Olys = s = 0
a1y /Sty = ayg [ Setyg, @y = dqg, Gyy = dgy Cygo [ Sty = dgy [ Sttgr.age =0
O34 = Asg, Qg = Qg3 = U3yq, Usg = g7 = Ogg oo = (“l?? *‘f72"'"f’”2”‘199)0'5,’1’-39 =0

(C) The third overconstrained manipulators mobility is decided as M= 3 with the condition shown in Table 4.7. The struc-
tural group with respect to the condition is selected from Table 5.13. The mobility of the end effector chain is calcu-
lated as M, = M + /. = 3 + 5 = 8 and the end effector chain is selected as Table 6.4. The overconstrained manipulator
will result in the structural bondings as shown in Table 8e for mobility M = 3. Finally the ground link is selected
(5555 55 ssggsss) for construction and the resultant manipulator is shown in Table 9.3.

(D) The fourth overconstrained manipulators mobility is decided as M =5 with the condition shown in Table 4.3. The
structural group with respect to the condition is selected from Table 5.12. The mobility of the end effector chain is
calculated as M, = M + 4 =5 + 5 = 10and the end effector chain is selected as Table 6.6. The overconstrained manip-
ulator will result in the structural bondings as shown in Table 8d for mobility M= 5. Finally the ground link is selected
(($$$$$$)7$§>5§$) for construction and the resultant manipulator is shown in Table 9.4.

9. Conclusions

Throughout the study, structural design of parallel manipulators with general constraint one with respect to the
angular and the linear-angular conditions are described as well as the general procedure of describing the orientation
of rigid body with respect to the reference frame by writing recurrent unit vector equations. Also new formulations
and definitions of constructing overconstrained manipulators are introduced dealing with 14 structural groups with gen-
eral constraint one and end effector chains in subspace 4 =5 with various mobilities. As a result of the current study,
new general constraint one RRRS mechanisms that have linear-angular conditions are introduced. Moreover the pro-
posed method was checked on four known overconstrained mechanisms with angular conditions. By using 14 overcon-
strained structural groups, all architectures of parallel manipulators with general constraint one that are composed of
only revolute joints and single-loop are introduced by using structural bonding and four of them are illustrated along
with examples.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at doi:10.1016/
j.mechmachtheory.2009.06.004.
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