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Abstract

Bending-active structures are able to efficiently produce complex curved shapes from flat panels. The desired deforma-
tion of the panels derives from the proper selection of their elastic properties. Optimized panels, called FlexMaps, are 
designed such that, once they are bent and assembled, the resulting static equilibrium configuration matches a desired 
input 3D shape. The FlexMaps elastic properties are controlled by locally varying spiraling geometric mesostructures, 
which are optimized in size and shape to match specific bending requests, namely the global curvature of the target 
shape. The design pipeline starts from a quad mesh representing the input 3D shape, which defines the edge size and 
the total amount of spirals: every quad will embed one spiral. Then, an optimization algorithm tunes the geometry of the 
spirals by using a simplified pre-computed rod model. This rod model is derived from a non-linear regression algorithm 
which approximates the non-linear behavior of solid FEM spiral models subject to hundreds of load combinations. This 
innovative pipeline has been applied to the project of a lightweight plywood pavilion named FlexMaps Pavilion, which 
is a single-layer piecewise twisted arch that fits a bounding box of 3.90x3.96x3.25 meters. This case study serves to test 
the applicability of this methodology at the architectural scale. The structure is validated via FE analyses and the fabrica-
tion of the full scale prototype.

Keywords Bending-active · Form-finding · Digital fabrication · Simulation · CNC milling · Plywood · Spiral · 
Mesostructure

1 Introduction

Bending-active structures produce efficiently complex 
curved shapes made of flat or straight elements [1]. To 
this purpose, these are brought into a deformation state of 
elastic bending. In the past, such structural systems were 
empirically explored and adopted in vernacular archi-
tecture contexts because of their efficiency. For instance 
arches and domes were produced by curving branches or 
reeds. After being neglected for years, nowadays the avail-
ability of simulation techniques, which gives control of 

form-finding and verification processes, renews the appeal 
of such lightweight and efficient structures [2–7]. While in 
the past the main advantage was to have a cheap technol-
ogy to build even doubly curved surfaces, nowadays the 
main reason to adopt this technique lies in the reduced 
weight and the economy of producing flat panes regard-
less of the curvature they will have once installed [1].

The bending-active technology characterizes different 
structural types such as plate shells [8], hybrids composed 
of membranes with elastically bent battens [9], and various 
types of adaptive and elastic kinetic structures [2].
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The workflow adopted for the FlexMaps Pavilion (Fig. 1) 
uses a fully automated approach for the definition and the 
control of the mesostructures (base geometry) and con-
sequently of the material behavior. In the present work, 
an existing optimization method [10] is being utilized in 
a novel application domain of architectural-scale objects. 
Similar to other architectural-scale bending-active meth-
ods [8, 11], the present method allows for controlling the 
shape by means of a numerical form-finding. Hence, the 
load-bearing elements are altered in search for their best 
configuration, so that once assembled the obtained shape 
results as close as possible to an input target geometry. 
This is a step towards a designer/artist-oriented tool.

Compared to other architectural methods used for 
bending-active structures, another novelty of the present 
approach lies in the assembly. In post-restrained structures 
where the components are bent and fixed to the ground, 
a common approach is to post-tension the overall shape 
that initially lies in the flat position. This procedure requires 
external facilities, a large work area and usually requires 
the whole shape to be developable. Conversely, the Flex-
Maps approach is based on bending and assembling the 
single mesostructured element, which lays flat in the rest 
configuration. Eventually, the final shape of the structure 
results from internal elastic forces that redistribute among 
the elements once they are all connected. The construc-
tion sequence consists in bending the panels, one at a 
time, and progressively connecting them to the neigh-
boring ones. This procedure has the advantage of requir-
ing only a minimal amount of bending energy and can be 
performed by hand. The two cost-saving characteristics 
of the FlexMaps Pavilion originate from the easy fabrica-
tion that is obtained by producing a flat segmented array 
of panels, and from the simple assembly procedures that 
does not require any specialized manpower nor other 

tools. In FlexMaps examples, active-bending should be 
regarded in a broader sense of either bending and tor-
sion deformations.

The main issue of bending-active structures is that the 
elastic bending causes initial stress. This lowers the stress 
reserves that the structure may attain due to external load-
ing. The spiral geometry, which is the main idea behind 
the present project, tackles this point. Having a spiral path 
instead of a linear path brings to minor bending stress 
for the same curvature. This phenomenon can be well 
observed from the example in Fig. 2, in which it is reported 
the stress obtained through FEA for three different panels 
that are deformed with the same given curvature.

Moreover, the spiraling geometry can be favorably 
modified to obtain bespoke FlexMaps panels in order to 
accommodate local curvature demands. A modification in 
the geometry consequently varies the bending stiffness, 
which in turn affects the bent shape, since all the panels 
tend to preserve a uniform stress once assembled. This 
approach corresponds to designing custom mechanical 
properties without changing the material but only by act-
ing on the geometric parameters of spirals.

The objective of this work is to apply and validate 
the algorithm [10] for architectural design intents. The 
opportunity of testing the feasibility and extending this 
work from small objects to large scale objects has been 
provided by the call for “Competition and exhibition of 
innovative lightweight structures” organized in 2019 
by the IASS Working Group 21 “Advanced manufactur-
ing and materials” [12]. The competition posed as a limit 
for the experimental structure to fit a maximum volume 
of 4.00x4.00x4.00 meters. Moreover, all the compo-
nents should have fit into a maximum of six boxes up to 
1.00x0.75x0.65 m and 32 kg each in order to be transport-
able by airplane.

Fig. 1  Photos of the FlexMaps 
Pavilion at the Competition 
and exhibition of innovative 
lightweight structures, Form 
and Force, joint international 
conference of IASS Symposium 
2019 and Structural Mem-
branes 2019
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We designed a non-trivial shape of a non-developa-
ble twisted arch with varying curvature demand, which 
has been later segmented in patches of the dimensions 
required for shipping. Special attention has been given to 
the plywood material selection, whose properties have 
been used to inform the reduced model that is embed-
ded in the optimization routine, and for a subsequent FE 
validation of the design. In this pipeline, this latter step is 
fundamental to verify the real structural behavior of the 
Pavilion and to check its safety.

2  FlexMaps concept

The technique presented in [10] is designed to physically 
approximate an input 3D shape by interlocking a set of 
fabricated flat panels which are coupled solely by snap-
ping together connectors on their boundaries. Following 
Flexmaps [10], a generic input shape is split into multiple 
panels which are then flattened onto a 2D plane. Each 
panel is made flexible by carving out long thin spiral-
shaped structures. The patterns have to be relatively dense 
and regular enough to be aesthetically pleasing once they 
are assembled to complete the final shape.

Inspired by the beauty of geometric tilings, FlexMaps 
uses a quadrilateral arrangement of spatially-varying, four-
arm spiraling shapes. The spirals have sufficient degrees 
of freedom to be continuously shaped into multiple con-
figurations by varying three primary parameters: scale, 
twist, and width. Some settings of the spiral are shown in 
Fig. 3. As it is possible to observe, the shape can undergo 

a significant change of form, and every configuration cor-
responds to a particular set of mechanical properties.

This strategy follows a new philosophy of mechani-
cal design of elastic properties that have been recently 
pursued by several optimization techniques [13]. Spe-
cific micro-scale structures can control a large variety of 
mechanical properties. Similarly, distributing different 
mesostructures on surfaces makes it possible to manufac-
ture deformable shells with continuously varying mechan-
ical properties.

In the case of FlexMaps the mechanical properties are 
optimized such that, once the structure is assembled, its 
static equilibrium configuration matches as much as possi-
ble the desired 3D shape. However, the final shape mainly 
depends on two main factors:

– Primitive Distribution. The panel subdivision and the 
distribution of the quads that embed the spiral has a 
great influence on the global equilibrium position of 
the entire FlexMap.

– Shape of the Spirals. The mechanical properties of the 
FlexMap can be controlled on a local basis by the vary-
ing shape of the spirals. While the underlying quad tes-
sellation fixes the scale, twist and width can be adapted 
to match the desired flexibility.

The central core of the optimization process is a data-
driven model that can predict the resulting deformed 
shape in 3D iteratively. The mechanical model is based 
on the rod coupling formulation in [14] and allows for 
approximating the range of spiral deformations with 
sufficient accuracy at an interactive rate. This model 

Fig. 2  Stress comparison of three bent plywood strips with same 
bounding box of 250x750x15 mm, given a Y-rotation of 15◦ (2x 
displacement amplification): a solid plate (reactive Y-moment: 

−4.88 kNm ), b spiral with 50◦ twist (reactive Y-moment: −0.25 kNm ), 
c spiral with 107◦ twist (reactive Y-moment: −0.14 kNm)
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is based on a linear elastic material formulation, and 
uses the physical properties of the material utilized for 
fabrication.

The panel layout is initially derived using a state of the 
art algorithm [15], and then it is iteratively optimized by 
merging adjacent panels. This iterative optimization pro-
cess tries to minimize the difference between the target 
shape and the predicted equilibrium shape computed 
by the physical model.

FlexMaps enables the design of elastic surfaces with 
heterogeneous material properties, by optimizing the 
parameters of the spirals to eventually match the tar-
get shape at the equilibrium configuration. Intuitively, 
regions of high curvature of the mesh should be popu-
lated with characteristically compliant spirals. However, 
the equilibrium configuration is the global result of all 
the mechanical properties of the spirals and the bound-
ary conditions they must satisfy. The optimization of this 
objective is a complex iterative process that minimizes 
non-linear energies and that matches a set of linear con-
straints to ensure the shape to be in equilibrium (details 
of this process are in [10]). An overview of the entire pro-
cessing pipeline is shown in Fig. 4.

3  Design of the FlexMaps pavilion

The FlexMaps Pavilion is a twisted lattice surface that is 
anchored on the ground. Base sections are inward-bent 
arches. The shape of a twisted arch has been selected to 
be a challenge in both geometric and architectural terms. 
Moreover, the shape delimits a space but also allows peo-
ple to walk through it. There is a sufficiently-wide curva-
ture range and no symmetry. The dimension of the bound-
ing box is 3.90x3.96x3.25 meters.

It is composed of several panels that can be deformed 
in bending and torsion and are mutually interlocked. Once 
the Pavilion is anchored to the ground, its final shape rises 
from internal stress. The bending and stretching resistance 
offered by each panel is optimized by tuning the geometry 
of the individual spirals (Fig. 5).

3.1  Form finding and segmentation

The twisted shape has been modeled manually. Then, 
it has been re-meshed with a quadrilateral meshing fol-
lowing the approach based on global parametrization 
proposed in [16]. The final aim is to obtain as regular as 

Fig. 3  Descriptors determining 
the geometry of our spiral-
shaped mesostructrures (left) 
and illustrative parameters 
exploration (right) [10]: the spi-
rals can smoothly variate the 
twist (vertical axis) and width 
(horizontal axis)

Fig. 4  An overview of Flexmaps pipeline [10]: an input mesh is split 
into multiple patches composed by quads; the patches are mapped 
on a 2D domain; a special spiral-shaped mesostructure is embed-

ded on each quad; the parameters defining the shape of spiral 
mesostructure are optimized to improve accuracy in the final rep-
resentation
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possible quads with bounded dimension. The initial quad 
meshing is an essential step in the overall modeling pipe-
line since it defines the dimension of the spirals. In fact, 
each quad embeds exactly one spiral. The initial cross-field 
that drives the parametrization is aligned with the bound-
aries and is smoothly interpolated in the shape interior. 
Then, the shape of each quad is further optimized using 
the approach proposed in [17]. This optimization step 
is fundamental to ensure each spiral to be embedded 
in a regular quad. In case this is not verified, significant 
non-rigid deformations might introduce an unexpected 
mechanical behavior in the embedded spiral.

Due to fabrication constraints, target quad edges of 
0.25m have been selected. Moreover, for aesthetic reasons 
a constant width of 20mm and a twist range of 100 − 250◦ 
are chosen as input parameters. The upper twist limit has 
a further aim to avoid too dense spirals, which may result 
too close with respect to the milling tolerance. These 
restrictions are equivalent to a reduction of the design 
space for the optimization problem.

The generation of patches that cluster two or more 
quads can be automatically managed by the algorithm 

FlexMaps or can be user-defined through a graphical 
user interface (details are in [10]). In the specific case of 
the Pavilion the quad mesh segmentation has to produce 
patches, which have to comply with the competition con-
straints of fitting six boxes, each with a maximum exter-
nal size of 1x0.75x0.65 m and maximum weight of 32 kg . 
Therefore, user-defined seams have been introduced each 
time a patch exceeded the box size. Finally, a total amount 
of 75 panels are generated, each grouping two up to six 
spirals (Fig. 6).

3.2  Materialization

The 2D FlexMaps panels are machine-milled from Okumé 
plywood panels. Since the forming principle of FlexMaps 
structures is the active-bending, the material has been 
selected according to the indications given by [18] and 
[1]. Particular attention has been dedicated to the recom-
mended limitation 𝜎M,Rd∕E > 2.5MPa∕GPa for actively-
bent structures, in which �M,Rd is the bending strength of 
the material and E is the Young’s modulus. In this case, by 
inputting the data provided by the manufacturer (Table 1), 
this limitation equals 46∕4.41 = 10.43MPa∕GPa . By 
observing this fundamental limitation, the use of mate-
rials that can not attain high breaking strain during the 
bending process is avoided.

The ground edges are clamped in a CNC cut plywood 
profile; moreover, they are mutually connected and tied 
down. The naked edges that form two crossed arches are 

Fig. 5  Preliminary design overall view of the assembled plywood 
FlexMaps Pavilion. The metal base profile has been later replaced 
by an all-plywood base in the definitive design. Additionally the 
twist range of the spirals has been restricted to accommodate mill-
ing tolerances

Fig. 6  Pavilion patches: schematic view of the Pavilion highlighting the seams and the initial quad mesh; preliminary-design of flat spiraling 
FlexMaps panels

Table 1  Okumé plywood material properties (technical data from 
the manufacturer)

Nominal 
thickness 
(mm)

N. Strata Density � 
( kg∕m3)

Young’s 
modulus E 
(MPa)

Bending 
strength �M,Rd 
(MPa)

20 11 500 4410 46
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stiffened using a segmented machine-milled 6-mm ply-
wood plate. The role of these arches is to provide addi-
tional restraint to the panels in the assembly phase. These 
arches have not been included in the optimization phase, 
i.e. as additional constraints, because of their low stiff-
ness, which is mainly relevant in the in-plane direction. To 
connect FlexMaps together special connectors made of 
interlocking shapes, additionally secured by screws, are 
adopted.

4  FE simulation

For the detailed deformation and stress verification of the 
Pavilion a geometrically nonlinear solid model has been 
built and analyzed with the ANSYS package [19]. A linear 
elastic isotropic material model has been used in the anal-
yses. These properties are obtained from material testing 
on plywood specimens.

The verification consists of two phases: the first one to 
model the individual assembly of the panels and their ini-
tial stress; the second one to model the overall behaviour 
under external loading, such as gravity.

The meshing used in the FE analyses is generated from 
a NURBS solid model, which is obtained by extruding the 
outline of the initial mesh.

In the first phase, each flat panel is rigidly moved in a 
position that is as close as possible to its deformed shape. 
This placement aims at improving the convergence of 
the analysis. The deformed shape is deduced from the 
form-finding phase. Then, a displacement is imposed at 
the extremities of the spirals’ free arms to bring them in 
their deformed position. Consequently the FlexMaps panel 
assumes its pre-stressed configuration (Fig. 7a).

The individually deformed (pre-stressed) panels and 
the accompanying stress fields are exported in a second 
environment in which the panels extremes are coupled, 
and boundary conditions are applied. In this setup, the 
structure is released and gravity is applied (Fig. 7b). In this 
setting, other scenarios can be evaluated. However, since 
the pavilion has been designed as indoor installation no 
other loads have been considered.

As a result, the Pavilion exhibited a uniform redistri-
bution of the stress due to the bending process. Moreo-
ver, the maximum strength of the material has not been 
exceeded not even in the loaded structure, in which peaks 
of 20 − 25MPa have been reached. The Pavilion exhibits 
also good stiffness and results close enough to the target 
shape. Indeed, the displacement with respect to the opti-
mized target configuration is 38mm . In order to verify the 
safety level, the structure has been additionally checked 
for instability through buckling analysis.

5  Fabrication and assembly

The FlexMaps panels are CNC cut in the shop by means of 
double precision mill to accommodate tolerances of the 
interlocking shapes of connectors. The connectors have 
been previously tested in a four point bending setup to 
obtain a quantitative estimation of the stiffness reduction 
caused by the connection.

The Pavilion is assembled section by section going from 
one support to the other, sequentially bending and fasten-
ing each FlexMaps pane (Fig. 8). Moreover, these patches are 
spliced in a staggered configuration to minimize the bend-
ing energy that is required to keep the Pavilion section in 
place. To this purpose, the crossed arches play a fundamental 

Fig. 7  FE analysis results: a phase 1 displacement, b phase 2 displacement under gravity load
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role in providing a restrain also during the assembly. Vertical 
supports provide additional help in this phase.

In order to avoid relying on rigid fixing, the Pavilion has 
been designed to be self-supporting. For this purpose, the 
lower patches are endowed with footings to be restrained 
in three-plies edge beams. These latter are linked and kept 
to the correct position by means of a plywood paving that 
has the role of balancing the thrust and twisting forces of 
the superstructure. The paving design is based on variable-
density Voronoi mesh with a size scaling from the supports 
to the center. The edges of the mesh polygons are dry inter-
locking. The final weight of the Pavilion is about 90 kg , of 
which the spiral panes weight about 40 kg.

6  Conclusion

This paper explores the possibility to extend the work 
FlexMaps [10] to the design of a free form plywood struc-
ture at a larger scale. This structure named FlexMaps 
Pavilion is bending-active and uses mesostructured 
panels shaped as spirals. The final shape is obtained by 
bending, progressively assembling and connecting the 
panels together. The structure results in a form-active 
shape, in which the initial stress induced by bending and 
twisting is used to shape panels that are initially flat.

Fig. 8  Fabrication and assem-
bly of the FlexMaps Pavilion
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The FlexMaps algorithm is used to tile the twisted arch 
shape by means of spirals that are centered in a quad-
rilateral mesh. Then, the geometric parameters of the 
spirals are optimized through a data-driven method to 
be as close as possible to the target shape at the static 
equilibrium once assembled. Since this form-finding tech-
nique is computationally efficient but approximated, the 
obtained result has been validated through a finite ele-
ment model in order to check the material stress and the 
expected deformation. At last, the panes are fabricated 
by CNC milling and assembled. To provide appropriate 
boundary conditions and self supporting capacity other 
elements are designed, such as the edge beams, the base 
and the paving.

The FlexMaps Pavilion proves the feasibility of extend-
ing at the architectural scale a technique initially designed 
for small scale objects. There are two main reasons that 
determine its feasibility. A first one is that a material com-
monly employed in the building industry such as plywood 
is suitable for the digital fabrication, and has mechanical 
properties that makes it compatible with the stress and 
displacement regimes required from this structure. A sec-
ond one is that the patch-by-patch assembly is viable, it 
is compliant with statics of the panels and the structure 
throughout the stages of the construction, and can be per-
formed by hand. This technique was unexplored before in 
architecture and is a novelty in the field of bending-active 
structures.

The major advantage of the form-finding approach 
provided by the FlexMaps algorithm is to match the cur-
vature demands of the target shape. Thus, even complex 
non-developable shapes such as the selected twisted arch 
that are usually difficult to build in architecture become 
feasible (Fig. 9).

The FlexMaps Pavilion results in a lightweight bending-
active structure in which the initial stress is very low. Based 
on this experience, it can be stated that the FlexMaps 
concept applied to architecture appears very promising. 
However, the original pipeline [10] does not completely 
fit the purpose of generating larger-scale objects. There 

are fundamental additional steps that it would be useful 
to integrate in a new automated pipeline as further work, 
such as the finite element analysis and the generation of 
files-to-factory.

Using the FlexMaps technique does not pose any 
restriction on the target shape, but there is no degree of 
freedom on the selection of the tiling, which is fixed to be 
shaped as spirals, being the algorithm closely related to 
the specific geometric parameters and consequently to 
the pre-computed set of mesostructures. In the future, it 
could be interesting to investigate and test the applica-
bility of different tiling geometries and their mechanical 
response.
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