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This paper deals with deployable structures formed by interconnected Bennett linkages.
A total of eight cases that allow mobile assemblies of Bennett linkages being built have been
found by considering the links that may contain sections with negative length. Among the
eight assemblies, four are distinct ones, including the one that we reported previously, and
the remaining can be obtained by modifying the four cases. All these assemblies consist of a
grid of nested Bennett linkages. The layout of the assemblies can be repeated to form a large
deployable structure. When the Bennett linkages are equilateral, the assemblies expand to
form arches. For a non-equilateral case, the assemblies deploy into a helical shape with a
cylindrical proﬁle. They are geometrically overconstrained with a single degree of mobility.
The newly found assemblies provide more choices in the design of deployable structures.
Keywords: Bennett linkage; overconstrained mechanism; mobile assembly;
deployable structure

1. Introduction
The Bennett linkage (Bennett 1903, 1914) is a 4R spatial overconstrained linkage
in which four rigid links are connected by four revolute joints (R) forming a
closed loop. The axes of revolute joints are neither parallel nor concurrent to each
other. In general, seven links are required to achieve a single degree of mobility
for a loop assembly, according to the Kutzbach criterion (Beggs 1966). With only
four links, the Bennett linkage is regarded as overconstrained and is the only
known mobile linkage with a minimum number of links. Since its discovery,
many publications have been dedicated to this remarkable linkage. One of the
research focuses has been on the mathematical description and the kinematic
characters of the linkage. For instance, Ho (1978) presented an approach to
establish the geometric criteria for the existence of the Bennett linkage through
the use of tensor analysis. Yu (1981) found that the links of the Bennett linkage
were in fact two pairs of equal and opposite sides of a line symmetrical
tetrahedron. Baker (1988) investigated the J-hyperboloid deﬁned by the joint
axes of the Bennett linkage and the L-hyperboloid deﬁned by the links of the
Bennett linkage. More recently, Huang (1997) showed that the screw axes of all
possible coupler displacements of the linkage from any given conﬁguration form a
cylindroid. The other research focus is to construct 5R and 6R overconstrained
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Figure 1. (a–c ) Expansion sequence of an assembly based on the Bennett linkage and (d ) the
sectional view of the assembly.

linkages by merging several Bennett linkages. The most noticeable examples
include the Myard linkage (Myard 1931), the Goldberg 5R and 6R linkages
(Goldberg 1943), the Waldron hybrid linkage (Waldron 1968), the Bennett-joint
6R linkage (Mavroidis & Roth 1994), the Dietmaier 6R linkage (Dietmaier 1995)
and Wohlhart’s double-Goldberg linkages (Wohlhart 1991). These linkages still
retain the single degree of freedom as the original Bennett linkage. A summary
was provided by Chen (2003).
A few years ago, we reported the discovery of a family of mobile assemblies
based on the Bennett linkage (Chen & You 2005). The ﬁndings allow us to
construct not only a large mobile grid with an arch or spiral proﬁle, but also
towers, as well as more complex mobile assemblies, all of which are overconstrained with a single degree of mobility. One such structure is shown in
ﬁgure 1.
This paper is a continuation of our previous work. We have discovered that it
is possible to obtain new assemblies of Bennett linkages by considering that
sections of a link may have a negative length. All of our ﬁndings have been
veriﬁed by physical models. The new assemblies provide a much large scope in
the design of deployable structures for civil and aerospace applications.
The layout of the paper is as follows. Section 2 gives a brief introduction of
Bennett linkage and its basic assembly. In §3, we deﬁne the negative link length
and, by adopting such lengths, several new assemblies can be derived from the
basic ones. The comparisons among the various assemblies are discussed in §4.
Finally, the conclusions and further discussion are given in §5.
Proc. R. Soc. A (2008)
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Figure 2. (a) A Bennett linkage and (b) its schematic.

2. Bennett linkages and the basic assembly
We call the mobile assemblies that were discovered previously the basic
assemblies. To understand how they are constructed, it is necessary to review
brieﬂy the conditions for a 4R Bennett linkage to have a single degree of
mobility. Let us build a Bennett linkage in which each of the links is normal to
the axes of the two revolute joints it bridges. Thus, the length of a link is
therefore deﬁned as the distance between the axes and the twist as the skewed
angle between the axes. The linkage is shown in ﬁgure 2a, whose link lengths are
therefore a12, a 23, a34 and a41 as well as twists a12, a23, a34 and a41. To deﬁne the
positive sense for these parameters, a coordinate system at each joint needs to be
set up. To do so, we ﬁrst let Zi be the axes of revolute joint j ( jZ1, 2, 3 and 4). Xj
is the axis normal to both Zj and ZjC1, positively from joints j to jC1 (when jC1
becomes 5, it is replaced by 1). aj jC1 is the distance between axes Zj and ZjC1,
which is also referred to as the length of link from joints j to jC1. aj jC1 is the
twist of the same link, which is the angle from axes Zj to ZjC1 positively about Xj.
In ﬁgure 2a, axis //Zj, which is parallel to Zj, is drawn at joint jC1 in grey so
that the twist can be shown clearly. The motion of the linkage is determined by
kinematic variables qj, which is the angle of rotation from XjK1 to Xj positively
about Zj (when subscript jK1Z0, it is replaced by 4).
The mobility conditions are as follows (Beggs 1966).
(a) Two alternate links have the same length and the same twist, i.e.
a 12 Z a 34 Z a;
a 23 Z a 41 Z b;
a12 Z a34 Z a;

a23 Z a41 Z b:

(b) Lengths and twists should satisfy the condition
sin a sin b
Z
:
a
b
Proc. R. Soc. A (2008)
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The closure equations of linkage are
q2 C q4 Z 2p

ð2:2aÞ

sin 12 ða23 C a12 Þ
q1
q
tan 2 Z
;
2
2
sin 12 ða23 K a12 Þ

ð2:2bÞ

q1 C q3 Z 2p;
and
tan

which ensure that only one of the q’s is independent, so the linkage has a single
degree of mobility (Baker 1979).
Taking q1Zq and q2Z4, equation (2.2b) becomes
q
4 sin 12 ðb C aÞ
:
tan tan Z
2
2
sin 12 ðbKaÞ

ð2:3Þ

For easy description, we adopt the schematic in ﬁgure 2b to represent a
Bennett linkage, though it is necessary to bear in mind that it is in fact a threedimensional linkage. In that ﬁgure, the four links are illustrated by solid lines,
and four revolute joints are located at the intersections of the lines, represented
by circular solid dots. The twists of the joint axes along a link are denoted by a
and b, respectively, which are marked alongside the link connecting the joints.
The lengths of links are not given in the diagram, but it will not affect the
generality, as long as we bear in mind that the opposite sides always have equal
lengths, the link lengths corresponding to twists a and b are a and b, respectively,
and a=bZ sin a=sin b due to (2.1c).
A typical mobile assembly of the Bennett linkages reported by Chen & You
(2005) is shown in ﬁgure 3a, where each of the rectangles represents a Bennett
linkage and each of the straight lines represents a single rigid link that contains
four revolute joints, two at each end and two in the middle of the link. In order to
make the assembly mobile, it must be satisﬁed that, along the diagonal lines from
top left to bottom right, all of the Bennett linkages have the same twists ai and bi
(or Kai and Kbi). To be precise, these diagonal lines, shown as the grey dasheddot lines in ﬁgure 3a, are the lines formed by linking relevant joints diagonally.
Let us name them the guidelines and use i (iZ1,2, .) for each individual
guideline. For the Bennett linkages on the different guidelines, the following
condition must be met:
sin ai
Z k;
sin bi

ð2:4Þ

where k is a constant throughout the whole assembly. Owing to equations (2.1c)
and (2.4), the ratio between two lengths of links must be the same for all the
Bennett linkages in the assembly. In other words, all of the rectangles are similar
to that shown in ﬁgure 2b.
In general, the assembly deploys into a cylindrical proﬁle. During deployment,
the guidelines remain straight and parallel. They expand along the longitudinal
direction of the cylinder. Along the other diagonal directions, that is, the
direction from top right to bottom left, the structure generally distorts spirally
on the surface of the cylinder.
Proc. R. Soc. A (2008)
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Figure 3. Schematic of assembly of similar Bennett linkages and its guidelines. (a) Whole assembly,
(b) linkages on type I guideline and (c) linkages on type II guideline.

The guidelines can be further classiﬁed into type I and II lines. Along a type I line,
all of the larger Bennett linkages, marked as Ii in ﬁgure 3b, are interconnected by the
smaller Bennett linkages. The twists must be the same for both the large and small
Bennett linkages, which are denoted by ai and bi. Along a type II line, all of the
Bennett linkages, marked as IIi or KIIi in ﬁgure 3c, are connected through their
corners, sharing the two common links. The twists for the Bennett linkages are ai
and bi or Kai and Kbi , alternating between the adjacent Bennett linkages. For the
Bennett linkages whose twists are Kai and Kbi , we denote them by KIIi.
3. The possible mobile assemblies
A typical link in the basic assembly, i.e. the assembly introduced in §2, has
four revolute hinges. Denote the locations of the end joints by A, B, C and D, and
Proc. R. Soc. A (2008)
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Figure 4. Deﬁnition of the positive length.
Table 1. Eight possible cases for a three section link.a
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The twist marked on the link is the physical twist between two adjacent joints from left to right
along the link.

the shortest distances among the joints by AB, BC, CD and DA. These distances
are called the section lengths of a link. In the basic assembly, all of the lengths
are positive. However, this can be altered.
Before we embark upon deriving the formulae for new mobile assemblies, let us
deﬁne the positive and negative length. First, assume the x -axis is collinear with a
link (ﬁgure 4). Take two points, M and N on the x -axis with a positive direction. If
xNKxMO0, then length MN is positive. Meanwhile, the corresponding twist mMN is
the skew angle between the axes of the revolute joints at M to N positively about
the x -axis. If MN is negative, the corresponding twist becomes mNM or KmMN.
For any of the links in the basic assembly, commonly for twists there must be
aAB Z aAD Z m and aBC ZKaCD Z n;
when AB, BC and CD are all positive, and m and n can be a’s or b’s, depending
on the locations of the link.
It has been discovered that the lengths can be positive as well as negative.
There are totally eight (Z23) possible combinations of the sections with positive
and negative lengths, termed as cases 1–8, all of which are listed in table 1. In
order to retain mobility, the twists need to be adjusted accordingly if some of the
lengths become negative.
Proc. R. Soc. A (2008)
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Figure 5. A typical Bennett linkage in a case 1 assembly.

Case 1. Case 1 is, in fact, the basic assembly. Consider a typical Bennett linkage
in the assembly. It has four links, A1D1, A2D2, A3D3 and A4D4 that are connected
in such a way that D1 is connected with D2, A2 with A3, etc. (ﬁgure 5). To form an
assembly, the top left corner of the Bennett linkage is connected to its
neighbouring Bennett linkage at B1 and B4, forming a smaller Ii linkage, as does
the bottom right corner. At the top right and bottom left corners, it is also
connected with adjacent Bennett linkages, forming two smaller Bennett linkages
IIiK1 and IIiC1 with twists of either KaiK1 and KbiK1 or KaiC1 and KbiC1,
respectively. A model is shown in ﬁgure 6 which demonstrates that the assembly
has a single degree of mobility.
Case 2. In case 2, only section AB of a link has a negative length (table 1). A
typical Bennett linkage is shown in ﬁgure 7a, which is formed by connecting four
links at A’s and D’s. The twists of each link are as follows:
)
aA1 D1 ZKaB1 A1 Z aA3 D3 ZKaB3 A3 Z ai ;
ð3:1aÞ
aA2 D2 ZKaB2 A2 Z aA4 D4 ZKaB4 A4 Z bi ;
aB1 C1 ZKaC1 D1 Z aiK1

and aB2 C2 ZKaC2 D2 Z biK1 ;

ð3:1bÞ

aB3 C3 ZKaC3 D3 Z aiC1

and aB4 C4 ZKaC4 D4 Z biC1 :

ð3:1cÞ

Similar to the previous case, a number of small Bennett linkages are formed
through joints at B’s and C’s, and a complete assembly is shown in ﬁgure 7b.
Owing to the particular twists given in (3.1a)–(3.1c), in this assembly, all of the
guidelines are type II. The large Bennett linkages do not overlap along these
Proc. R. Soc. A (2008)
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Figure 6. (a–c) Deployment sequence of a case 1 model.

Figure 7. Construction of a case 2 assembly. (a) A typical linkage and (b) its assembly.

guidelines, but they do along the diagonals from top right to bottom left. When
all of the twists satisfy the mobile condition (2.4), this assembly is mobile, which
is veriﬁed by the model shown in ﬁgure 8.
Proc. R. Soc. A (2008)
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Figure 8. (a–c) Deployable sequence of a case 2 model.

Case 3. In this case, only section CD has a negative length (table 1). For the
Bennett linkage, formed by connecting four links at A’s and D’s, the twists of
each link are as follows:
)
aA1 D1 Z aA1 B1 Z aA3 D3 Z aA3 B3 Z ai ;
ð3:2aÞ
aA2 D2 Z aA2 B2 Z aA4 D4 Z aA4 B4 Z bi ;
aB1 C1 Z aD1 C1 Z aiK1

and aB2 C2 Z aD2 C2 Z biK1 ;

ð3:2bÞ

aB3 C3 Z aD3 C3 Z aiC1

and aB4 C4 Z aD4 C4 Z biC1 :

ð3:2cÞ

These twists are shown in ﬁgure 9a.
The entire assembly can be obtained by connecting a number of Bennett linkages
together at B’s and C’s. A schematic of the assembly is given in ﬁgure 9b. It is
interesting to note that all of the guidelines are now type I due to the fact that all of
the twists have the same signs (table 1). The Bennett linkages overlap along the
guidelines IiK1, Ii , IiC1, etc., but they do not overlap at all along the diagonals from
top right to bottom left. Again, when all the twists satisfy the mobile condition
(2.4), this assembly becomes mobile, which is demonstrated by the model shown in
ﬁgure 10.
Proc. R. Soc. A (2008)
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Figure 9. Construction of a case 3 assembly. (a) A typical linkage and (b) its assembly.

Case 4. The length of section BC is negative in this case. The corresponding
twists, listed in table 1, are given in ﬁgure 11a for the Bennett linkage obtained
by connecting at A’s and D’s. They are
)
aA1 D1 Z aA1 B1 Z aA3 D3 Z aA3 B3 Z ai ;
ð3:3aÞ
aA2 D2 Z aA2 B2 Z aA4 D4 Z aA4 B4 Z bi ;
aC1 B1 Z aC1 D1 ZKaiK1

and aC2 B2 Z aC2 D2 ZKbiK1 ;

ð3:3bÞ

aC3 B3 Z aC3 D3 ZKaiC1

and aC4 B4 Z aC4 B4 ZKbiC1 :

ð3:3cÞ

A number of such linkages can be connected at B’s and C’s to form a large
assembly; however, the situation is a little more complex than the cases discussed
earlier. Let us show how this is carried out by considering connections along the
guidelines. Firstly, when a few linkages are connected at B’s, all of them stay on
the same type I diagonal, as shown in ﬁgure 11b. Note that at a few places the
links cross over each other but they are not joined. These places therefore do not
have circular solid dots that have been used to indicate a hinged connection.
Owing to (3.3a), the Bennett linkages overlap, forming some intermediate ones in
between. All of the linkages have the same twists ai and bi along diagonal Ii.
Secondly, when several linkages are connected at C’s, the assembly forms a
curved proﬁle in the diagonal direction from top right to bottom left (ﬁgure 11c).
Again, some of the links cross over in the schematics, but they are, in fact, not
joined. Owing to (3.3b) and (3.3c), the linkages EFGH and PQST have twists of
KaiK1, KbiK1 and KaiC1, KbiC1, respectively. So when the linkages are joined
at both B’s and C’s, we obtain the assembly shown in ﬁgure 11d. Note that,
although all of the guidelines are type I in the assembly, along IiK1, the linkages
EFGH and IJKL, as well as IMGN, have twists of KaiK1 and KbiK1 owing to
(3.3b), and along IiC1, the linkages PQST and RUVW, as well as RXSY, have
twists of KaiC1 and KbiC1 owing to (3.3c). For all of the twists here that have a
negative sign, the corresponding guidelines are type I instead of type II. When all
Proc. R. Soc. A (2008)
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(b)

(c)

Figure 10. (a–c) Deployable sequence of a case 3 model.

the twists meet the mobile condition (2.4), this assembly becomes mobile (see the
model in ﬁgure 12). However, owing to the large overlap, there could be conﬂicts
during the deployment. For example, the corners Q and H in the centre of the
assembly in ﬁgure 11c may be in collision with each other. But the same is not
true for the similar corners in ﬁgure 11b, because the overlap of two Bennett
linkages are connected along a type Ii guideline in which one of the corners moves
up, whereas the other goes down during deployment. This feature has been used
by Chen & You (2005) to construct multilayer assemblies.
Cases 5–8. The assemblies of cases 5–7 are shown in ﬁgures 13–15, in which the
typical Bennett linkage is drawn in black. They all have type I and II guidelines
altered from one to another. The largest Bennett linkages in the assemblies in
cases 5–7 are the same as the typical Bennett linkage in case 1. But, the places
where the linkages are connected with the neighbouring ones are different because
the negative section lengths have switched A, B, C or D. If we regard the largest
rectangles in the assemblies as the typical Bennett linkage instead, the three
assemblies based on cases 5–7 are similar to that in case 1.
For case 8, the lengths of all of the sections are negative, which are symmetric
to case 1 where the direction of the guidelines is altered from top right to bottom
left (ﬁgure 16).
Proc. R. Soc. A (2008)
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Figure 11. Construction of a case 4 assembly. (a) A basic unit. (b) Connection of linkages along the
guideline and (c) in the other diagonal direction. (d ) The whole assembly.

All of these four assemblies will be mobile when the twists meet the mobile
condition (2.4).
Proc. R. Soc. A (2008)
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(b)

(c)

Figure 12. (a–c) Deployable sequence of a case 4 model.

4. Comparison of different assemblies
Although a total of eight cases have been presented in §3, not all of them are
independent. Considering the twists along a single link, it can be found that the order
of twists along a single link for cases 5–8 is the same as the one for case 1 after suitable
variable substitution (table 1). Moreover, the largest Bennett linkages in the
assemblies based on cases 5–8, represented by the largest rectangles in ﬁgures 13–16,
are also similar to those in case 1. Hence, only cases 1–4 are independent.
In general, all of the assemblies of cases 1–8 deploy spirally to form a
cylindrical proﬁle. The helical shape is determined by the dimension of the
typical Bennett linkage whose property is determined by (2.1a)–(2.1c). If aOb,
the assembly deploys to a left-handed helical, whereas if a!b, it deploys to a
right-handed one. When aZb, it forms an arch. The guidelines remain straight
and parallel all the time. In this section, the geometry of four distinct assemblies
of cases 1–4 will be compared.
In order to make a meaningful comparison of four assemblies, the following
geometric preconditions are set up to make the total length of links in the
assemblies equal to each other.
(i) Each assembly consists of nine typical Bennett linkages arranged three in
a row with three rows in total (ﬁgure 17a). Smaller intermediate Bennett
linkages are not accounted for here.
Proc. R. Soc. A (2008)
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B1
A1
D1
C1

Figure 13. A case 5 assembly.

A1

D1
C1
B1

Figure 14. A case 6 assembly.

(ii) The lengths of the links in the typical Bennett linkages are a and b. Each
link is divided into three equal sections, with section lengths being a/3
and b/3, respectively.
(iii) The twists of each Bennett linkage are either a and b or Ka and Kb. The
lengths and twists satisfy the geometric condition of the Bennett linkage
(2.1c) and mobility condition for the assemblies (2.4).
Based on the above preconditions, the distance between two rows along the
guideline, l, and the radius of the cylindrical proﬁle, r, can be calculated. Both l
and r are indicated in ﬁgure 17a,b, respectively.
To obtain l and r, we need to study the geometry of a typical Bennett linkage in
three-dimensional space ﬁrst. Figure 18a shows a Bennett linkage ABCD being
placed on a cylindrical surface in such a way that A, B, C and D are on the surface
Proc. R. Soc. A (2008)
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C1
B1
A1
D1

Figure 15. A case 7 assembly.

Figure 16. A case 8 assembly.

and line BD, which is collinear with a guideline, is along the longitudinal direction of
the cylinder. According to the precondition, the geometric parameter of Bennett
linkage ABCD is
aAB Z a CD Z a;

aAD Z aBC Z b;

aAB Z aCD Z a;

aAD Z aBC Z b:

Its kinematic variables, q and 4, are given in ﬁgure 18a. The cross-sectional view of
the linkage on the cylinder is given in ﬁgure 18b, in which the angle between planes
ABD and BCD is denoted by x. Take l 0 as the length BD. In DABD,
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð4:1Þ
l 0 Z BD Z a 2 C b2 C 2ab cos q:
Proc. R. Soc. A (2008)
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(a)

(b)

Figure 17. (a) Key geometrical parameters of an assembly. (b) The cross-sectional view.

(a)

(b)

D
E

A
q

2p– j
C

F
B
x
A

B/F/E/D

C

Figure 18. The geometry of a single Bennett linkage. (a) On the surface of a cylinder and (b) the
cross-section view.

Denote the radius of this cylinder by r0,
r0 Z

1 AF
1 CE
Z
;
x
2 cos 2
2 cos 2x

where both AF and CE are equal and perpendicular to BD. Considering DABD or
DCBD, we have
ab sin q
AF Z CE Z pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
a 2 C b2 C 2ab cos q
Hence, from ﬁgure 18b,
cos x ZK
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ðcos 4 C cos qÞða2 C b 2 C 2ab cos qÞ
K1;
ab sin2 q
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Figure 19. The geometrical parameters of a Bennett linkage when aZp/3. (a) l 0/a versus q and
(b) r0/a versus q for various b/a.

so
ab sin2 q
r0 Z
2ða2 C b 2 C 2ab cos qÞ

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K2ab
:
cos q C cos 4

ð4:2Þ

Based on (4.1) and (4.2), we can plot l 0/a and r0/a versus deployed angle q curves.
Figure 19 shows such curves for aZp/3.
A few observations can be made from the diagram. Firstly, when b/aZ1, that is,
the Bennett linkage is an equilateral one, there are two folded conﬁgurations: l 0Z0,
qZp and r0Z0, qZ0. The deployment starts from a compact bundle with r0Z0,
expands to an intermediate arch proﬁle and ﬁnally ends when the assembly folds ﬂat
with l 0Z0. Secondly, both the overall length and the radius of assembly change more
dramatically when b/a is closer to 1. Thirdly, for assemblies made from nonequilateral Bennett linkages, when q changes from 0 to p, l 0 decreases, whereas r0
increases from 0 to a maximum value and then falls back to 0 again.
For each case, it is possible to establish the relationships among geometric
parameters, l and r, of the assemblies, and l 0 and r0 for the single linkage, which
are listed in table 2. It is obvious that overall longitudinal length of the assembly
and the radius of cylindrical proﬁle formed by the assembly are proportional to l 0
and r0, respectively, despite the fact that the proportion is different. The
assembly of case 4 has the most compact proﬁle, whereas the assembly of case 2
is the longest in the longitudinal direction. The assembly of case 3 offers the
cylindrical proﬁle with the largest radius, while that of cases 2 and 4 is the
smallest. From our experience in making physical models, it is learnt that
the assemblies with smaller radius, for example, those based on cases 2 and 4, are
more likely to have conﬂict during the deployment, and the one with larger
radius, for example, that of case 3, is much easier to be folded compactly.
5. Conclusions and discussion
In this paper, we have greatly extended our previous work on assemblies of Bennett
linkages, which was published in this journal (Chen & You 2005). In total, eight
cases that allow mobile assemblies of Bennett linkages to be built have been
Proc. R. Soc. A (2008)
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Table 2. Geometric parameters, l and r, of the assemblies.

case

l

r

1
2
3
4

(2/3)l 0
l0
(1/3)l 0
(1/3)l 0

(2/3)r0
(1/3)r0
r0
(1/3)r0

reported by considering the links that may contain sections with negative lengths.
Among the eight assemblies, four are distinct ones, including the one that was
reported previously, and the remaining can be obtained by modifying the earlier
case. All of these assemblies consist of a grid of nested Bennett linkages. The layout
of the assemblies can be repeated to form a large deployable structure that deploys
into a cylindrical proﬁle. When the Bennett linkages are equilateral, the assemblies
form an arch proﬁle. For non-equilateral case, the assemblies deploy into a helical
shape on the cylindrical surface. They are geometrically overconstrained with a
single degree of mobility.
It should be pointed out that, in all of the cases, the typical Bennett linkages in
the same assembly are not necessary to be the same size, despite the fact that they
look similar in size in the schematics of the paper. In fact, a mobile assembly can be
obtained as long as the lengths of each Bennett linkage meet the geometric
condition of the Bennett linkage (2.1a)–(2.1c), and the lengths of different linkages
should also satisfy the mobile condition (2.4), which means that all the lengths of
the Bennett linkages in the same assembly are proportional to each other. Also, it is
possible to construct a multilayer mobile grid for cases 2–8 using the same
geometrical arrangement as we did for case 1 previously (Chen & You 2005).
All of the physical models are constructed with drinking straws as links and
dressmaking pins as hinges. Although, physically, they do have non-zero
sectional dimensions, it seems that it is sufﬁcient to demonstrate the mobility
within the assemblies. A large model that expands to an 8 m span arch has also
been constructed using carbon ﬁbre tubes and nylon joints with embedded
bearings. In this model, the locations of the joints are carefully designed so that
each Bennett linkage is as perfect as the mathematical model. It expands
extremely smoothly.
A number of applications for the mobile assemblies, ranging from expandable
arches for rapidly deployed tents to towers, were proposed in the past. A large
span rapidly deployable tent is currently under construction at the University of
Oxford. The newly found conﬁgurations provide designers of such deployable
structures much greater choices. The paper focuses on the geometrical features of
the assemblies and therefore we have not compared the load bearing capacity of
the assemblies in each case. By observation, it seems that the assembly of case 4
has the best load-carrying capacity, whereas that of case 3 could be the weakest
under the radial loads. However, this has yet to be proved by detailed analysis,
which is being undertaken presently.
We have also shown that the structures based on case 1 can be folded up
completely to a bundle for transportation (Chen & You 2006, 2007a,b). It is
believed that the same may also be applied to the other cases.
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