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ABSTRACT

Deployable structures are a good solution for emergency buildings, due to their lightness and compact
nature which means they can be transported to where they are needed. Nevertheless, the deployable
structures studied to date have the drawback of being too deformable, so that larger and therefore
heavier sections had to be used. This paper proposes a new type of deployable structure that uses
reciprocal linkages which give rise to greater strength and rigidity. The geometrical and mechanical
conditions of the linkages are analysed, as several different types which perform better can be designed,
and a calculation method is developed to analyse structures of this type. The features and behaviour of
a flat mesh with articulated reciprocal linkages are also compared analytically and experimentally. The
theoretical calculations and experimental tests make it possible to prove the viability and efficacy of this
new structural type.

Keywords: Expandable structures; reciprocal linkages; lightweight structures; temporary buildings;
emergency buildings.

1. Introduction

A natural disaster may occur at any time in any society, regardless of its degree of development. This is
the greatest potential risk, given that other possible catastrophic situations such as armed conflict are
more localised in space and time, even though they may be more destructive. These catastrophes leave
thousands of people without shelter, with severe risks for their health and coexistence. It is extremely
important to design valid solutions to help people in these situations. In the field of architecture the design
of solutions for the populations involved is especially relevant, in order to provide them with the services
they need.

The first structures of this type were developed by the Spanish architect Emilio Pérez Pifiero, using
modules of bars [1, 2]. These modules are composed of three or four bars joined at a central point. Pérez
Pifiero was the author of the first large deployable structure built, the pavilion of the XXV Years of Peace
Exhibition in 1964. This was firstly deployed in Madrid, after which it was taken to Barcelona and San
Sebastian (figure 1) [3].
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Figure 2.- San Pablo swimming pool.

In the 1980s and 1990s, important studies were made of deployable structures, such as the works by
Escrig et al. in 1988 and 1999 [4, 5]; Pérez-Valcarcel et al. in 1987 and 1995 [6, 7]; Gantes et al. in 1991
[8] or Pellegrino in 2001 [9]. The latter works are focused on modules composed of scissor-like elements
(SLE) with a triangular or square base. The lack of rigidity of the latter made a range of bracing solutions
necessary, which resolved the problem but also created constructive difficulties. The most typical solutions
were the installation of additional bars after deployment, or the design of bars with an internal lockable
joint that were included in the bar package before deployment [10]. Few of these structures were put into
practice, the most outstanding of which was San Pablo swimming pool in Seville, by Escrig, Sanchez and
Valcarcel (Figure 2) [11].

Deployable structures have recently been the subject of numerous studies which analyse several of their
elements. The works by Temmerman, Arnouts, Massart, and Berke [12, 13, 14] stand out, as do those by
Gantes [15], Akglin [16], Alegria [17,18] Beguiristain [19], Maden [20], Osmani [21] and others. Studies of
retractile solutions based on the diaphragm model have also been carried out, opening a roof outwards
towards its perimeter (Hoberman, 1992) [22].

It has to be said that all deployable structures to date were designed and constructed using scissor-like
elements with a gyratory interior linkage and joints at their ends. These joints were resolved using different
types of linkages, but they always permit free turning of the end of the bar. The novelty of the system
proposed in this paper consists of the linkage design, which makes deployment possible but also includes
the advantages of reciprocal structures. This makes it possible to resolve some of the main problems of
deployable structures, in particular their lack of rigidity when subjected to actions, which makes these
structures highly deformable.

Reciprocal structures are designed in an attempt to resolve the problem of roofing a span with parts that
are smaller than the same, without using intermediate supports. The idea is that the available parts
support each other up to the desired size. This is an old constructive principle, and it may be found in
medieval manuscripts, such as the one by Villard de Honnecourt, and manuscripts from the Renaissance,
such as the Atlantic Codex by Leonardo da Vinci (Ponte Arcuato, sheet 899sx328) or the Seven Books of
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Architecture, by Serlio. These diagrams make it possible to define a basic pattern, making it possible to
cover large surfaces, both flat and curved.

Meshes of this flat type function well structurally, according to studies of their strength behaviour (Choo et
al. 2010, Sanchez el al. 2010) [23, 24]. In spite of this, the problem with these structures is that failure of
one part may lead to the collapse of the complete structure. This problem is resolved if structures of this
type are made using redundant connections. This idea can be seen in the drawing by Sebastian Serlio in
Figure 3. In this case each part has more than two connections to its neighbours, so that if a section in
one of them fails, the loads are easily distributed among its adjacent parts. The proposed linkages do in
fact have the connections which correspond to deployable structures, so that alternative mechanisms
always exist that are able to prevent failure.

Figure 4 shows a typical roofing solution resolved using a reciprocal structure. Several roofing solutions
have been constructed using this pattern, such as those based on the system described by Popovi€ [25]

g

Figure 3.- Reciprocal structure (Serlio). Figure 4.- Reciprocal roof structure.

Several attempts have been made to analyse the relationship between reciprocal and deployable
structures. Their use as emergency shelters with reciprocal frames for simple fast construction has been
studied, such as the proposal by Popovic€ et al. [26].

This paper centres on a synthesis of both structural types: deployable structures composed of scissor-like
elements and reciprocal structures. It analyses a type of deployable structure which uses a new system
that has major advantages over other solutions. Deployable structures are light and foldable, so they can
be transported easily to where they are needed, to be deployed quickly and without the need for
complicated resources.

A new and extremely simple type of linkage is proposed for this, in which the free turning of the end of the
bar is constrained by the action of the other bars which join at the linkage. It entails the development and
significant improvement of the one used in deployable structures such as the roof of the San Pablo pool,
composed of a solid aluminium cylinder with two orthogonal pins (Figure 5). It is an effective linkage, but is
quite heavy and expensive. In this paper a circular or square hollow section is proposed, this being lighter
but equally strong, to which the bars are bolted laterally so that when they open they rest on each other to
form a reciprocal structure (figure 6). It only uses cheap, simple elements such as hollow tube section,
threaded rods, Teflon washers and nuts. Its effectiveness lies in the simple reciprocal support of the bars.
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Figure 5.- Articulated linkages. Figure 6.- Reciprocal linkage.

This arrangement means that the linkages at the ends of the bars cease to function in a simply articulated
way and achieve rigidity close to embedment. This makes better use of the material, while considerably
reducing displacements of the mesh. It also makes it possible to restrict the deployment of the structure
until the bars are can turn no further on the linkage. At this point the structure is self-stabilising, with no
need to add additional bars or new constraints by anchoring the structure to its supports. It also
considerably simplifies the design of the linkages and the joint with the bars. The result is a structure that
performs better and is also simpler and more economical. As the main problem with conventional
deployable structures is their excessive deformability, the proposed system has undeniable advantages
which are analysed in this paper.

A study of the previous works of the researchers mentioned in this paper shows that this type of structure
has barely been developed to date. Only Pérez Pifiero used a similar type of linkage in his module of bars,
although this was solely used for the internal articulation of the bars. He always resolved exterior linkages
by using articulated joints, which have been used habitually. In a recent study, Akgiin et al. have proposed
similar linkages to those of Pérez Pifiero, but which are also only used for the central point [27]. The use
of reciprocal linkages in extreme joints has recently been patented by Pérez-Valcarcel et al. [28].

To the best of our knowledge, no other architectural or civil engineering application of the deployable
structure with reciprocal linkages concept exists today. Up to now, deployable structures have been based
on connecting modules by means of articulated joints.

The objective of this contribution is to discuss the behaviour, both theoretical and experimental, of
deployable structures of reciprocal linkages, in order to obtain a deep understanding of their structural
response.

To do this, a matrix analysis model is developed, for which similar models have already been proposed in
the literature. However, this model includes the necessary modifications to take into account the
conditions of reciprocal support at the ends of the bars.

The originality of this paper centres on the following three aspects:

. the investigation of the geometrical and kinetic viability of deployable structures constructed using
reciprocal linkages.

. the study of the mechanical conditions of the bars and their influence on the general behaviour of
the structure.

. the investigation of the application of structures of this type to flat meshes.

The objective of the work is the structural response of deployable structures with reciprocal linkages and
their practical applications. The reciprocal linkage system allows the design of more resistant and less
deformable folding structures than conventional ones. It also allows the design of deployable structures
that would be mechanisms without using reciprocal linkages. This involves opening a line of research
relevant to future work.

From the initial definition, the geometric and compatibility conditions of the reciprocal nodes are analysed
(Section 2). The influence of the embedment degree due to the reciprocal support of the knots is analysed
using a matrix analysis that takes this effect into account (Section 3). The materials and methods used in
the experimental analysis (Section 4) and the results obtained (Section 5) are described. Results are
provided including the comparison between the results of the theoretical calculation and those obtained in
the tests (Section 6). The conclusions and perspectives are presented in Section 7.
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2. Description of deployable structures with reciprocal linkages.

The novelty of this system lies in its use of reciprocal linkages composed of three bars in triangular
meshes and four bars in square meshes. The bars pivot on horizontal axes which emerge from the
linkage, which may take the form of a solid or hollow cylinder or prism (figure 6). The models used in this
paper have four bars attached to a hollow square prism. Although it is possible to use stronger circular
tubes in actual meshes, in smaller models it is simpler and more economical to use square tubes for the
linkages. Both types perform in similar ways, although square linkages slightly constrain the bars laterally,
which improves the rigidity of the assembly.

The use of the reciprocal joints means that the linkage has to be of minimum size which depends on the
diameter of the bars and the desired angle of opening. To analyse the most general case, the bar opening
angles are hypothesised to be different, a, B, where a is the width of the linkage and d is the diameter of
the bars which meet it, respectively.

Figure 7.- Geometrical conditions of reciprocal linkages.

The separation between the axes of the bars may be determined by applying the condition that the
distance between the two straight lines that cross is d = 2r, considering that the bars touch at the point of
contact. The relationship between the width of the linkage a and that of the bar d is

a _ 2-ysin’o-cos?B + cos’a -sinp + cos’o - cos? B
d sin (a+p)

-1 1]

This equation makes it possible to determine the diameter or width that the linkage must have so that the
bars form an reciprocal joint with specific angles of opening a and B. This is the most general case and
the one which arises in cylindrical vaults. In flat meshes and regular domes both angles are the same. The

formulas was simpler in this case, giving
a _ \J1+sin‘a ’ 2
d sin a

To establish the mechanical conditions of the reciprocal linkages, it is necessary to calculate the distance
between the pivot and the point at which one bar rests on another. These distances are
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4(AP) = (a + rj|cosa - sina-sinp - cosp|
v 2 1- sin%a.- sinp

4(ALP,) = (a + rj|cos[3 - sina-sinp - cosa|
’ 2 1- sin’a.-sin’p

(3]

The deployable structures most widely used in practice are cylindrical and spherical meshes. If reciprocal
linkages are used then flat meshes may also be created. In flat meshes deployable structures of
articulated linkages are hardly useful due to the major deformations they undergo. On the other hand, with
reciprocal linkages far less deformation occurs, as will be shown.

T &

<
1 a |

P 7 \
Figure 8.- General conditions for reciprocal flat meshes.

In the case of flat meshes the geometrical relationships are very simple. If s is the horizontal dimension of
the module and hy is the height following deployment, it is easy to calculate the angle a and the width of

linkage that is necessary (Figure 8).
1 + sin?
 a- (_Vsma '1J'd

sin a

(4]

Longitudinal S.L.E.

Transversal S.L.E.

Figure 9.- Geometrical conditions for reciprocal cylindrical meshes.

In the case of curved meshes it is generally better to define them by their span b, their height h and the
desired angle hy (Figure 9). The geometrical conditions are

h=r-rcos¢ ; b=2rsing¢ [5]
Giving
b%/4 + h? , b-h )
r= —— =arcsin—— ; == 6
2h ¢ b?/4 + h ® 1ol

Where n is the number of semi-arch modules

It is now necessary to calculate the bar lengths. We can firstly calculate the total length, and then the
length of the sections. Applying the triangle cosine rule gives
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L2 =r?+ (r+h,)" -2L(r + hy)-cos o,

12 + (r+hy)" -r? [7]
cosa, =
2L(r +hy)
As a, = g - (¢ + a,) the lengths of both sections of the bar will be
L = L-cos a, L= L-sin o, 8]
" sina,+cosa, > sina, +cosa,
1 ’ 2
2-h, L, 2-h, L, [9]
o=n/2-a, ;  Pp=arcsin (hy/L) ; s=h,-cotf

In general, in curved deployable structures which are useful in practice, reciprocal support conditions
depend on the position of the linkages. In the upper layer the angles of the bars with the plane of the
linkage are large, favouring reciprocal support with small linkage diameters. On the contrary, the linkages
in the lower layer form small angles, so that the condition of reciprocal support would require large-
diameter linkages. These linkages would be far too large and this would create major and therefore totally
unsuitable load eccentricities. It is therefore proposed to construct simple articulated linkages for the lower
layer.

The two most widely used curved surfaces in deployable structures are sail domes and cylindrical vaults.
The linkage design is different in both cases.

In the case of sail domes (Figure 10), the curvature is the same in both directions. The angle of the upper
layer is o and as a result of this the diameter of the linkage may be calculated by the above formula [2]. If
the dome is strongly angled the angular distortion of the modules may require the use of rhomboid
linkages.

Figure 10.- Deployable sail dome.

In the case of cylindrical vaults there are two types of scissor-like elements: those which correspond to
transversal arches and those which correspond to directrix longitudinal scissors. The need for folding
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means that the length of the longitudinal bars will be equal to the sum of both sections of transversal bars,
so that the entire structure can be folded down into a compact package (figure 9).

With the a4 and B values obtained, we are able to calculate the linkage diameter that is necessary for it to

be reciprocal, by applying formula [1].

4.854

Figure 11.- Deployable structure with a gable roof.

Figure 12.- Model of a deployable structure with a gable roof.

The use of reciprocal linkages in the upper layer makes it possible to develop interesting applications.
Figures 11 and 12 show a cylindrical mesh with a polygonal directrix, the pattern of which was resolved
recently [29]. This mesh may be opened to the point where the lower bars surpass the prolongation point
between them, forming a construction that includes the walls and roof in a single deployable mesh. As the
upper linkages are reciprocal, they are unable to move beyond this position and the mesh may only be
folded in the correct direction. Although this would be a major drawback in deployable structures with

articulated linkages, the proposed linkage easily resolves this.

With the indicated dimensions the angles that meet in the linkage are o = 37.287° in the transversal
direction and 8.764° longitudinally. This means that the ratio between linkage and bar width is a/d = 1.766.
In practice, a slightly smaller linkage was designed and the distance is adjusted using washers or bolts.
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Figure 13.- Gable roof and hypar module meshes.

This system is especially simple in flat or cylindrical meshes formed by SLE with square modules. It is also
applicable to many other more complex types of meshes, such as gable roof meshes (Figure 13a) and
hyperbolic paraboloid meshes (Figure 13b). It can also be applied in other more complex designs, such as
those proposed by Freire et al. [29]. In all cases, a careful study of the angles between bars is required,
since they define the proportions between bar diameter and linkage size.

3. Computational model.

The most appropriate calculation model for structures of this type is Matrix Structural Analysis, which
makes it possible to consider the effect of linkage eccentricity and the effect of non-linearity on structures
of this type with a very high level of exactitude. This subject was completely resolved for articulated
linkage structures in the 1990s [6, 28, 30, 31].

In structures with reciprocal linkages it is necessary to modify their stiffness equation because the turning
conditions at the ends of the bar have been modified. In effect, the end of the bar rests on the pin that
joins it to the linkage and the adjacent bar. The resulting diagram is shown in figure 14, making it possible
to easily calculate rigidity and the embedment factor using Mohr’s theorems. For this we consider that we
have a bar that rests on the pin and with reciprocal support on another one of the bars of the linkage. We
consider that the flexion of the supporting bar can be ignored, given that it occurs very close to the
linkage. We use e to refer to the distance from the pin to the point of support on the adjacent bar (equation
[3]) and L the length of the section of bar (Figure 14).

T~ ,
| : Lo,

Figure 14.- Rigidity of the bar with reciprocal linkages.

Applying the conditions of turning, the moment transmitted to the end j is

=ML [10]
! 2(L+e)
As the transmission factor in an embedded bar is 0.5 the degree of embedment will be
L
= _— 11
% = s [11]

The flexural rigidity of the braced bar will be
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= [12]

The value of e (the distance between the axis of the pivot and the point where one bar rests on the next
one), is defined by the geometrical conditions of the linkage and the bar, as is shown in equation [3].
Using this value it is possible to calculate rigidity and the degree of embedment of the bar. As an example,
it is possible to mention one of the models that were made. It used a bar diameter of 25 mm, a linkage
diameter of 40 mm, an opening angle of 24.62° and a total bar length of 1500 mm. Under these conditions
e = 35.75 mm and the degree of embedment will be 95.45%. As can be seen, with the proportions that are
normally used in deployable structures the reciprocally supported end may be considered to be almost
completely embedded. In the calculations made, the degree of embedment for each bar has been
considered.

The balance of the bar within space is defined by the forces at the three linkages, the bending moments
due to the condition of reciprocity and by the position of the local axes with respect to the overall axes.
The balance of the bar in space is defined by the forces and moments shown in figure 15. The forces
correspond to the interactions between bars, while the moments correspond to the braced linkages. In the
proposed linkage, the reciprocal joint affects the moments M,, given that in direction z there are none,
although both cases are generally studied. The stiffness matrix in local coordinates may be defined by the
displacements of the linkages and the degree of embedment of the ends, defined by the restrictions of the
linkages (braced or shored linkages)

Figure 15.- Balance of a bar with three articulations in space, with L-shaped linkages at its ends.
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Figure 16.- Displacements of the linkages of a bar in a reciprocal deployable structure.

To establish the stiffness equation it is necessary to consider that the bar is subjected to axial forces that
cause both sections of the bar to lengthen or shorten, although it is also subjected to transversal forces
that cause it to bend. The lengthening of the two sections of the bar can be formulated as

E-A
P = '(dxi-dxj)

I
E1' A ij =- Pxi - ka [13]

= - = |2 . - = . -
2 j x ’ x X X
u,=d, -d P, P, (dy - dy)

I2

Figure 17.- Transversal deformation cause by axial forces on the bar with reciprocal linkages.

To calculate transversal deformation the bar is considered to be supported at its ends, and transversal
force in the central linkage causes bending according to its axis, affecting displacements in direction z.
The conditions for effective reciprocal support do not exist in the other direction. The deflection values at

the central linkage would be
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P 12172 3-E-l,-L
v Dith = P,=—F2L—V [14]
El, 3L 121,
' 1 |:»Z,.|2.|2 3-E-l,-L
W ok, = Py e
El, 3-L 1217 -k,

These equations correctly represent the displacements caused by transversal forces, under the
hypothesis of elastic lineal behaviour. The effect of axial forces on the deformed bar causes bending
moments that increase the deformation of the same, as may be seen in figure 17. These deformations are
due to non-lineal behaviour that has to be considered. To consider these effects we will introduce two
stability functions, ¢, and ¢, that correspond to the bending along these axes and which are the quotient
between the deflection v, which is what actually occurs, and deflection v’ which would be produced if the
axial forces did not affect deformation [26]. Of course, if the aim is only to make a lineal calculation, then
¢, and ¢, will be made equal to 1. When the bar is compressed the stability functions will be greater than
1, and if the bar is under traction they will be lower than 1.

The resulting equations are

2 2
v=¢, V' . V= ¢y .Pyi‘|1 1, N p - 3-E-|y-L'V
y ’ E 'Iy 3-L Y] ¢y .|12 .|22 [15]
w=¢,-w' ; w= 9, .PZJ"I12'I22.k = _=_3'E'Iz'|- .
‘ ’ E-.l,  3-L M a7 0, 121,27k,

Expressing deflections as a function of the displacements of the linkages

v=d. - dyi+dyk . w=d. - dzi+dzk
vi 2 ’ 4 2

yJ=3E2Iy IZ_‘[yj-dw dYKJz- 3E|2y I_2'dyi+3Ezly |2_'dyi' 3EI2y Lz'dyk [16]
¢, 171, 2 29, -1 -1, o, 171, 2¢, 17 -1,

3-E-l,-L d+d, 3-E-l-L 3-E-l-L 3-E-l,-L
4= 2 |2 Mg T =- 2 |2 'dzi+ 2 |2 'dzj' 2 |2 T Mz
¢z'|1 '|2 'kM 2 ¢z'|1 '|2 'kM ¢z'|1 '|2 'kM 2¢z'l1 '|2 'kM

And the forces at the ends of the bars will be the reactions that correspond to these transversal forces.

The stiffness equation of the bar in local coordinates is P =K-d where
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by Lol-lyky by 11,7 Ky ' dy 01" LKy

The compatibility matrix A is simply the rotation matrix that corresponds to the change of axes. Applying
the balance equation gives the system of equations to be solved to calculate the forces and
displacements of the structure.

P = (AT -R-A)-a' [18]
These parameters are entered into the Despleg 19.1 calculation program, which permits the matrix
calculation of structures of bars applying these conditions. To validate these calculations we made the
models that are analysed in section 4.3.

An important advantage of linkages of this type is that they clearly reduce bending moments on the bar.
Figure 18a shows the bending moments acting on a bar with articulated ends, and Figure 18b shows the
bending moments acting on a bar with reciprocal linkages. The greatest moments arise in the vertical
direction z, which is the direction in which the reciprocal linkages work. The M, moments do not vary,
although in the vertical direction the degree of embedment of the end reduces the moments by almost
half. These bending moments are the most unfavourable forces acting on deployable structures.

4 4
Y Bending Y Bending
IVIZ MZ
= X W X
M+ M, M2
(a) M, (b)

Figure 18.- Bending moment diagrams for articulated and reciprocal linkages.
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4. Materials and methods.

4.1 Test elements

A series of tests with flat deployable structures were performed to check the efficacy of reciprocal
linkages. Although other types of deployable structure were constructed and tested during the study, a flat
mesh has several advantages as a test element. Firstly, this type of mesh is highly deformable, so that the
advantages of using reciprocal linkages stand out strongly. Secondly, although this type of structure is a
mechanism when articulated linkages are used, the use of reciprocal linkages makes it possible to design
meshes that are braced in their final position, without the need for additional bars or external constraints,
which are hard to achieve in practice.

Flat meshes have hardly been used, in spite of their simplicity and low cost. They are so deformable when
bars articulated at their ends are used that they are ineffective for practical use. For this reason they have
hardly ever been constructed or proposed for use. Only Pérez Pifiero used them in a single instance,
using bracing bars to create rigidity [3]. There is also one proposal for a sports pavilion roof with stiffening
bars and internal articulation that is locked after deployment, although this was never built [10].

The tests performed with reciprocal linkages and sliding and fixed ends proved their efficacy. These
results are contained in a recent paper that is currently in press. The theoretical results also show good
behaviour of the mesh, with an appreciable reduction in linkage displacements. Experimental confirmation
was therefore required, and a series of tests were carried out for this purpose.

Two models of the same kind of mesh were built to this end, one with reciprocal support linkages and the
other with simply articulated linkages. The pattern used is shown in figure 19, indicating the positions of
the linkages and bars that correspond to the results of calculations and trials.

These modules were tested on a loading bed to measure displacements. Loading-unloading cycles were
performed and the results were compared to the theoretical ones, in order to validate the calculation
model.

4.2 Materials

The test model bars are T5 6060-type @16 mm and 1.9 mm thick aluminium tubes (aluminium —
magnesium - silicon) (figure 20). They have a specific weight of 2700 kN/m®, a modulus of elasticity of
69500 N/mmz, an elastic limit of 185 N/mm? and a failure load of 220 N/mm?. @13 mm and 1.5 mm thick
aluminium tubes made of the same material were used for the bracing bars that were placed at the
corners of the mesh in some tests.

The linkages are composed of sections of hollow aluminium tube (SHS) of the same quality. They are 20
mm across, 1 mm thick and 20 mm tall. The pivots are composed of 4 mm threaded steel bars that are
welded to the central part. The bolts and threaded bars are in 5.6 quality steel according to ISO 898-1.
They have a modulus of elasticity of 200000 N/mm?, an elastic limit of 300 N/mm? and a failure load of 500
N/mm? with a 20% elongation.

4.3 Fabrication of the elements

1:4 scale models were built to check the validity of the proposed linkages, using the bars and linkages
described. These structures are especially simple, given that they may be made of bars which are all of
the same lengths. Additionally the proportion between the diameter of the linkage and that of the bar D/d
is always the same, so that all of the linkages are uniform. For this reason, they are especially simple to
manufacture and assemble, depending on the foreseen use.

Both models tested are composed of four square modules composed of SLE. The distance between the
axes of turning is 470 mm. In the reciprocal linkage model the bar is elongated by 30 mm from the axis of
the end pivot, so that the total bar length is 1000 mm. In the articulated linkage model the bar is elongated
by 10 mm, so that its total length amounts to 960 mm. The side of the mesh measures 447 mm and the
angle of the bars is 28.71°. The result of this is that the proportion between the linkage and bar is 1.3094.
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The necessary linkage diameter is 20.95 mm. The linkage was adjusted to the exact diameter using two
0.5 mm washers, ensuring the reciprocal support of all the bars (Figure 20). Two models of the meshes
with reciprocal linkages were tested, one with bracing bars at the corners and the other without them. The
articulated linkage mesh was only tested with the bracing bars, given that without these it is a mechanism.

Figure 19.- Models of bars without bracing bars (left) and with bracing bars (right), showing the position of
the sensors and the bars checked.

The models were subjected to tests in the A Corufia ETS Arquitectura structures laboratory using a test
bench made in the department. Five 10 kgf (98.1 N) loads were applied to the linkages of the upper layer,
located in the centre of the mesh and at the centres of the side faces. Displacements were measured
using Schreiber Sm407.100.2.T inductive displacement sensors with a linearity of < 0.25% and deviation
of <0.01%/°C. Data gathering was completed using Y103 digital extensometers with a precision of + 0.1
mm. Displacements were measured at the centre of the mesh and at one of its edges, in the upper and
lower linkages.

The models were supported by four pieces of wood with polypropylene plates that allowed the supports to
slide. Friction was minimum, so that the sole effective constraint was vertical displacement. This is the
least favourable situation for the mesh. Under real conditions horizontal movement would be constrained,
so that vertical displacements would be less pronounced. As efficacy in terms of vertical displacement was
being tested, it was considered appropriate to design the model for an especially unfavourable situation.

The models were loaded with five calibrated 10 kgf, pieces. This is equivalent to a load of approximately
0.20 kN/m? on the constructed modules. Although the loads are similar to those on a real structure with
these characteristics, the aim of the test was to validate the calculation model, so that any loads could
have been used. It is only necessary that the same loads be applied in the calculation model, so that the
results can be compared.

4.4 Test organisation

Model 1 was tested first to check the reciprocal linkage mesh without bracing bars at the corners. This test
had the aim of checking the validity of a mesh model that is only viable with reciprocal linkages. The same
structure with articulated linkages is a mechanism and therefore unable to resist external loads.

Both meshes were then tested with bracing bars at their corners, joining the upper and lower linkages
(models 2 and 3). This meant that the articulated linkage mesh ceased to be a mechanism and its
displacements were comparable to those of the same mesh, but with reciprocal linkages.

In all of the tests a first step of loading was applied to adjust the linkages. This is an extremely important
aspect for deployable structures. As they are mobile, the linkages and joints need to have a certain
tolerance. When the structure is placed under load it adjusts and undergoes a certain initial displacement.
After the load corresponding to this first step is removed, the structure largely remains in its adjusted
position, although it returns to its original state to a very limited extent. When the next loading step is
applied the structure deforms according to the load. This is essential if the aim is to validate calculation
methodology by experimental results. Adjustment displacements would distort the results measured and
prevent any effective comparison.
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5. Results.
5.1 Theoretical model

The models tested were checked using the Despleg19.1 program, which uses the matrix structural
analysis. In the case of the mesh with reciprocal linkages, the program assigned a degree of embedment
to the linkages at the ends of the bar which was entered as a datum. The program assumed a sliding joint
for the interior linkages of the bars. It considered the displacements of both points joined to the linkage to
be equal, although the bars may turn freely within the plane of the scissor. The calculation for the
articulated linkages mesh considered the bars to lack rigidity at their ends, so that the calculation method
described in reference [29] was used for them.

Anglea Anglep  a/d d(bar) al(link) d(AiPy) d(AyP,) L Ge1 Ge2
2871 2871 1.309432 16 20.95 1317 1317 465.00 97.25% 97.25%

In the reciprocal linkages models tested, the degree of embedment amounts to 97.25%. In the linkages
where four bars join this degree of embedment is applied to all of the bars. In the model that was tested
this only occurs in the central upper and lower linkages. In the linkages at the sides and corner it may only
be applied to the bars which rest reciprocally on others. The ends of the bars that are not supported must
be considered to have 0% degree of embedment. In the calculation of the mesh with articulated linkages,
the degree of embedment is always 0%.

Constraints are applied so that the model may be considered to be simply supported, and vertical
displacement is only prevented at the four corners. The loads are those of the actual model, and the
results refer to the points where the sensors were applied.

Table 1.- Results of the theoretical calculations

Reciprocal linkages

Displacements in points (mm) Stress in bars (MPa)
1 2 3 4 B1 B2 B3 B4 B5
19.33 11.84 9.42 17.86 34.73 7.04 7429 1296 23.80
Articulated linkages

Displacements in points (mm) Stress (MPa)
1 2 3 4 B1 B2 B3 B4 B5
44.47 28.91 2.30 0.93 4524 11.04 90.70 16.44 24.20
130.06% 144.17% -75.58% -94.79% | 30.26% 56.82% 22.09% 26.85% 1.68%

The final line shows the increases between the values calculated for the mesh with reciprocal linkages
and those for the mesh with articulated linkages.

5.2 Experimental results

The tests were performed with the load arranged on the linkages of the upper layer and with the
displacement sensors at the points shown in figure 19. The load was gradually applied over approx. 5
seconds. The load was maintained during sufficient time for displacements to stabilise, from 10 to 15
seconds, and then the load was gradually removed over 5 seconds. Three tests were performed for each
one of the cases.

5.2.1 Flat meshes with reciprocal linkages without bracing bars at the corners
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Figure 20.- Test displacements in meshes with reciprocal linkages without corner bars.

5.2.2 Flat meshes with reciprocal linkages with bracing bars at the corners
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Figure 21.- Test displacements in meshes with reciprocal linkages and corner bars

5.2.3 Flat meshes with articulated linkages with bracing bars at the corners
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Figure 22.- Test displacements in meshes with articulated linkages and corner bars.

The following table shows a summary of the test results
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Table 2.- Displacements measured.

With additional bars With additional bars Without additional bars

Reciprocal linkages Articulated linkages Reciprocal linkages

Displacements mm Displacements mm Displacements mm
Points 1 2 3 4 1 2 3 4 1 2 3 4
Test 1 20.87 1450 11.34 17.73 | 41.75 2856 2.73 4.97 | 30.83 31.42 13.48 15.47
Test 2 21.02 14.79 1160 17.76 | 4116 27.91 299 547 | 3040 30.69 13.75 1594
Test 3 20.95 1450 1151 17.66 | 41.24 2922 258 5.67 |30.62 31.35 13.75 15.60

6. Discussion.

To test the effectiveness of the reciprocal linkages it is necessary to compare the results of the articulated
linkage mesh with those of the reciprocal linkage mesh. Firstly it should be noted that the experimental
results coincide to a high degree. As may be seen in Table 3, the maximum deviation in the meshes with
reciprocal linkages is 1.17%, while in the articulated linkage mesh it was 7.60%. The results show a better
fit in linkages 1 and 2. These are the linkages in which the four bars that concur in it are reciprocally
supported. Furthermore, the acting load causes the bars to come into contact. These are the linkages
whose real conditions are closer to the theoretical ones, so their results are especially representative.

Table 3.- Comparison of the experimental results.

Reciprocal linkages Articulated linkages
Displacements mm Displacements mm
Points 1 2 3 4 1 2 3 4
Test 1 20.87 14.50 11.34 17.73 41.75 28.56 2.73 4.97
Test 2 21.02 14.79 11.60 17.76 41.16 27.91 2.99 5.47
Test 3 20.95 14.50 11.51 17.66 41.24 29.22 2.58 5.67
Standard deviation ~ 0.07 0.17 0.13 0.05 0.32 0.66 0.21 0.36
0.35% 1.16% 1.17% 0.28%| 0.77% 2.31% 7.60% 6.76%

When the experimental results of both types of mesh are compared, it may be seen that displacements in
the upper layer of the articulated linkage mesh are greater by up to 97.55% than the displacements in the
reciprocal linkage mesh (Table 4). On the other hand, displacements in the lower layer linkages are
smaller in the articulated linkages. This is because the set of SLE forms pantograph-shaped boxes in
which greater displacement of the upper linkages leads to less displacement in the lower ones. This does
not confer any advantage on the articulated linkage mesh. On the contrary, the reciprocal linkage mesh
undergoes smaller maximum displacements with less distortion between them.

Table 4.- Comparison of the averaged displacements.

Reciprocal linkages Articulated linkages
Displacements mm Displacements mm
Points 1 2 3 4 1 2 3 4
Average value 20.95 14.60 11.48 17.72 | 41.38 28.56 2.77 5.37
Increase 97.55% 95.65% -75.92% -69.70%

On the other hand, the reciprocal linkage system makes it possible to construct meshes that would be
mechanisms if they had used articulated linkages. This is the case for a deployable mesh without bracing
bars at the corners, on which it simply rests. Naturally the displacements are greater than they would be
with bars at the corners. This is a normal situation. The bars that join the upper and lower layers in
deployable structures are one of the most effective means of stabilising the mesh after deployment. They
also considerably reduce displacements and forces within the whole structure [11]. Displacements of the
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reciprocal mesh without bars at the corners increase by 47.16% in comparison with the same structure
with the indicarted bars. Even with the corner bracing bars the corresponding percentage is 73.84% for
the structure with articulated linkages.

The experimental results show deviations of less than 1.5% with the theoretical predictions in the case of
meshes with reciprocal linkages and greater in meshes with articulated linkages. It is necessary to take
into account the fact that deployable structures have a certain degree of tolerance to permit folding and
unfolding movements. In the models used the pin diameter is 4 mm, while the diameter of the drilled hole
in the bar is 4.2 mm. This gives a tolerance of 0.2 mm that is intfroduced as an initial displacement of the
bars. In this case the displacements of the linkages in the upper layer, which is where the loads are
applied, fit the predictions very accurately. On the contrary, the displacements of the linkages in the lower
layer vary more widely from the predictions, which we believe is due to the fact that they are not under
load.

7. Conclusions.

The new proposed system of deployable structures with reciprocal linkages is clearly more effective than
the traditional system of articulated linkages. The meshes are self-stabilising in their final position without
needing bracing bars for stiffening. Their reciprocity also permits a high degree of embedment at the bar
ends, improving their strength to resist bending moments, which are especially important for the
dimensions of sections.

The results show that the system of reciprocal linkages makes it possible to achieve flat meshes that are
strong and effective. They also permit the construction of meshes that would be mechanisms if they were
made using articulated linkages. This is the case with the flat mesh that uses reciprocal linkages which
become braced in their final position, without the need for supplementary bars or external constraints.

These results show excellent behaviour. The diagrams are practically lineal, and there is hardly any
residual deformation. On the other hand, the residual deformation in question permits the readjustment of
a deployable structure under load. In all of the tests previous steps of loading were applied to prevent this
readjustment from affecting the measurement results.

The use of reciprocal linkages gives rise to more than 90% degree of embedment in the end of the bars
for usual dimensions, so that the structure deforms less. It also considerably reduces the most
unfavourable bending moments, so that the necessary cross-sections can also be reduced. The result is a
simpler structure that is more economical and offers better performance.

The use of reciprocal linkages prevents the angle between the bars from surpassing their angle of
prolongation. This means that the structure can only fold in the correct direction, thereby facilitating this
process.

Flat deployable structures with articulated linkages have hardly been used because of their high degree of
deformability. Nevertheless, they have major advantages, as they are completely regular and all of their
bars are the same length, so that they are simpler to make and erect. The use of reciprocal linkages
substantially increases their strength and rigidity, making the use of flat meshes viable. They also make it
possible to design other types of meshes, such as domes, vaults, gable roofs or hyperbolic paraboloid
modules, while maintaining the advantages of reciprocal linkages.

The proposed solutions make it possible to design buildings that are suitable for the required uses. They
can be used as emergency housing, although they are better suited for use as community facilities with
longer spans, such as canteens, schools or religious buildings, etc. Constructions of this type are
especially suitable for these community uses, so they will be studied in depth. This line of research is
particularly interesting at the present time, as it is being followed worldwide.
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