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An Extended Myard Linkage and
its Derived 6R Linkage
In this paper, a 6R linkage suitable as a building block for the construction of large
deployable structures is presented. First, we report the possibility of construct an extended 5R Myard linkage by combining two complimentary Bennett linkages. Unlike the
original 5R Myard linkage (also called Myard’s “number 1” linkage), the angle of twists
in the Bennett linkages is not necessary to be  / 2. Then we show that a 6R linkage can
be produced by merging two extended Myard linkages together and removing the common links. The closure equations for the 6R linkage are derived and its motion characteristics are discussed. Moreover, we demonstrate that a number of such 6R linkages can
be assembled together to form a large-scale deployable structure, which opens to a flat
profile. 关DOI: 10.1115/1.2885506兴
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1

Introduction

Overconstrained spatial closed-loop linkages have always
drawn much research interest from kinematicians. In general,
seven links, connected by revolute joints, are needed to form a
mobile loop according to Kutzbach criterion 关1兴. All of the spatial
4R, 5R, and 6R closed-loop linkages are regarded as overconstrained simply because their mobility is due to special geometrical arrangements.
Since the publication of Bennett’s famous paper “a new mechanism” 关2兴, a number of 3D overconstrained closed-loop linkages
have been found by combining or merging several Bennett linkages. Examples include the Myard linkages 关3兴, the Goldberg 5R
and 6R linkages 关4兴, the Bennett-joint 6R linkage 关5兴, the Dietmaier 6R linkage 关6兴, and the Wohlhart double-Goldberg linkages
关7兴 and most recently some 6R linkages by Chen 关8兴 and Baker
关9兴. Baker 关10,11兴 produced two excellent reviews of the existing
Bennett-based 5R and 6R closed-loop linkages.
Closed-loop linkages were used in the past as deployable structures for aerospace applications. Examples such as deployable
rims for space antennas and expandable solar array frames were
reported by Gan and Pellegrino 关12兴. Even in the most common
deployable structures consisting of scissorlike elements, 6R linkages such as the Sarrus linkage exist. Better understanding and
selection of such mechanisms can be beneficial to design engineers.
In this paper, particular attention is paid to the Myard linkage,
an overconstrained 5R linkage. It is a plane-symmetric 5R for
which the two “rectangular” Bennett chains, with one pair of
twists being  / 2, are symmetrically disposed before combining
them. The Bennett linkages are mirror images of each other, the
mirror being coincident with the plane of symmetry of the resultant linkage 关10兴. Myard 关3兴 applied this method to two rectangular
Bennett linkages, resulting in his “number 1” 5R linkage.2 We
have found that under certain conditions, other Bennett linkages
can also be combined together to obtain a 5R linkage with single
degree of mobility using the similar method as Myard did. The
conditions are that, first, the lengths of the links of one Bennett
linkage must be equal to those of the respective links of the other
Bennett linkage; secondly, one set of twists of the Bennett link-

ages are the same whereas the other sets are complimentary to
each other. Unlike Myard’s number 1 5R linkage, the new linkage
does not have the symmetric plane. We call this the extended
Myard linkage.
In a previous study, it has been found the Myard linkages can
be used as deployable units for the construction of an umbrellashape deployable structure 关13兴. Figure 1 shows such a structure
consisting of seven Myard linkages arranged side by side. The
neighboring linkages share a common link and the two joints at its
ends. In this paper, we shall show that a better deployable unit can
be obtained by combining two extended Myard linkages together
to form a 6R linkage. This linkage can be used as a building block
for the construction of large deployable frames.
The layout of this paper is as follows. First, in Sec. 2 we explain the way to build the extended Myard 5R linkage by combining two Bennett linkages. Then in Sec. 3, a detailed description
of the construction of the 6R linkage is given, together with its
closure equations and a discussion on its motion characteristics.
Section 4 focuses on the use of the 6R linkage as a building block
for large deployable structures. Some remarks on possible extension to the newly found 6R in Sec. 5 conclude the paper.

2

Extended Myard Linkage

Baker 关10兴 gave the geometric condition and closure equations
of the number 1 Myard linkage through the analysis of a Goldberg
5R linkage. So the Myard 5R linkage was treated as special case
of the Goldberg 5R linkage. Here we treat the Myard linkage as
the combination of two Bennett linkages as Myard did originally.
Moreover, by following Myard’s method, we have found that it is
possible to obtain a linkage that we call the extended Myard linkage.
Consider two Bennett linkages shown in Fig. 2共a兲. The geometric parameters and closure equations of Bennett linkages a and b
are
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1 of b become collinear, respectively, see Fig. 2共b兲. In order to
obtain such connection, the following conditions must be satisfied:
共a兲 aa34 = ab12 or aa = ab = a
共b兲 aa41 = ab41 or ba = bb = b
共c兲 ␣a34 = ␣b12 or ␣a = ␣b = ␣ and
共d兲 sin ␤a = sin ␤b because of Eq. 共1c兲
There are two solutions to the last condition:
Fig. 1 A schematic diagram for an umbrellalike deployable
frame made from seven Myard linkages. Only one of the Myard
linkages is highlighted.
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The first solution leads to the formation of a single Bennett linkage, which is not what we intended to, whereas the second solution forms a 5R linkage e should the two common links and the
joint connecting them, shown in gray color in Fig. 2共b兲, be removed. The conditions that the geometric parameters of the newly
formed 5R linkage ought to satisfy are as follows:
ae34 = 0,

共2b兲
where m = a or b.
Similar to Myard’s approach, Bennett linkages a and b are
combined together by fixing Links 34 and 41 of a with Links 12
and 41 of b, respectively, and Joints 3 and 4 of a and Joints 2 and
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The relationships among the revolute variables of this 5R linkage
e and the Bennett linkages a and b are as follows:
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Fig. 2 „a… Two Bennett linkages a and b. „b… They are combined to form an extended Myard linkage e.
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From Eqs. 共5b兲–共5d兲, we can obtain that
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The relationship among the revolute variables between linkages f,
c, and d is as follows:
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Fig. 3 „a… Two Bennett linkages c and d. „b… They are combined to form an extended Myard linkage f.

So Eqs. 共8a兲–共8d兲 are the closure equations of extended Myard
linkage f. Again this linkage has only one degree of mobility.
Comparing the result of the extended Myard linkages e and f,
we can obtain that geometric parameters of a common extended
Myard 5R linkage should satisfy that
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So Eqs. 共5a兲–共5d兲 are the closure equations of extended Myard
linkage e. This linkage has only one degree of mobility based on
the equations.
In Bennett linkage a, if Link 23 is fixed and Link 34 is rotated
to a position below Link 23, the linkage change from the configuration in Fig. 2共a兲 to the configuration in Fig. 3共a兲, and in this
case, let us name it as Bennett linkage c. Applying the same
operation to Bennett linkage b yields Bennett linkage d in Fig.
3共a兲. Under such configurations, Bennett linkages c and d can be
combined together to form the other extended Myard linkage f by
removing the common links and joint as shown in Fig. 3共b兲. The
conditions on its geometric parameters are as follows:
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1 versus 2 for 6R linkage

Fig. 5
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Fig. 4 A 6R linkage from two extended Myard linkages e and f

Note that the difference between the number 1 Myard linkage
and the extended Myard linkage is that the former requires a pair
of twists being set as  / 2, whereas such requirement is unnecessary for the latter.
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Based on Eqs. 共5b兲, 共8b兲, 共12a兲, and 共12d兲, it is obtained that
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Now consider Eqs. 共12b兲 and 共12e兲. Owing to Eqs. 共5a兲 and 共8a兲,
we can obtain that

2 + 5 = 6 − e1 − f1 − e4 − f4
Since e1 + f1 = 2 and e4 + f4 = 3, there is

6R Linkage

3.1 Construction. Wholhart 关7兴 created a novel 6R linkage
by hybridization of two number 1 Myard 5R linkages. The same
can be applied to a pair of the extended Myard linkages.
If we combine extended Myard linkages e and f together by
fixing Links 51 and 12 of e with Links 12 and 51 of f, respectively, and merging Joints 5, 1, and 2 of e with Joints 2, 1, and 5
of f, respectively, into three joints, then a 6R linkage is formed by
removing the common links and Joint 1, see Fig. 4.
3.2 Closure Equations. The conditions on the geometric parameters of the newly formed linkage are
a12 = a34 = a45 = a61,

␣12 = ␣34 = ␣45 = ␣61,
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The relationships among the revolute variables of this 6R linkage
and those of linkages e and f are as follows:
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From Eqs. 共13兲, 共14a兲, and 共14c兲, we have
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Finally, from Eq. 共12a兲,
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Equations 共14a兲–共14e兲 are the closure equations of the new 6R
linkage. The linkage has only a single degree of mobility in general.
3.3 Deployment Properties. The relationship between the
revolute variables 1 and 2 for the new 6R linkage is given in
Eq. 共14e兲. For a set of given ␣12 = ␣ and ␣56 = , 1 versus 2
curves are plotted in Fig. 5. It is interesting to note that all of the
curves pass points 共0, 0兲 and 共 , 0兲, which suggests that there is a
common configuration that four non-zero-length links can become
colinear. Moreover, the maximum value for 1 is reached when
2 changes from 0 to , which represents a configuration that four
non-zero-length links form a rhombus. Particularly when ␣12
Transactions of the ASME
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Fig. 6 The 6R linkages „a… for a given ␣56 =  and „b… when ␣56
is increased to  + 
Fig. 7 2 versus 1 for 6R linkages with a given ␣56 =  and the
other one when ␣56 is increased to  + 

= ␣56 =  / 2, the rhombus becomes a square. All of these characteristics show that this new 6R linkage has a very compact folded
state, as well as a state corresponding to the maximum expansion,
which make it ideal as a deployable unit.
In general, the linkage has a single degree of freedom as indicated by the closure equations. However, the degree of freedom
increases in some particular configurations. These configurations
are best identified by calculating the state of self-stress of the
linkage 关14,15兴 as we did previously with another 6R linkage 关16兴.
The analysis confirms that one state of self-stress exists at normal
configurations, which corresponds to a single degree of mobility,
and there are two states of self-stress at the configurations where
1 = 2 = 0 and 1 = 0, 2 = , which implies that at these configurations bifurcation occurs.
Due to their similarity, only the configuration where 1 = 0 and
2 =  is discussed here. Figure 6共a兲 shows a 6R linkage, g, with
given ␣12 = ␣ and ␣56 =  when 1 = 0 and 2 = . Links 61 and 45
are now collinear. So are Links 12 and 34. The closure equations
of this linkage are given in Eq. 共14a兲–共14e兲. Meanwhile, consider
the other 6R linkage, h, where ␣12 remains the same as the previous one but ␣56 is increased by . When 1 = 0 and 2 = , it
looks rather similar to the previous linkage, see Fig. 6共b兲. The
only difference between the two is that the orientation of Joints 3,
4, and 5 are opposite to each other, respectively. The relationships
among the kinematic variables of two linkages are

g1 = h1 ,

g2 = h2 ,

g6 = h6

and

g3 + h3 = 2,

g4 + h4 = 2,

g5 + h5 = 2

From Eq. 共14a兲–共14e兲, the closure equations for the second 6R
linkage h, in which ␣12 remains ␣ whereas ␣56 is increased from
 to  + , are
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h1
tan
=
2

共15e兲

Figure 7 shows the 2 versus 1 curves based on Eqs. 共14e兲 and
共15e兲 for the 6R linkages with ␣12 =  / 2, ␣56 =  / 3 and ␣12
=  / 2, ␣56 = 4 / 3, respectively. It clearly shows that when 1
= 2 = 0 and 1 = 0, 2 =  the motion bifurcation could happen.
The bifurcations can be demonstrated using a model shown in Fig.
8, which was built with the twists ␣12 =  / 2 and ␣56 = 3 / 2. Figure 8共a兲 is the configuration corresponding to 1 =  / 2, 2 =  / 2.
In Fig. 8共b兲, 1 is close to 0 and 2 to 0. At 1 = 2 = 0, the
linkage can move to either of the configurations shown in Figs.
8共c兲 and 8共d兲.

4

Assembly of the 6R Linkages

Using the 6R linkage, it is possible to construct a large-scale
deployable assembly by connecting many of them according to
the scheme shown in Fig. 9. A straight line section represents a
single continuous member and each of the black squares, regardless of being large or small, represents a single 6R linkage. The
small solid circle indicates a connection, such as Connections 2, 3
and 5, 6 in Fig. 4, where a zero length link is present, and the
hollow circle denotes a simple pin connection. The solid circles
are aligned to form a set of gray guidelines, whereas the hollow
circles can also be aligned to form the other set of broken gray
guidelines. During the deployment, both solid and broken gray
guidelines are always straight and perpendicular to each other. All
of the large and small 6R linkages on the whole assembly should
have the same twists. The whole structure can be deployed to
produce a flat profile and each of large or small 6R linkages is in
a rhombus. When being folded up completely, it forms a compact
bundle. During deployment, however, the overall dimension along
the solid gray guidelines increases, whereas the dimension along
the broken gray guidelines reduces. A simple model of such deployable structure consisting of four large 6R linkages is shown in
Fig. 10.
It has been noted that the bifurcation associated with a single
6R linkage does not appear in the assembly because some of the
links obstruct the certain motion of other links during deployment.

5
共15d兲
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Conclusions and Further Discussion

In this paper, a 5R linkage, named as the extended Myard linkage, is obtained by combining two Bennett linkages as Myard did
in the creation of his “number 1” 5R linkage. The closure equaMAY 2008, Vol. 130 / 052301-5
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(a)

(b)

(c)

(d)
Fig. 8 Bifurcations of the 6R linkages

tions of the extended Myard linkage have been derived from the
two general Bennett linkages that have two equal lengths and one
identical twist and one complimentary twist. A 6R linkage has also
been constructed by merging two extended Myard linkages with
the closure equations. The 6R linkage can be used as a deployable
unit for building large-scale deployable structures. Its characteristics of bifurcation have also been discussed.

Fig. 9 A schematic diagram for an assembly of the new 6R
linkages

052301-6 / Vol. 130, MAY 2008

Both Wohlhart 关7兴 and Baker 关11兴 showed that Myard’s number
1 linkage is a special case of the generalized Goldberg 5R linkage.
It can be shown that the same is true with the extended Myard
linkage. Hence, the closure equations for both Myard and extended Myard linkages can be derived from those of the generalized Goldberg 5R linkage. Moreover, the newly found 6R linkage
is also a special case of the Wholhart hybrid 6R linkage obtained
by merging two generalized Goldberg 5R linkages because the
extended Myard linkage is a special case of it.
Note that all of the offsets of both extended Myard linkage and
6R linkage have been set to be zero. Baker 关10兴 showed that the
Myard linkage could have nonzero offset for Joints 1, 2, and 5, see
Fig. 1. Further study is necessary to examine whether the same
applies to the extended Myard linkage.
A further note of interest is that the new 6R linkage with ␣12
= ␣56 =  / 2 and  =  / 2 can also be regarded as a special case of
Altman linkage 关17兴.
Finally, from a practical perspective, the shortcoming of this 6R
linkage as a deployable building block is that it can only fold in
one direction while the dimension in another direction reaches its
maximum. This problem may be solved by adopting alternative
forms as we did with the Bennett linkages 关18,19兴.
Transactions of the ASME
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(a)

(b)

(c)
Fig. 10 „„a… and „b…… A deployable model consisted of four large 6R linkages in two different configurations. „c… The model is deployed by extending in one direction.
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Nomenclature
a1,2 , . . . ⫽ the length of a link as the distance between the
axes of two neighboring revolutes 1, 2, etc.
a , b ⫽ constants for the length of the links
a, b, c, and d ⫽ the superscripts to represent Bennett linkages
a, b, c, and d
e and f ⫽ the superscripts to represent extended Myard
5R linkages e and f
g and h ⫽ the superscripts to represent the 6R linkages g
and h
K ⫽ constant in the closure equations for the Bennett linkages
m ⫽ the superscript to represent Bennett linkages
R1 , R2 , . . . ⫽ the offsets at revolutes 1, 2, etc.
␣1,2 , . . . ⫽ the twist of a link, which is defined as the
skewed angle between the axes of two neighboring revolute Joints 1, 2, etc.
Journal of Mechanical Design

␣, ␤,  ⫽ constants used to represent the skewed angles
between the axes of two adjacent revolute
joints
1 , . . . ⫽ the revolute variable at Joint 1, etc., for the
extended Myard 5R linkage
1 , . . . ⫽ the revolute variable at Joint 1, etc., for the
proposed 6R linkage
1 , . . . ⫽ the revolute variable at Joint 1, etc., for the
Bennett linkage
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