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z; coordinate axis along the revolute axis of joint i;

Xx; coordinate axis along the common normal from z; to z; ; 1;

aii+1y length of link i(i + 1), which is the common normal distance from z; to z; 1 positively about x;_, 1;
Qi+1y twist of link i(i+ 1), which is the rotation angle from z; to z; ;. positively about x; 1 1;

R; offset of joint i, which is the common normal distance from x; to x; , ; positively along z;

0; revolute variable of joint i, which is the rotation angle from x; to x; ;. ; positively about z;
a/a, b/B, c/y, d/5  the length and twist of the link, e.g. a/a is a link with length a and twist «;
Mi2,...5 P, Q A1234, B123.4, S11,122122  Symbols for the simplified mathematical relationships;
A1, A2, A3, A4, B1, B2, B3, B4 different configurations of the 5R linkages A and B;

Forms I, II, Ill and IV  different linkage forms of the double-subtractive-Goldberg 6R linkages;
By, Biy  bifurcation points on the kinematic paths.

1. Introduction

The overconstrained linkage is a kind of mechanism that preserves mobility during a full-circle movement while not
complying with the Griibler-Kutzbach's mobility criterion. There are a number of spatial overconstrained linkages with only
revolute joints. Among them, the most famous one is the Bennett linkage [1,2], an overconstrained four-bar linkage with skew
angle of twists. With proper arrangement and construction method, certain number of Bennett linkages can be combined
together to build different types of single-loop overconstrained 5R and 6R linkages, called the Bennett-based linkages [3],
including Goldberg's 5R and 6R linkages [4], Myard's 5R and 6R linkages [5], extended Myard linkage [6], one of the special
Waldron's hybrid 6R linkages [7], Yu and Baker's syncopated 6R linkage [8], Wohlhart's double-Goldberg 6R linkage [9],
back-to-back double-Goldberg 6R linkage [10], subtractive Goldberg 5R linkage , a special double-subtractive-Goldberg 6R linkage
[11] and a family of mixed double-Goldberg 6R linkages [12]. All of them have one degree of freedom generally.

Another important 3D overconstrained linkage is the Bricard linkage [13,14], consisting of six distinct cases: the line-
symmetric octahedral case, the plane-symmetric octahedral case, the doubly collapsible octahedral case, the line-symmetric case,
the plane-symmetric case and the trihedral case. Baker [15] pointed out that the line-symmetric octahedral case is just a special
case of the general line-symmetric case. Wohlhart [16] proposed a linkage with a shared transversal and partial symmetry. Recent
works of Fowler and Guest [17,18] shows that symmetry does increase the mobility of the mechanism. The line or plane
symmetry makes the Bricard linkages mobile. Any additional symmetric property can increase the mobility of the linkage
infinitely or finitely. For example, Chen, You and Tarnai [19] proposed a three-fold-symmetric Bricard linkage with a bifurcation
point when six links are collinear. Chen and Chai [20] studied a special type of Bricard linkage with both line and plane symmetry.
In the investigation of its bifurcation behaviour, a complicated bifurcation loop among the line and plane symmetric Bricard
linkage, plane symmetric Bricard linkage and spherical 4R linkage has been formed. Chai and Chen [21] found two closure forms,
the linkage form and the structure form, in a special line-symmetric octahedral Bricard linkage.

Meanwhile, new reconfigurable mechanism has been proposed with multiple functions. The kinematotropic linkage by
Wohlhart [22] can switch its global mobility at transit points. Dai and Rees [23] proposed the metamorphic mechanisms with
variable topology and mobility. Kong and Huang [24] proposed a number of one degree-of-freedom overconstrained linkages
with two operation modes by using the type synthesis method. Wohlhart [25] proposed a series of multifunctional 7R linkages by
inserting an overconstrained mobile chain into a 7R linkage.

In this paper, a particular type of double-subtractive-Goldberg 6R linkage is introduced and multiple linkage forms are found,
which shows great potential in application of reconfigurable mechanisms. The paper is presented as follows. Section 2 introduces
the subtractive Goldberg 5R linkage. In Section 3, two linkage forms of the double-subtractive-Goldberg 6R linkage are built
through different construction methods. Section 4 analyses their bifurcation behaviour, leading to two more linkage forms.
Conclusion and discussions are drawn in Section 5.

2. The subtractive goldberg 5R linkage

As shown in Fig. 1, two Bennett linkages share a common link marked in grey. Using Goldberg's method [4], these two linkages
are then inversely posed and superposed on the common link. After removing the common parts in dash lines, a subtractive
Goldberg 5R linkage is constructed [11].

The geometry conditions of the linkage are

A1y = 34, A3 = (45— 051,
Oy = O3y, O3 = Oy5—0sq,

sinays  sinas;  sinag, (1)
- - b

Qg5 (3} ap
R=0i=1, 2,..., 5.
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Fig. 1. Construction of the subtractive Goldberg 5R linkage.

Its closure equations are
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From Eq. (2f), it is obvious that there are two 6s corresponding to one 6s, whereas 6; is one-to-one related to 6, 3 4, as shown
in Egs. (2a)-(2c). This property leads to a special characteristic of the double-subtractive-Goldberg 6R linkage constructed by two
such 5R linkages, which shall be investigated next.

3. The double-subtractive-Goldberg 6R linkage

Two construction methods have been used in generating the complete set of mixed double-Goldberg 6R linkages [12]. The
common link-pair (CLP) method, which was firstly proposed by Wohlhart [9] when building his double-Goldberg 6R linkage, is to
achieve a single-loop overconstrained 6R linkage by merging two 5R linkages on the commonly shared link-pairs and then
removing this connection. And the common Bennett-linkage (CBL) method, which was proposed by Song and Chen [11], is to
connect the commonly shared link-pairs consecutively to build a common Bennett linkage as the connection. After removing the
connection, the rest part will also form a single-loop overconstrained 6R linkage.

In order to get the double-subtractive-Goldberg 6R linkage by connecting two subtractive Goldberg 5R linkages on the
“roof-links” through two construction methods, both subtractive Goldberg 5R linkages, namely linkages A and B, are required to
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share the same geometry conditions on link-pair 45-51 set as a/a~c/7y. Thus, the two sets of geometry conditions of linkages A
and B are

Yy =afy = b, ay =a—c djs =a, a5 =c,

0/1\2 = a§\4 =P, 06\3 =a=v, aﬁs =q, 0’-?1 =%

&, =d,=d d;=a—cadls=0ad =c

allaz = a§4 =, 0‘53 =0=, 0125 = aagl =% 3
sine  sinB  siny  sing

a b c d’
RA=RE=0(i=1, 2,.., 5).

and

Meanwhile, under the CLP method, these two subtractive Goldberg 5R linkages must have the same configuration on link-pair
45-51, i.e. 62 =05. And under the CBL method, the configurations of link-pair 45-51 in both linkages must meet the requirement
of the Bennett linkage, i.e. 62 +65 =0 or 62 + 65 =2m. In another words, for the linkage B with configuration 6% =4, only the
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Fig. 2. The kinematic paths of linkage A, configurations A1 and A3 when 6% =4 and configurations A2 and A4 when 65 = —s .
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linkage A with configuration 65 =y can be used to form a 6R linkage through CLP method. And for the same linkage B, only the
linkage A with configuration 65 = — can be used to form a 6R linkage through CBL method.

Due to the quadratic property between 6% and 62 on the kinematic path of linkage A in Fig. 2, there are two configurations of
linkage A, A1 and A3, when 62 = . Similarly, there are another two configurations of linkage A, A2 and A4, when 62 = — . These
four configurations are shown in Fig. 3, in which link-pair 45-51 is marked in grey colour, with 62! = 62% =, and 652 = 644 = — ..
Considering Eq. (2f), we have

B+a . B+y

1A3 sin sin
taneil\ _1 2__ 2 | tan?
2 2 sinB_a sinB—_V 2
2 2
(4a)
2
1 sinB+a sinm ¥ sinw sinB-’_y
+ 5 2__ 2 tan’ = —4 2_. 2
2 sinB_a sinﬁ;y 2 sinB_a sinﬁj
2 2 2 2
and
gh2nd 1 sinB;a sinB;V U
tan-— = —— - tan-
2 2\ ginPT® P 2
2 2
(4b)
2
1 sinﬁ+a sinm b sinﬁ+a sin[jer
F 3 Bza - BE tan? - —4 Bza . 53 .
sin sin—'y sin Sil‘l—y
2 2 2 2

Thus 64! = — 67 and 62 = — 64>, And from the closure equations of the 5R linkage in Eqs. (2a)-(2d) and Eqs. (4a) and (4b), it
is shown that 02" = — 9 and 02 = — 023 (i=1, 2,..., 5). Therefore, linkages A1 and A4 are in the same configuration, but their
axes are in opposite directions. So are linkages A2 and A3.

As a result, the linkage B with configuration 65 = can be combined with linkages A1 and A3 through CLP method, and it can
be combined with linkages A2 and A4 through CBL method. Similarly, for linkage B there are also two configurations, namely B1
and B3, when 62 = and another two configurations, namely B2 and B4, when 6% = —;, given in Fig. 4.

Fig. 3. The spatial configurations of A1, A2, A3 and A4, in which A1 and A3 are at 65 =1 and A2 and A4 are at 08 = —.
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Fig. 4. The spatial configurations of B1, B2, B3 and B4, in which B1 and B3 are at 68 = and B2 and B4 are at 5= — .

Therefore, between one of the four linkage As and one of the four linkage Bs, only one construction method, CLP or CBL, can be
applied to form a 6R linkage. Altogether, there will be 16 (=4 x4) possible connections, among which only two distinct forms,
Forms I and II linkages, are obtained as listed in Table 1. The third row will be taken as an example to explain the construction
process in the following sections.

3.1. The Form I of the double-subtractive-Goldberg 6R linkage

Through the CLP method, linkages A1 and B3 are merged on the commonly shared link-pair 45-51 to form a single-loop
overconstrained 6R linkage, named as Form I linkage, see Fig. 5. From Eq. (3), the geometry conditions of the 6R linkage are

Uy = lys = A—C, Uy = Gg; = d, 34 = U5 = b,

O = Q5 = 0=, Qp3 = Qg = 6, Qlzy = Qlsg = f3,

sin sin3  siny  sind (5)
"a b ¢ d’

From the construction process, the closure equations of the Form I linkage can be derived as Egs. (6a), (6b), (6¢) and (6d). The
kinematic paths of the linkage are plotted in Fig. 6.

0 m - - 0
tanj2 = 7301, 03 =m+2tan 'P—2tan" ' ( m, tanjl ;
mytan—- (6a)
04 my 95 P[ 1 -1 9]
tan—=——,tan=>= —— 6 =m—2tan P, +2tan (mytan—- ),
2 P2 m,’ 8 ! a2 )
Table 1
Sixteen possible connections between linkage As and linkage Bs.
Linkage A1 Linkage A2 Linkage A3 Linkage A4
0= 0B8=—y 8=y 0=~y
Linkage B1 CLP-Form II CBL-Form II CLP-Form I CBL-Form [
B=y
Linkage B2 CBL-Form II CLP-Form II CBL-Form | CLP-Form I
b=y
Linkage B3 CLP-Form | CBL-Form | CLP-Form II CBL-Form II
B=y
Linkage B4 CBL-Form [ CLP-Form I CBL-Form II CLP-Form II

o=
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Fig. 5. The construction of the Form I linkage through CLP method.
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Fig. 6. The kinematic paths of the Form I linkage.



C.Y. Song, Y. Chen / Mechanism and Machine Theory 57 (2012) 95-110

102
and
sinB+a sinB+y sin6+a
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m, = 2 o= 2
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Alternatively, the same linkage can be obtained when linkages A2 and B3 are combined through CBL method, as shown in
Fig. 7. Following a similar derivation process, the same closure equations as Eqgs. (6a), (6b), (6¢) and (6d) can be obtained.

Fig. 8. The construction of the Form II linkage through CLP method.
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3.2. The Form II of the double-subtractive-Goldberg 6R linkage

As shown in Fig. 8, linkages A3 and B3 are merged on link-pair 45-51 through CLP method to form a single-loop overconstrained
6R linkage. Obviously, the geometry conditions of this linkage are the same as those of the Form I linkage in Eq. (5). From the
construction process, the closure equations of this linkage can be derived as Eq. (7) and the kinematic paths of the linkage are plotted
in Fig. 9, which are different from those of the Form I linkage's. So we name this linkage as Form II linkage.

tan%2 = Lﬁ’ 03 =1+ 2tan7]PH—2 tan”' <m4 tan%),
m, tan—-
’ 7
OA __m (15 _ _ﬁ IS -1 -1 07]
tan 2° P, tam2 = mz’OG =m—2tan P;+2tan | m,tan 5 )
where
(my—m;)Q—/ <mz—m1>2Q2—4m1mz] 6,€[—m, 0)
Py =

1

2

] k)
3 |:(m2_m1)Q + \/(mz_m1)2Q2 —4m, mz} 6,€[0, m)

and Q, and m; are given in Eqs. (6¢) and (6d).

Alternatively, the same linkage can be obtained with linkages A4 and B3 through CBL method, see Fig. 10. The same closure
equations can be derived as Eq. (7).

After a throughout analysis of all sixteen possible constructions in Table 1, it is concluded that only Forms I and II linkages can
be formed. They are the linkage forms with the identical geometry conditions but different kinematic paths. And there is no
intersection between these two sets of kinematic paths, i.e., there is no common configuration. So they cannot transform into each
other directly. These two linkage forms are in different and independent mobile closures.

4. Bifurcation analysis of the double-subtractive-Goldberg 6R linkage

It is worth noting that for both linkage forms, there exists such configuration on the kinematic paths, see Figs. 6 and 9, that all
0; (i=1, 2,..., 6) reach 0 or 4+ simultaneously, which corresponds to the configuration that all six links are collinear. It is
necessary to investigate such configurations for singularity. Recently, Miiller [26,27] systematically investigated the generic
mobility of rigid body mechanisms and its configuration space in regular and singular points. In this paper, the singular value
decomposition (SVD) method of Jacobian matrix [28-30] is applied. The sixth singular value is always zero, which confirms that

(7)) 05 04
T : : T : - ' 4 : :
¥ L ¥ é s PO
2 [ v/ P P 2 [ P 2 P AN P
e . e R
A R A x| 1 N
277 HE . T 27 T 2077 HEA . T
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2 2 2 2 2
bia Os . . . T Os .
i : : 5 a,,=0.2420 ,,=1007/180
7” _______ . S S 7” _______ i @,,=0.3052 ,=307/180
PN g a,=0.3923 «,=407/180
(O et N b R 4 a,=0.2420 @,=1007/180
pu | | | jn | a,,=0.3923 a,=407/180
20 HE TS \_ | 20 : a,=0.3052 a,=307/180
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Fig. 9. The kinematic paths of the Form II linkage.
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Fig. 10. The construction of the Form II linkage through CBL method.

the linkage has one degree of freedom during full-circle movement. At the collinear configurations, the fifth singular value falls to
zero, which indicates that the instantaneous mobility is increased at these points.

The SVD results of the Forms I and I linkages are shown in Fig. 11. It is obvious that at the positions when 6; =0 and 6; = 4,
the fifth singular value falls to zero. Thus, they are the bifurcation points. As there is no intersection between the kinematic paths
of the Forms I and II linkages, it is expected that there are new possible kinematic paths between these bifurcation points.

4.1. The Form III of the double-subtractive-Goldberg 6R linkage

Through the SVD analysis, it is found that at the point 6} =0 in Fig. 11(a), the Form I linkage can bifurcate into a different
linkage form, namely the Form IlI linkage, as shown in Fig. 12. The Form II linkage can also bifurcate into the same linkage form at
the point 61 = + in Fig. 11(b).

The Form III linkage cannot be built from the combination of two subtractive Goldberg 5R linkages as Forms I and II linkages.
By using the transformation matrix [31], the closure equations as Eqs. (9a) and (9b) are obtained analytically and the kinematic
paths are shown in Fig. 13.

1

_ _im 0 0,
0, =m+2tan" 'Sy, —2tan" ' 2 tan—2 = tan76:5“,

Si 2
—1 Mg b5 (52)
0, =m+0; +2tan =, tan=> =5,,.
Si 2
(a) (b)
SV 1
.\’_\/_\_/.
) '\\ // , SVL
3 S
§ sv2 § ~sv2 \//_
S 3
= SV3 =
! !
g -5
@ SV;\F 7 SV.3
SVs : /5‘/[5"\/—\\
0 SVé6 0 SVé6
- _771 0 777 T - —% 0 g T
0, 0,

Fig. 11. The SVD results of (a) the Form I linkage and (b) the Form II linkage.
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Fig. 12. The spatial layout of the Form III linkage.

where
s —(Bi+Dicosoy)+ /(B + D cos 0, — (A2 —C3) sin’0),
e (A;—C;)sin 6,
o ~(B+Dycos 01)—/ (B, + D, cos ;> — (A3 —C3) sin%6,
22 —

(A, —Cy)sin 0,

A; = a34 SN Oy, + Ay SIN O34 COS Oy3
By = a3, Sin 0ty3 + ay3 SiN 034 €COS A4
Ci = ay3 Sin 0y + Ay, SINQy3 COS O3y
D; = a4, Sin (ty3 + Ay3 SIN OYy COS O3y

Ay = @y, SIN O34 + A34 SIN O COS O3
B, = a;, Sin 0ty3 + Gy3 Sin 05 COS O3y
Cy = ay3 SIN Ot34 + (34 SIN Q3 COS Oy
D, = a3, Sin (3 + ay3 SN (i34 COS

and mis is given in Eq. (6d).

105

(80)

The relationship between 6; and 605 of Forms [, Il and III linkages is shown in Fig. 14. By is the bifurcation point between Forms |

and III linkages, and By is the bifurcation point between Forms II and III linkages.

0,

a,,=0.2420
4,,=0.3052
a,,=0.3923
a,:=0.2420
a,=0.3923
a,=0.3052

,~1007/180
0,=307/180
0, =40 7/180
2,=1007/180
0., =407/180
0, =307/180

R=0(i=1,2,...,6)

Fig. 13. The kinematic paths of the Form III linkage.
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- -— - Vi3
T 0 5
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Fig. 14. The kinematic paths of Forms [, Il and III linkages. The black solid lines are for Form I linkage, the grey solid lines are for Form II linkage and the black dash
lines are for Form III linkage.

4.2. The Form 1V of the double-subtractive-Goldberg 6R linkage

Furthermore, at the point #} = +min Fig. 11(a), the Form I linkage can bifurcate into another linkage form, namely the Form IV
linkage, as shown in Fig. 15. The Form II linkage can also bifurcate into the Form IV linkage at the point 6 =0 in Fig. 11(b).

Similar to the Form III linkage, the Form IV linkage also has no construction basis. By using the transformation matrix, the
closure equations can be derived as Eqs. (9a) and (9b) and the kinematic paths are plotted in Fig. 16.

_ —_m 0 0
6, =m+2tan 'Sy —2tan' =2, tan—= = tan-2 = S,

St 2 2 (9a)
0, =1+, +2tan’];n—5, tan%szsﬂ,
12
where

o ~(Bi+Dycos 61)—/ (B, + Dy cos ;)2 — (A7 —C3) sin’6;
12 (A;—C;)sin6, ' (9b)

5 ~(Ba+Dycosty) - \/ (B + D, cos 0,)2 — (A3 —C3) sin?6),

21 = .

(A;—Cy)sin 0,

Note that A;, B;, G;, D; (i=1, 2) and ms are given in Egs. (8c) and (6d).
The relationship between 60 and 65 of Forms I, Il and IV linkages is shown in Fig. 17. B’ is the bifurcation point between Forms I
and IV linkages, and B’y is the bifurcation point between Forms II and IV linkages.

Fig. 15. The spatial layout of the Form IV linkage.
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Fig. 16. The kinematic paths of the Form IV linkage.

Careful examination shows that the Forms IIl and IV linkages are actually the same linkage in different numbering sequences
of joints. As shown in Fig. 18, after changing the numbering sequence in squares into that in circles, the representation of the
geometry conditions of the linkage remains the same. In another words, the relationship between revolute variables of the Forms
Il and IV linkages are

6”[ _ OIV7 OIII _ 91V7 9111 _ BlV7
T (10)
04 :95105 :64a66 :63'
In summary, among the kinematic paths of all four forms of the double-subtractive-Goldberg 6R linkage, there are four
different bifurcation points. The relationship between 6, and 65 is used to demonstrate the transformation among Forms I, I, III
and IV linkages, as shown in Fig. 19.

I

Fig. 17. The kinematic paths of Forms I, Il and IV linkages. The black solid lines are for Form I linkage, the grey solid lines are for Form Il linkage and the grey dash
lines are for Form IV linkage.
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Fig. 18. The geometric conditions of the double-subtractive-Goldberg 6R linkage. The numbering sequence in squares correspond to the Form III linkage and the
numbering sequence in circles correspond to the Form IV linkage.

Fig. 19. Transformation among four forms of the double-subtractive-Goldberg linkage. The black and grey solid lines are for Form I and Form II linkages, and the
black and grey dash lines are for Form IIl and Form IV linkages. (a)-(c) are the motion sequence of the Form I linkage; (d) is the bifurcation configuration B;
between Forms I and III linkages; (e)-(g) are the motion sequence of Form III linkage; (h) is the bifurcation configuration B;; between Forms III and II linkages;
(i)-(k) are the motion sequence of the Form Il linkage; (1) is the bifurcation configuration B’;; between Forms Il and IV linkages; (m)-(o) are the motion sequence
of Form IV linkage; and (p) is the bifurcation configuration B’; between Forms I and IV linkages.
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Fig. 20. Isomerization on the double-subtractive-Goldberg 6R linkage.

5. Conclusion and discussions

In this paper, due to the quadratic property of the revolute variable on the roof links of the subtractive Goldberg 5R linkage,
two different and independent mobile closures of the double-subtractive-Goldberg 6R linkage, Forms I and II linkages, have been
obtained by combining two subtractive Goldberg 5R linkages through common link-pair and common Bennett-linkage methods.
Bifurcation analysis has been performed, leading to another two linkage forms, Forms Il and IV linkages, which cannot be formed
from the construction of Bennett-based linkages directly. Further investigation has revealed that the Forms Il and IV linkages are
actually the same linkage form in different numbering sequences. The kinematic paths of these four double-subtractive-Goldberg
6R linkage forms are connected through four bifurcation points to form a kinematic loop.

The bifurcation behaviour shown in this double-subtractive-Goldberg 6R linkage is not unique. If the building blocks are
replaced by two original Goldberg 5R linkages, Wohlhart's double-Goldberg 6R linkage can be formed, in which the same
bifurcation behaviour exists [32]. On the other hand, this double-Goldberg 6R linkage can be changed into a special case of the
line-symmetric Bricard 6R linkage by using Wohlhart's isomerization method [33], as demonstrated in Fig. 20. The original
link-pair 56-61 is replaced by a new link-pair 56’-6'1. The original and new link-pairs form a Bennett linkage. Thus, the geometry
conditions of the special line-symmetric Bricard 6R linkage without offset are as follows.

Uyp = Gy5 = A—C, Up3 = Usg =d, U34 = gy = b,

Ay = Q5 = A=Y, Q3 = Qs = 6, A3y = Ay = G,

sina  sinf3  siny siné (11)
a b ¢ d’

R=0(i=1, 2., 6)

It should be expected that such a special Bricard linkage without offset also has four different forms, which can be transformed
among each other through bifurcation points. The work on the general line-symmetric Bricard linkage will be addressed in an
upcoming paper with more elaborations.

The double-subtractive-Goldberg 6R linkage presented in this paper belongs to the Bennett-based linkage in the viewpoint of
construction. It is also closely related to the line-symmetric Bricard linkage in the viewpoint of bifurcation behaviour. Therefore,
the linkage will play an important role in exploring the relationship between the Bennett-based linkages and the Bricard linkages.
And the linkage's complicated bifurcation behaviour could be used for the design of reconfigurable mechanisms.
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