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Design of reconfigurable doubly-curved canopy structure
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ABSTRACT: In this paper, a new reconfigurable doubly-curved structure has been developed
for a canopy roof. The proposed structure can transform itself to various configurations accord-
ing to the activity and user requirements. It not only changes its shape from a planar geometry to
doubly-curved geometries by means of actuators, but also becomes stable and carries loads. The
main differences between proposed structure and similar deployable bar structures are that the
proposed structure is more flexible with 2DoF and it requires less number of bars and joints. To
obtain the doubly-curved geometry, a novel method has been introduced. After discussing the
kinematic behavior of the system, a set of structural analyses are performed in three different
geometric configurations of the proposed structure.

1 INTRODUCTION

Movement has become a fact of life in twentieth century design culture. As a result of today’s
constantly changing activities, a need of adaptable space has emerged in architecture. To meet
the changing functional, spatial or environmental needs, today’s architecture seeks for adaptable
structures ever than before. Based on the concept of adaptability, a series of kinetic structures
which are capable of geometric transformations have been developed. Among the examples of
these structures, the most impressive ones are deployable bar structures with single degree-of-
freedom (DoF). These structures not only transform themselves from a compact configuration
to a predetermined, expanded form, but also may become stable and carry loads (Pinero 1961;
Escrig 1985; Gantes, 1989; Hoberman 1990; Kokawa & Hokkaido 1997; Atake 2000; Van Mele
et al. 2007; Akgiin et al. 2010, 2011; Maden et al. 2011). Therefore, such structures may offer
viable solutions for architectural applications, especially for temporary buildings, emergency
shelters, exhibition halls, outdoor recreation facilities or sporting fields (Fig. 1).

Figure 1. Examples of deployable bar structures
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Although many examples have been developed for deployable bar structures, only few have
been constructed at full-scale for architectural applications. The main reason is that most of
them are composed of scissor like elements (SLEs) which is a complex structural system to
generate the desired surface. Moreover, present solutions are insufficient to constitute real form
flexibility, because they are limited to certain geometric forms such as singly-curved vaults and
doubly-curved synclastic domes. Due to the mathematical difficulty and mechanical complexity
of their systems, doubly-curved anticlastic surfaces such as hyperboloid and hyperbolic
paraboloid (HP) have been rarely used for deployable structures. In fact, anticlastic structures
can be easily constructed by using simple straight bars rather than SLEs since their geometric
forms can be generated by ruled surfaces (Fig. 2b, d).

(a)
¢y

Figure 2. a) Hyperboloid generated by hyperbola; b) hyperboloid generated by straight line;
¢) hyperbolic paraboloid generated by parabola; d) hyperbolic paraboloid generated by straight line

When compared to singly-curved or synclastic structures, it is seen that anticlastic structures are
capable of resisting to various design loads through their curvatures and twists. Thus, their
structural efficiency is more than the others. Considering the structural advantage of anticlastic
structures and the ease of constructing their geometry by ruled surfaces, we have decided to use
HP surface as a canopy roof structure. In this paper, we have introduced a new reconfigurable
canopy structure which can change its shape according to the activity and user requirements.
Because the HP is constructed by using ruled surface generation method, the system requires
less number of bars and joints than the existing scissor structures. On the contrary to the current
examples of single DoF deployable bar structures, the proposed structure has 2DoF which al-
lows the system transform from planar geometry to various spatial ones. This type a transfor-
mation provides great flexibility for spaces.

2 KINEMATIC ANALYSIS OF THE HP STRUCTURE
The proposed HP structure is simply composed of straight bars and ring couplers (a sort of
swivel coupler). The ring coupler consists of two rings which are connected to each other with a

revolute joint. Each ring is connected to the bar with either a revolute joint (R) or a cylindrical
joint (C). The kinematic diagram of the joints can be seen in Figure 3.

barl barl barl

Q/k bar2 R bar2 R bar2 C
x y

(a) (b) (©)

Figure 3. a) 3R joint; b) C2R joint; ¢) 2CR joint
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The revolute joint between barl and bar2 allows a rotation around the z-axis. Its direction is
perpendicular to the barl and bar2. If the joint on the bar is revolute, it only allows a rotation
around the main axis of the bar. However, if it is a cylindrical joint, it allows both a rotation
around the main axis of the bar and a translation over the bar.

To construct the 2DoF reconfigurable HP structure, we have developed a novel method. At
first, a frame structure composed of 4 bars and connected by R joints has been generated (Fig.
4a).

Figure 4. a) 4R system; b) R-3R-R-3R system

The mobility of the system has been calculated according to Alizade (2010) formula which is
used for multi-loop mechanisms:

L

J
M=) —;zﬁq—jp (1

i=1

where j is the number of joints, f; is the relative joint motion, L is the number of independent
loops , 4 is the DoF of space where the mechanism operates (1=2,3,4,5,6), ¢ is the number of
excessive elements and j, is the number of passive joints. To calculate L, Euler’s formula has
been used.

L=j-1+1 2)

where [ is the number of links and ; is the number of joints. For the four bar system in Figure 4a,
it is found that > f=4, L=1, A=3 (the mechanism operates on plane). Therefore, it is calculated
according to Eq. (1) that M=4-(3x1)+0-0=1. This means that the system moves only on plane.
To let it move in space, we have changed two of R joints at opposite corner nodes with 3R
joints. The new system is composed of R-3R-R-3R joints (Fig. 4b). According to Eq. (1), > /=S8,
A=6, L=1 and M=8-(6x1)+0-0=2. Because the system has 2DoF, it can move not only on plane,
but also in space (Korkmaz et al. 2012). Three different deployed configurations of the structure
can be seen in Figure 5.

Figure 5. Three different deployed configurations of 2DoF frame structure
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Second, a structural group has been added to the main frame structure whose mobility equals to
zero. The structural group is composed of two bars which are connected to each other with a R
joint. There are 3 numbers of C2R and a number of 2CR joints at their end nodes (Fig. 6b). It is
found that the required number of C joint to generate 2DoF 2x2-unit HP is 5. Because the C
joint in the system defines the deployment behavior of the structure, it does not important at
which end node C joint is used. The only important thing is the number of C joint in the system.
For instance, if one of the C joint in 2CR joint is replaced with a R joint, the DoF' of the system
will automatically reduce to 1. This makes the structure deployable rather than reconfigurable.
Hence, it only deploys either on plane or in space. However, our aim is to create a reconfigura-
ble structure which has various configurations. For this reason, we have used 5C joints in the
system. As it is seen in Figure 6¢, the structural group has been connected to the main structure
at the mid points of the edge bars. The system parameters are Y =26, 1=6, L=4. According to
Eq. (1), the mobility of the system is calculated as M=26-(6x4)+0-0=2. On the basis of this cal-
culation, it can be said that adding a structural group to the main structure does not change the
DoF of the whole system. The planar system in Figure 6¢ can deploy to doubly-curved geome-
tries. In Figure 7, three different deployed configurations of the 2DoF 2x2-unit HP is shown.

Figure 6. 2DoF 2x2-unit HP structure

Figure 7. Three different deployed configurations of 2DoF 2x2-unit HP structure

After proving that the structural group has no effect on the mobility of the system, we have de-
veloped some other models. For the next models, the bars in the structural groups have not been
connected to each other at their mid points. The location of the connection point has been de-
fined based on the division in the main structure. To obtain 3x3-unit HP structure, two structural
groups have been added to the main structure as shown in Figure 8. However, this operation has
introduced new intersections between the structural groups (Fig. 8c: nodel and node2). Alt-
hough it is not necessary to connect them to each other, 2CR joints have been used at these
points to provide the system consistency. These two connections are excessive; therefore it is
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necessary to consider them as ¢ parameter in the formula when calculating the mobility of the
system. With respect to Eq. (1), it is found that > /=54, A=6, L=9, ¢=2 and M=54-(6x9)+2-0=2.
The 3x3-unit HP model in Figure 8c can deploy from planar geometry to different doubly-
curved geometries as in Figure 9.

Figure 8. 2DoF 3x3-unit HP structure

Figure 9. Three different deployed configurations of 2DoF 3x3-unit HP structure

By following our surface generation method, we have increased the number of structural groups
in the system for our next model. To obtain 4x4-unit HP, 3 structural groups have been used
(Fig. 10b). For the intermediate intersections between the structural groups, 2CR joints have
been used as in 3x3-unit HP (Fig. 10c: nodes 1,2,3,4,5,6). There are 6 excessive connections in
the system. According to Eq. (1), >.f=92, =6, L=16, ¢g=6. Therefore, M=92-(6x16)+6-0=2. In
Figure 11, three different deployed configurations of 2DoF 4x4-unit HP structure can be seen.
As a result, it can be claimed that any doubly-curved 2DoF HP structure can be created by in-
creasing the number of structural groups in the system.

Figure 10. 2DoF 4x4-unit HP structure
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Figure 11. Three different deployed configurations of 2DoF 4x4-unit HP structure

3 PROPOSED STRUCTURE

To construct the reconfigurable canopy roof structure, 2DoF 4x4-unit HP structure has been se-
lected. The proposed structure is composed of 10 identical tubular bars with a length of 10m,
radius of 10cm and thickness of 0.4cm. It has been connected to two columns at its two end
nodes. The height of the columns is S5Sm. The span of the structure at planar configuration is 10m
in both directions which changes during the deployment process. The span ratio in the half-
deployed configuration is 1/2 at a height of Sm. As a covering material of the structure, mem-
brane has been used.

The movement of the structure is provided by means of two actuators which are like hydrau-
lic piston. By controlling the actuators, the geometry of the structure can be adjusted according
to the user requirement and desired space underneath. The structure is able to transform itself
from a planar geometry to various doubly-curved geometries. When the system completes its
transformation, it can be fixed at its supports in order to stabilize the structure. As a static sys-
tem, it distributes the applied loads and self-weight of the structure. In Figure 12, four different
configurations of the structure can be seen.

Figure 12. Four different deployed configurations of 2DoF proposed structure
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4 STRUCTURAL ANALYSIS OF THE PROPOSED HP STRUCTURE

To understand the general structural behavior of the proposed HP structure under typical load-
ing patterns, a set of structural analyses have been carried out. Three different geometric config-
urations of the HP have been determined for the analyses (Fig. 12a, b, ¢). Then, these configura-
tions have been modeled in Oasys GSA software. Since the structure behaves like a mechanism,
it develops no stresses during the deployment process. It is necessary to turn the mechanism into
a structure in the deployed configurations. To block the movement of the system, the rotational
DoFss in the system has been removed by locking the actuators and fixing the distance between
bracings. To guarantee the structural stability of the system, the nodes where the structure was
connected to the columns and bracings have been fixed with pinned supports. By this means, the
system acts as a structure and transfers loads.

In the analysis, S275 steel has been considered as the material of the bars whose elastic mod-
ulus equals to 210000 N/mm?’, Poisson’s ratio is 0.3 and the yield stress is 275 N/mm?”. Based on
Eurocode 1 guidelines, the loads have been determined. The response of the HP structure under
vertical load such as self-weight of the structure and snow load and the horizontal load such as
wind load have been simulated. For serviceability checks, a deflection limit of span/200 has
been used which equals to 5cm in our system.

The maximum stresses and displacements of the HP structure at three configurations are giv-
en in Table 1 and Table 2. According to the results, it is seen that the maximum vertical dis-
placement is in the Ist configuration of the structure with 2.3cm. However, when the curvature
starts to increase in both directions, the structure becomes more stable. The main reason is that
the structure resists to loads through its curvatures and twists. Because the deflection limit is
Scm in our system, the serviceability checks are satisfied for three configurations of the struc-
ture. Likewise, it is found that the maximum normal stress due to combined axial force and
bending moment is 233 kN/mm? in the 1st configuration. Since the yield stress is 275 N/mm?,
the serviceability governs the design.

Table 1. Maximum displacements of the HP structure in 3 different configurations

Maximum displacements Value (cm)
Configuration 1 2.3
Configuration 2 2.1
Configuration 3 1

Table 2. Maximum stresses of the HP structure in 3 different configurations

Maximum displacements Value (kKN/mm?)
Configuration 1 233
Configuration 2 204
Configuration 3 185

5 CONCLUSION

This study has proposed a reconfigurable doubly-curved structure for a canopy roof which is
ability to change its shape from planar geometry to various doubly-curved geometries. Rather
than using the current systems based on SLEs, it has introduced a new novel method to generate
the doubly-curved geometry by using the geometric design principles of ruled surfaces. By this
means, it has provided to obtain the curved geometry with less number of bars and joints when
compared to those current ones. On the contrary to single-DoF deployable structures, it has de-
veloped a 2DoF system which allows more flexibility. To obtain the 2DoF system, kinematic
analyses of different type of HP structures have been studied. Then, the structural properties of
the proposed HP were analyzed. The analyses showed that the structural resistance of HP struc-
ture increases as the system deploys from planar geometry to doubly-curved geometries.
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