


The Canopy Pavilion

loading. For both service and ultimate state, we must ensure the structure does
not deform excessively, and does not reach yield stress.

The characteristic value of the snow load is a downward pressure of sk = 0.9kNm−2,
the accumulation of ice in between the two layers is not taken into account in this
study.

Directly exposed to the sun, the aluminium undergoes a temperature variation and
a thermal expansion that affect the tension in both layers and consequently the
global deflection. We consider a temperature range of −20 °C to 10 °C in winter
and 10 °C to 40 °C during summer, which means a maximum temperature variation
of 30 °C is applied on the steel and aluminium elements.

The magnitude of the wind loads we consider are an interpretation from the
case study specified in the Swiss building codes with the main wind direction
observed on site (North East – South West). The characteristic value of wind is
qp0 = 0.9kNm−2, which gives a design pressure of qp = 1.15kNm−2. In absence
of a detailed CFD analysis, the uplift is applied as a static load that is in line with
the analytical approach of the building codes.

In addition, accidental loads are analysed: 1) an overextension of the centre pole
during deployment, 2) an accidental mass of 2kN on one of the hexagonal panels
or 3) at the base of the pole. Two separate simulations are conducted, the first
using a simplified global Finite Element model of the structure, the second using a
volumetric model of one hexagonal panel with connectors.

Geometrical non-linearities are considered for both simulations. For the first model,
all structural elements are considered as beams of different cross section area (fig. 6a-
c). The superstructure consisting of the membranes and the pole are connected to
the ring beam, which in turn is supported on six equally spaced columns. Fixed
boundary conditions (i.e. no translation or rotation) are applied to the base of the
columns. The pole is fixed to the centre of the top and the bottom hexagonal panels
(fig. 6d). We simplify the computation by representing each panel by three beams
forming a triangle, with neighbouring panels connected by wire loops (fig. 6e).
The outer ring is modelled as having a flat rectangular profile, the connecting
elements extending to this outer ring (fig. 6f). The outer ring rests on the columns,
transferring both torques and forces. Linear elasticity is assumed for both steel
(Es = 210GPa,ρ= 7850kgm−3) and aluminium (Es = 70GPa,ρ= 2700kgm−3).
The aluminium panels have a rough finish, the grade is a EN AW-6082 T6, with an
elastic resistance Rp,min = 260MPa. The coefficient of thermal expansion is set at
13×10−6 °C−1 for steel and 23.1×10−6 °C−1 for aluminium. Moment transfer is
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restricted to connections between the ring and the columns, and between the pole
and hexagonal panels at the top and bottom.
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Figure 6: Set-up of the simplified FE model. A-C: Different views of the beam based FE model.
D-F: Detailed schematic of the different components.

First gravity is imposed, then the superimposed load cases are considered sequentially
in addition to gravity. The snow and wind loads are converted from pressures to
line loads on the triangles based on the projected area to the respective planes.
For the thermal loads, the ambient temperature is set instantaneously, and steady
states are considered.

The deformation behaviour of the two most representative load cases are shown in
fig. 7a. Under snow load, a maximum vertical deflection of −156 mm occurs at
point P1. The base of the pole (P2) deforms by −37.9 mm. Under an uplifting wind
load, a maximum upward deformation of 119 mm occurs at point P1. The base
of the pole deforms downward by −13.9 mm. The largest stress on the top layer
occurs under wind loads and the largest stress on the bottom layer occurs under
snow loads. Under self-weight and snow (fig. 7a), the bottom layer is under tension
with highest stresses σwire = 760MPa occurring around the pole. The temperature
has a double effect on stress and displacement, during winter the tension increases
whilst displacements decrease, whereas in summer these effects are reversed. The
pretension imposed during the erection has a strong effect on the global stiffness
which tends to balance the variation induced by the thermal expansion. The pole
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is used to separate both layers to create a local pre-tensioning. At the connections
with the boundary ring additional tensioning is applied to unify the tension in some
critical local areas.

Undeformed

A: Snow
load

B: Wind
uplift

Vertical displacement, U3 mm

Principle stresses, σ MPa
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Figure 7: Results of the FE analyses of the simplified beam model. A,B: Displacement and stress
plots of load cases for snow, wind uplift, respectively. In the displacement plots, green and purple
indicate positive and negative vertical displacement, respectively. In the stress plots, red and blue
indicates tension and compression, respectively. The size of triangle and connector elements are
magnified 2x for better visibility.
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Figure 8: Volumetric FE model of a single hexagonal panel. A: The volumetric and the equivalent
beam model. B: The force displacement diagram at the end of the wire connectors. C: Resulting
stress plot around the eyelet. D: Top view of the stress plot showing the behaviour (i) of the entire
construction, (ii) of the eyelet, and (iii) of the panel.

To verify that the beam model can emulate the behaviour of the interaction between
the panels, the eyelets, and the wire connectors, a volumetric FE simulation is
performed on a single panel construction (fig. 8a), where a regular hexagon of
edge length 260 mm is modelled with quadratic tetrahedral elements. Both the
eyelets and the wire connectors are separate geometries that interact with the panel
through non-penetrating compressive contacts. It is assumed that the straight wires
are able to form a loop connecting neighbouring hexagons with negligible stress.
The pre-tensioning during erection will ensure that the wires are taut and there is
no gap between them and the eyelets. A radial displacement d is applied to each
wire end and the corresponding reaction forces are measured. Symmetry conditions
are imposed along the x−z plane to reduce computation.

The resulting force displacement diagram (fig. 8b) shows a gradually stiffening
behaviour as the wire connector transitions from bending to stretching. An ap-
proximate slope of the curve from 0 to the approximate yield of the material is
then the effective stiffness of the cable connector kC. The strength of the wire
connector is higher than that of the steel of the eyelet, which is higher than the
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aluminium panels in turn, i.e. 1570MPa> 660MPa> 310MPa. These are reached
approximately at the same displacement as shown in fig. 8c,d.

7 Fabrication and Construction
A key benefit of the proposed membrane system is simplicity
of fabrication and construction. The hexagonal plates are laser
cut from 2 mm aluminium sheet material according to the
optimized shape calculated by our algorithm. Holes are cut at
the vertex locations of the structural triangle embedded in each
plate and reinforced with steel eyelets. The wire connector
loops are threaded through these eyelets to connect adjacent
panels (see inset). Note that while all panels are different, the
connectors are all identical, which greatly facilitates assembly.

Each membrane layer is assembled on the ground using labels engraved in the
panels to ensure correct positioning. Once connected by the wire loops, the entire
layer is lifted onto the circular boundary frame. The top layer is mounted first and
temporarily held in place by a crane that fixes the panels linked to the compression
pole. The latter is then attached to the top layer and shortened to its minimal length.
Subsequently, the lower layer is assembled on the ground in the same manner, lifted
onto the boundary ring and connected to the lower end of the compression pole.
Variable length connector cables at the boundary ring now allow to deploy the
membrane towards its target shape. Finally, the length of the compression pole
is adjusted to achieve the desired tensioning in the system. As construction has
not yet started at time of printing, please refer to canopy.epfl.ch for updates
on construction data and photos.

8 Conclusion
The Canopy Pavilion is a first application of deployable auxetics at architectural
scale in a permanent building structure. While design and budget constraints did
not allow for a more radical exploration of form, our double-membrane structure
demonstrates how free-form surfaces can be deployed without any form-work from
simple laser cut panels with identical connectors. In this way, the pavilion exemplifies
the confluence of geometry, structural optimization, and computational design,
linking form and function to digital fabrication and efficient construction.
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