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Abstract: This paper presents a new construction technique for large complex curved
surfaces built from very low thickness sheet materials, reinforced through the structural
activation of the dedicated assembly parts. The proposed technique works in several
steps. 1) A large architectural curved surface is evaluated using FEA for local buckling
and bending under self-weight and the assumption that it will be built from thin
sheet material and without an additional structure or reinforcements. 2) The graphical
representation of the principal bending moment stress field in the surface is simplified
and used as the basis for the generation of a discretization pattern. 3) The discretization
pattern is used to generate assembly elements (i. e., flaps) normal to the base surface.
4) The flaps are connected through a system of fins that engage them into a cellular
structural system aligned both with the discretization and the stress patterns of the
surface. Figure 1 presents a full-scale built prototype demonstrating the workflow.
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Fig. 1: General view of the research demonstrator pavilion showcasing the proposed technique.
(Image credit Caroline St-Hilaire)
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1 Introduction

For large architectural surfaces, discretization and approximation of some kind is
usually the only viable way of construction. Regardless of complexity and chosen
material, to be constructed, architectural scale surfaces must be divided into pieces
or discretized. The segmentation is determined by the limitations of the fabrication
process, dimensions and properties of the chosen materials, transport and assembly
possibilities (Eigensatz et al. 2010).

1.1 Discretization as a necessity

Discretization is an important method to manage the costs and time required for the
construction. It acts as an approximation tool that unlocks the use of cheap planar
sheet materials for the construction of complex curved surfaces. However, even if
partitioning and approximating architectural curvature and complexity is an effective
way of rendering it constructible, it is not a “panacea.” In fact, there is a fine line
between “just enough” discretization and approximation to make a form feasible for
construction and “too much discretization” that wipes off the benefits of manageable
dimensions and planarity through unreasonably expensive part multiplication and
impossibly long assembly times. Additionally, not all discretizations are built equal.
For example, double curvature approximations like PQ meshes (Pottmann 2013) or
ruled surface rationalizations (Fl6ry and Pottmann 2010) are more fabrication friendly
due to their planarity and node valence for the former and the simple unfolding on
planar sheets for the latter.

1.2 Disadvantages of discretization

Beyond being a necessary step, discretization brings a series of shortcomings to the
architectural form. From a structural point of view, the most important is material
discontinuity. The discontinuity of the building material induces fault lines in the
surface where the pieces are joined together. This can be mitigated using specialized
techniques like multilayered surfaces (Fornes 2016; Stanojevic and Takahashi 2019),
discrete piece overlaps (Schleicher et al. 2015; La Magna, Schleicher, and Knippers
2016), finger joints (Magna et al. 2013), folds (Demin 2015), and several others. However,
with any of those, a comparable material coherence with a single-piece surface is
difficult to achieve.

Discretizing a curved architectural surface for fabrication and construction from
sheet-based materials requires some sort of approximation. This translates in turn to
a deviation from the initial surface that can be simulated in the digital version of the
form in the process of design. This deviation is often negligible at the scale of the full
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surface and/or is often incorporated in the design intent (Pottmann et al. 2015). The
processes that aim to minimize this deviation from the curved base form can reduce
the size of discrete parts, thus increasing their number and potentially increasing
the costs through assembly complexity. Alternatively parts can be deformed (i. e., by
bending or rolling) (Rossi and Nicholas 2018) to make them approximate more closely
the subdomain of base surface they represent. They can be deformed in the process of
part fabrication (Cai et al. 2012), or they can be a deformed during assembly (Fornes
2016). The latter process combines two steps into one, thus reducing construction
time and costs. Deformation during assembly requires additional information to guide
the deformation process. Cutting and engraving can encode in some cases this extra
information but in others, reference elements (i. e., assembly guides) are required that
increase construction complexity and costs.

For flexible and deformable materials that are subjected to structural loads, the
simulated and assumed deviation is often accompanied by a deformation due to
discretization-induced material discontinuity (Lienhard and Knippers 2013). During
conception, this deformation is much harder to predict because it requires high-fidelity
(computationally expensive) simulation especially for the joints. During construction,
assembly conditions and quality of craftmanship can amplify these uncontrolled de-
formations leading to undesired structural and aesthetic defects.

Other less desired effects of discretization are the added weight due to the extra
connection components, and a limitation of the aesthetic freedom because the archi-
tectural image must include, or in other cases take steps to hide, the seams between
the discrete parts.

1.3 Self-supporting or supported surfaces

All the above-stated advantages and shortcomings of discretization for large curved
architectural surfaces apply in equal measure to self-supported surfaces (i. e., able to
carry the self and applied loads) and to surfaces that require a support structure (i. e.,
a structural network resolving the major load collection and transport to the supports).

Self supported architectural surfaces, beyond inherent material properties (i. e.,
rigidity or flexibility), rely on folds (Friedman 2016), active bending (Lienhard and
Knippers 2015), curvature (Martin-Pastor and Garcia-Alvarado 2019), or multiple layers
(Nicholas et al. 2016) to add structural rigidity to the surface. The notable exception here
is inflatables that leverage positive internal pressure to gain rigidity (Ayres, Vestartas,
and Ramsgaard Thomsen 2018). These methods that add pseudo-thickness to the
surface can program surface rigidity through an activation of a specific structural form.
The effect of those techniques is still limited by the surface material properties, is local,
and implies a certain aesthetic. This aesthetic usually means a constrained proportion
between the surface dimensions and the employed curvature radii or fold amplitudes.
If the proposed design cannot accommodate such formal constraints, or the structural
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demands are greater than the surface material limits, an additional structure is still
required.

Supported curved architectural surfaces, even if for the moment we ignore the com-
plexity incurred by an additional structural network (Schling 2018), require a surface-
to-structure connection strategy (Schmieder and Mehrtens 2013) that, depending on
the rigidity of the chosen material, could imply additional weight, added assembly
complexity, and/or increased fabrication costs.

2 Problem statement

Even with all the shortcomings enumerated in the previous section, discretization is the
most cost-effective and sometimes the only available solution to construct large-scale
architectural curved surfaces from sheet materials. Discretized, self-supported, thin
sheet surfaces relying on form for rigidity are well studied and the same can be said
about supported surfaces. Contrarily, surfaces that integrate structural reinforcement
with the discretization pattern and use the assembly material as support are not covered
in the surveyed literature. We can therefore conclude that a gap currently exists in
the construction/design techniques used today for large scale structural architectural
surfaces built from thin sheet materials. This gap limits the materialization possibilities
of self-supported architectural surfaces that do not rely on high curvature and/or local
folding for structural reinforcement.

3 Proposed contribution

This paper proposes a new method of construction for architectural-scale curved sur-
faces from sheet metal, through a unified process of discretization and structural
optimization. The proposed technique aims to stand in between methods of construc-
tion for self-supported surfaces and methods that rely on a separate structural support
for the architectural surface. The technique works by directly deriving the discretiza-
tion pattern from the structural analysis and then using this pattern together with the
material dedicated to discrete piece assembly to reinforce the base surface. Engaging
structurally the extra material necessary for joining the discrete parts can improve a)
Precision: By using the engaged joints as assembly guides; b) The modulation of the
structural properties of the construction independent of the shape of the architectural
surface; c) The possibilities to construct smooth and low curvature surfaces without
the use of an additional structural system; d) Assembly times, costs and material use
compared to architectural surfaces supported by an additional structure.
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4 Methodology

The proposed method is the result of research undertaken at University of Montreal’s
School of Architecture in 2021 (Nejur and Balaban 2022) and was partly developed in a
masters research studio in an iterative process between physical prototypes and digital
tool development. The method is tested on the construction of a large scale (4.5 m high)
thin sheet metal prototype named A(fin)ne. Even though the process presented here is
linked to the final prototype, the resulting technique has a much broader application
in terms of scale and form. The research and subsequently the method introduced with
this paper are presented in several steps: surface pre-processing (Sec. 4.1), structural
evaluations (Sec. 4.2), discretization for assembly and structural optimization (Sec. 4.3),
assembly geometry generation (Sec. 4.4), fabrication data (Sec. 4.5), and implemen-
tation and testing (Sec. 4.6). They are detailed below highlighting the innovations
brought to the process.

4.1 Surface pre-processing

The proposed workflow requires the produced architectural surface to be presented
as a mesh for discretization but also for structural analysis (i. e., FEA). The chosen
discretization technique is a stripification process that decomposes the base mesh into
one mesh-face wide ribbons. To facilitate the decomposition and the structural analysis
a mesh with constant triangles is required. The triangle meshes with quasi-equal face
sizes are appropriate for stripification and FEA as their topology and geometry do not
excessively influence the two processes. For our prototype, the base surface was first
constructed as a loft then meshed and relaxed as quasi-minimal surface with Kangaroo
and it was finally remeshed with an average edge length of 16 cm. This ensured that
the average discrete mesh ribbon would end up with an approximate width of 12 cm.
Figure 2 shows the first steps in preparing the surface.

Fig. 2: The form-finding process for the base surface. a) Input curves, b) Meshed loft between curves,
c) Relaxed mesh with the soap bubble goal in Kangaroo for Grasshopper. The relaxed mesh is also
remeshed with Grasshoppers tri-remesh with a 16 cm average edge.
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4.2 Structural evaluation

Next the structural behaviour of the found mesh was tested using the Grasshopper
extension Karamba (Preisinger and Heimrath 2014). The mesh was evaluated as an
aluminium shell with a constant thickness of 1 mm, rigid supports with no degrees
of freedom, and subjected to self-weight. See Fig. 3a for the testing setup. The model
exhibited a large deformation mostly caused by the weight of the cantilevering part.
The model deformed around an axis defined by a linear area of close to zero Gaussian
curvature in the midsection of the surface. Figure 3b shows the simulated deformation
of the base mesh based on the self-weight loading scenario as well as the clustering
of high bending moment values in the same midsection area. To rigidify the surface,
instead of adding curvature in the problem area, we decided to selectively increase the
virtual thickness of the metal membrane and thus “program” rigidity into the structure
of the pavilion only where it was required.

khm

Maximum displacement
196 cm 4 ™

1mm AL (3003) shell

Failure zone i i
Concentrated bending moment

Fixed supports

a. b.

Fig. 3: Karamba simulation of the base mesh under self-weight. The red spheres represent the
supports with restricted translations and rotations. a) Un-deformed model, b) Deformed model
showing close to 200 cm of displacement.

4.3 Discretization and structural optimization

To increase membrane thickness without the added increase in weight we decided to
use the extra material required to assemble the discrete parts of the model (i. e., the
assembly tabs). If this extra material can be structurally engaged, it can act as a thicker
surface without the added weight. To do this we decided to connect neighbouring tabs
with strips of laser-cut metal sheet thus creating a series of “fins” running perpendicular
to the surface. Figure 4 shows an early investigative prototype.

Two important issues were identified early in the development process: structural
anisotropy and depth. As the rigidity requirement was limited to certain areas and to a
certain direction it was clear that not all areas needed the same level of reinforcement
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Fig. 4: Early connection prototype. Showing a) Surface pieces and assembly/reinforcement guides
(fins), b), c) Fins acting as curvature guides for the assembly.

or “skin depth” and that connections between the tabs had to preferentially follow a
certain direction on the surface. As the assembly pattern depends on the discretization
of the base mesh into segments, a process for directional-bias stripe segmentation was
implemented for the base surface as shown in Fig. 5. Using Karamba, the principal
bending moment field was extracted for the curved surface as a network of curves on
the base mesh Fig. 5a. After a reduction in complexity the resulting curves shown in
Fig. 5b were used to instruct the stripification process (Fig. 5c) for the base mesh using
a workflow developed on top of the Ivy add-on for Grasshopper (Nejur and Steinfeld
2016; 2017).

Fig. 5: From FEA simulation to segmentation. a) The graphical representation of the principal bend-
ing moments for the aluminum shell under self-weight, b) The simplified bending moment field to be
used by the stripification algorithm. c) The resulting segmentation with lvy Agents.

Using the Ivy API, a series of MeshGraph agents (Nejur 2016) is created on the base
mesh. The first agent spawns on a random mesh face and walks on the mesh at each
step integrating a mesh face into its subgraph. The agent walks on the dual graph
(MeshGraph) of the mesh. In this graph each face of the mesh is a node in the graph
and each mesh edge is an edge in the graph. Figure 6 shows the walk of a mesh agent on
the base mesh. The MeshGraph representation of the base mesh is not shown to make
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the figure more legible. In the agent’s subgraph the nodes are named nyg . . . n1; and the
edges ey . .. e11. The decision on what mesh face to include in the subgraph at each
step is made based on the angle between the next graph edge direction and the tangent
direction of the closest simplified bending moment surface curve. In Fig. 6 the direction
curves are shown in green as are the tangent vectors v . . . v1; corresponding to each
graph edge. The decision mechanism for the next step is shown in the same figure. To
walk from ny; to the two possible nj, variants (red and blue) the algorithm selects the
one with the smallest dot product between e1; and v1; among the red and the blue
choices. This ensures that the agent loosely follows the locally closest guide curve and
thus the geometry of the principal bending moment network computed by Karamba.
The dot product calculation for each edge of the MeshGraph is precomputed for the
whole mesh and it is stored as weight (a value between 0 and 1) for each MeshGraph
edge. In the end the walk of the agent is simply following the “least weight” choice at
every step.

Unparsed Mesh

Fig. 6: Detail of the strip growing process. An agent spawns on the base mesh in the vicinity of a
recent stripe and walks on the mesh using the local direction (tangent vector) of the nearest guide
curve as a reference.

Each agent expires after a preset number of steps (15), thus limiting the maximum
number of triangles in a strip. After each agent expiry, a new one is spawned on a
node in the immediate vicinity of recently walked nodes (mesh faces). The process
continues until all the graph nodes (base mesh faces) are parsed. The shortcoming
of this approach is that started strips often run out of mesh faces to parse and result
into stubs (strips with fewer than 5 triangles). This happens because the directional
field steers the MeshGraph agent into already parsed faces. To overcome this, another
algorithm runs in parallel with the stripification process and seeks to unify short strips
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end-to-end into larger strips with a maximum length of 25 triangles. Simultaneously
strips over 22 triangles long are split approximately in half thus greatly reducing both
the stubs and the long strips of faces.

4.4 Secondary structure (the fins)

With the discrete parts of the mesh created, the margins of the strips are used to create
a set of fins locally perpendicular to the base mesh and connected to two discrete mesh
strips at a time. The creation of the fins happens in several steps. Figure 7 illustrates
the process.

Fig. 7: Secondary structure creation. a) The strip border graph is walked to create the fins and
the braces. b) The width of the secondary structure (fins and braces) is controlled by the bending
moment values calculated through the FEA analysis.

Step 1 A graph of interconnected strip border edges is created. The new graph contains
all the naked edges of the mesh strips with the nodes of the graph being the mesh
vertices shared by those edges. The edges of the new graph retain the weight values
stored in the corresponding MeshGraph edges used previously to produce the strips.

Step 2 The new graph is “walked” with a preference for the highest weight edges
(shown in blue in Fig. 7a) and a constraint of walking on edges with no more than 30
degrees between their walk-oriented directions. This is to avoid large fin deformations
during fabrication due to bending. In Fig. 7a mesh edges EO, E1, E2, E3, E4 are part
of the same walk that will become a continuous fin. E4 and E5 are split due to the
angle deviation. The length of the walks is limited to 10 consecutive edges to facilitate
fabrication and assembly. The process produces a series of unconnected edges that
will remain singletons (braces) between the fins. They are shown in red in Fig. 7a.

Step 3 The resulting polylines are extruded in the normal direction of each contained
mesh vertex. The amount of the extrusion at each vertex is based on the vertex flexion
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value averaged from the faces touching the vertex. The averaged values are remapped
into usable millimeter values (25-50 mm) for the extrusion process. Figure 7b shows
the correlation between fin height and bending moment.

With the secondary structure in place and fused to the base mesh a new structural
simulation with Karamba reveals that the maximum deformation has been reduced
from 1960 mm to just 2 mm.

4.5 Fabrication data

For fabrication, the discreet parts of the prototype (i. e., strips and fins) were unfolded
flat and tagged using Ivy. To enable manual assembly the strips were clustered in 10
sectors each not exceeding 2 m x 2 m and max 20 kg. The clustering was done using
Ivy’s k-means algorithm implementation to produce 10 compact groups of mesh faces.
The strip clusters are created through the allocation of each strip to the cluster where the
largest number of its faces reside. Figure 10 shows the result of the clustering process.

Fig. 8: The 2D fabrication data produced by the script. Left: several typical strips with connection
tabs and assembly tags to be cut from 1 mm aluminium sheet. Right: Typical fins and a brace with
longitudinal tabs for continuity and oblong holes for the connections to the strip tabs. The fins are
cut from 1.5 mm aluminium sheet.

The unfolded strips are tagged using the standard Ivy workflow (Nejur 2016). Each mesh
strip receives text tags in all face centers and next to the border edges. Each tag encodes
the sector, strip, and face number. The center tag numbers refer to the current face and
strip while the border tags identify the connecting ones. Each strip naked edge is fitted
with a connection tab with strip end edges receiving two tabs for added stiffness in the
higher strain areas and a reduced assembly complexity. To accommodate the nut and
bolt manual assembly strategy the tabs are fitted with oblong holes. To accommodate
the curvature radius of the bent 1 mm thick tabs each unfolded stripe contour is offset
inwards with 1.5 mm.

The perpendicular fins are constructed as individual pieces from the extruded polylines
presented in Sec. 4.4. The fins use the strip tabs to connect to the base surface and are
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intercalated between each pair of strip tabs. To connect to the tabs, the fin geometry
includes oblong holes corresponding to each tab hole. To match fins with the relevant
strips and tabs each fin segment is tagged with the number of the adjacent mesh
faces also present on the strips. Fins are fitted with end tabs to ensure the structural
continuity of the fin network.

4.6 Implementation and testing

The workflow was tuned and tested during a research studio at University of Montreal
School of Architecture. Because the ambition was to build the large-scale demonstrator
by hand, the physical prototype to digital development approach was useful in tuning
the scale of the final build towards something buildable by non-specialists. The final
full-scale prototype called A(fin)ne was built in September 2021 over the course of 5
days by 12 students and two tutors with hand tools only. The final prototype stood
4.5m tall, had 202 laser-cut stripes, 465 fins and braces, approximately 3200 bolts and
a surface area of 16.7 m?. The prototype remained on display for 3 months inside the
faculty building.

Fig. 9: The assembly process lasted 5 days. First the cut strips were pre-processed a) and assembled
into sectors b) that were brought together in the full prototype c) and d). (Image credit Caroline
St-Hilaire)
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5 Discussion, limitations, and future work

The proposed method while very effective at reinforcing the 1 mm aluminum shell for the
proposed scope, also induces fabrication and assembly problems and its use revealed
a series of limitations during construction. For instance, it was difficult to manage
the large-scale assembly of the sectors, due to their limited rigidity and their weight-
induced deformations coupled with the interlocking, finger-like geometry shown in
Fig. 10. Suspending the individual sectors and assembling them in mid-air was the
only way to overcome the hurdle. The programed structural anisotropy did not account
enough for lateral efforts. If pushed firmly the built prototype would sway and vibrate
and had to be attached to a walkway for safety. To address this, future iterations of the
method will include more complex bracing. Other considered avenues of investigation
are multilayer structures. Through the inclusion of additional partial layers of strips
on the back (fin) side of the surface, a more controlled aesthetic for both sides of the
surface and an improved rigidity will be possible.
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Fig. 10: The geometry of the sectors was designed to hide the seams and avoid folding due to faulty
assembly. However, the sector fingers were a lot harder to match than anticipated during the actual
construction process. a) A general view of the sector distribution. b) Detail view of sector 3 showing
mesh face numbers used for assembly refence.

6 Conclusion

In this paper we have shown, a new method for building self-supported, large, curved,
architectural surfaces from ultra-low thickness metal sheet using the segmentation of
the surface for fabrication and engaging the dedicated assembly material for structural
rigidity. Beyond augmented structural stiffness, the method we proposed improves



Structurally Aware Fabrication for Large-Scale, Curved Architectural Skins = 13

assembly times and assembly precision especially for low-tech, low budget construction
scenarios. Our method significantly reduces weight compared to surfaces supported by
a dedicated structure and unlocks an interesting aesthetic for large curved architectural
surfaces. The method we proposed successfully addresses an existing gap in the existing
research of large, curved, self-supported architectural surfaces, built from sheet metal,
that cannot rely on curvature or folds for rigidity.

The initial base surface (without the fins) weighed an estimated 55 kg including
the bolts and the connection tabs and displayed a simulated 1960 mm deformation.
The proposed thick skin including the fins, bolts and the connection tabs weighed
an estimated 80 kg and displayed a deformation of only 2 mm similar to a supported
surface but with a fraction of the weight and associated costs.
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