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The increasing trend in architecture to create unconventional forms opened up
a new area of investigations in the employment of computational methods in
design and construction. Our investigation is undertaken within a structural
engineering firm, Adams Kara Taylor and focuses on finding ways to design
structural solutions that respect criteria of efficiency, architectural intentions as
well as intrinsic properties of the geometry.
In this paper, we present various approaches on discretization where a project
is presented as a continuous form, envelope or skin that must be subsequently
subdivided in order to yield a framing or cladding solution compatible with
different manufacturing, design and engineering considerations. The first
part of this paper illustrates such a project where we applied and developed
one of our discretization approaches. The second part of the paper focuses on
generalization where we present a series of methodologies and corresponding
software tools developed for the purpose.
Keywords: Discretization; framing solution; structural analysis.
Introduction
Digital design tools have increased the architects’ capabilities to create complex forms. When attempting
to realize such designs one is challenged to rethink
the processes that generate such forms as well as the
established ways of materializing them.
It is our assumption that generic design software is often limited by its own aspiration to generality which makes it difficult for the designers to
deal with the emergent issues specific to the field or
the project. This situation gives rise to the need for
development of custom tools often in a per project
basis, to address specific issues using computational
techniques.
Here we present our investigation undertaken
within a structural engineering firm, Adams Kara

Taylor a White Young Green Company. From the perspective of the application of computational techniques in design and within an engineering firm,
we can observe that we are always presented not
with whole projects but rather aspects of them. This
fragmentary involvement in projects often means
that one has develop techniqies that would allow
rapid responses when similar issues arise in different
projects.

Discretization
A problem that persists in the interface or gap between architecture and engineering practice is discretization. By this we mean the necessity to decompose continuous geometric objects into discrete
elements. This is something that is done in any case
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in visualization programs and FEM analysis packages
with each employing algorithms to fit its own set of
requirements [well behaved quad element meshes
under a given analysis algorithm or minimization of
number of facets for visualization purposes]. We are
concerned with discretization as a design process
which takes a continuous domain and lays down elements over which an engineering solution can be
built.
One particular case of discretization is when given a continuous smooth manifold as the ones that
are mass produced with the proliferation of software
based on free form modelling. An engineering solution often developes as a discrete graph over this
manifold, a wireframe model that could suggest ribs
of a shell, or a three dimensional frame structure.
Conventionally, structures tend to be rationalized
by introducing some more or less arbitrary planar
grid that would subsequently be projected on the
whole geometry. The planar elements are simplified
into linear or arc elements, and assigned a more or
less constant cross section over the whole structure
by focusing on a very limited amount of singular
values extracted from analysis results, which eases
calculations and production. We can observe that in
designing solutions for non-rectilinear designs, this
approach often leads to an over structuring of the
form as well as clashes with the geometry and the
architectural intentions behind it.
Within this problematic field of developing
meaningful structural solutions consisted with the
geometry is that we see possibilities for the development of computational methods.

Case study
Sometimes the topology of the discretization solution is already dictated by the architects, or the
chosen manufacturing technique which limits the
problem to figuring out the locations of nodes that
would best meet a set of formal and structural criteria [regularity/irregularity, member lengths, angles
at joints, planarity of panels, distribution of stresses
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and others]. Very often these criteria cannot be completely satisfied within the given set of constrains
and at best one can strive for improved but not
absolute compliance with them. Iterative methods
were changes are introduced in small steps present
an easy solution to this problem allowing for assignment of different weights to different criteria which
act as forces on the network of nodes. Such a technique was employed in the project presented here
as a case study.
The Land Securities Bridge was developed by focusing on the feasibility study undertaken by Adams
Kara Taylor in supporting the design concept by Future Systems for Land Securities.
The bridge is designed as a NURBS surface twisting around a pair of paths that connect two floors
of two office buildings. A hexagonal mesh forms its
cladding system. The complex structure is realized as
a lattice of nodes and struts supporting light weight
polycarbonate panels. Guidance from the fabrication industry suggested that the number of nodes
in the frame would be the biggest cost factor, as the
connections will be fabricated one by one, welding a
machined spherical piece to standard cut tubes.
The generation of patterns with different densities over the surface was the first step. This was made
easier by the fact that we had to deal with a single
untrimmed NURBS surface and hence we could use
direct mapping of patterns from the parametric
space of the surface. After deciding on a certain density of hexagons the resulting model went to structural analysis.
The structural solution presented at the end of
the feasibility study is shown below. From observing the geometry, one could easily understand that
all the members of the frame are acting differently
from one another due to the complex bridge-from.
However, more or less constant cross section was
assigned to the whole structure since the engineers
would use the worst affected element to decide the
cross sections for the whole structure.
We do not claim that the engineering approach
is ill-mannered. Instead, we do understand that this

approach is the most efficient considering the over
all production related to the project at this moment
of time. At the same time we felt that the direct mapping of the hexagonal pattern presented an aesthetic
problem as well, since it looked more like a projected
image rather than an integral part of the form.
In order to develop the solution a step futher, we
decided to explore a different path of using as much
of the analysis results as possible instead of some
singular values.
The constraints in the beginning of the process
were the following:
a. all the nodes should be located on the given
surface

b. nodes should form a hexagonal pattern
c. the number of nodes is constant
To achieve this we generated an initial hexagonal
pattern by direct mapping and attempted to displace the existing nodes of the mesh so that they
become denser in the areas of higher bending moments and forces, in effect redistributing the material over the surface.
The hexagonal mesh acts like a basic string model where forces are applied to nodes according to the
desired length modification of its incident members
or some vector field calculated by other means. The
resultant forces are calculated in the ambient coordinate system. Then for each node the force vector

Figure 1
Land Securities Bridge
Iteration diagram
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has to be projected on the tangent space of the surface using the metric, in order to calculate the displacement in the parametric space of the surface.
In this way all displacements happen in the parametric space and the new ambient coordinates of
the nodes are calculated directly from there, hence
eliminating the need for checking and re-projecting
the nodes on the surface after each iteration step. In
order to be able to operate on such structures that
present a certain degree of geometric complexity
it is necessary to find an adequate way to describe
them. Such a description is a data structure, which
is closely linked to an underline surface that controls

the overall form. The idea is to split the surface into
a collection of linked structural fragments. As a starting point we used an enhanced version of the halfedge data structure where facets are understood as
structural fragments that have to meet certain criteria, nodes carry information about the underlying
surface [parametric coordinates, metric etc] as well
as forces acted upon them and edges are beam elements with a different set of geometric constrains to
meet. The classes that describe this data structured
are also equipped with members that allow for fast
generation of the analysis model as well as retrieval
and storage of analysis results.
Figure 2
Land Securities Bridge
Iteration diagram - final steps
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Figure 3
Land Securities Bridge final
result

Since we wanted to densify the nodes at the
areas of higher bending moments and forces, we
had to calculate the corresponding vector field that
would result in the node’s displacements. The field
used is the gradient of a map reconstructed from the
member’s analysis results and mapped to the parametric space of the surface.
In order to create the gradient map, first, we had
to read the values from the FEM model and match
them back to coordinates on the surface’s parameter
space. This resulted in a two dimensional map of the
unwrapped surface showing distribution of forces
and moments.
As the pattern is generated in the parameter
space of the surface and then mapped onto the actual skin we could use this two dimensional map to
affect the pattern generation. To this end, we constructed a gradient vector field of the map that basically gives the directions of displacement for nodes
in order to achieve the desired densification. The
emergent irregularity of the mesh is a reaction to the
algorithms attempt to simplify and homogenize the
stress diagram. Even from the first iteration we could
see that the modified hexagonal pattern was somehow more intrinsically linked to the initial geometry.

In the above case study the topology of the
framing solution was dictated by the architects but
there are cases where the topology itself is part of
the problem. For this reason we had at times and for
different projects to consider a variety of ways for
producing networks of curves on surfaces that correspond to framing solutions.
Perhaps the most often employed method is
operating in the ambient space of the given object
and partitioning it accordingly [e.g. projecting a grid
on a given surface , where the grid is not intrinsically
linked to the surface’s geometry].

Overview of different methods for the
generation of discretization solutions
We present here some attempts at developing software tools for interactively interrogating the surfaces
in order to construct framing solutions that are more
intrinsically linked to the underlying geometry. We
try to achieve results that look a little less forced and
reduce clashes with the underlying geometry.
For demonstration purposes we will use a shell
as a test case. We also make 4 variations of different support conditions for this shell [support at
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Figure 4
Detail of hyper-streamlines of
stress tensor

intersection with the ground, linear support along
the median axis, dual cores and single big core].

Option 1: Rank(2)
For this method we took the advice of engineer oliver buckerman who suggested that a starting point
for figuring out a framing solution might be to try to
align members with the principal stress directions.
So as a starting point we analyze a given surface as
if it was a shell with given boundary conditions and
then use custom software to selectively extract the
stress tensor’s streamlines. From the resultant network of curves we can detect the singular points
which can be used as guides in the development of
a framing solution.

Option 2: Rank(0)
Using scalar fields defined over the given surface.
Scalar fields are particularly attractive because they
are easy to define and manipulate in real time as well
as superimpose them using techniques with which
many people are familiar through image processing
programms. In the above example we chose a scalar field which is intrinsically linked to the geometry
and is the distance map. The distance map assigns a
distance value at every point on a surface according
to its geodesic distance from the closest boundary
edge.

Option 3: Rank(2)
Another intrinsic tensor field to the surface is its
curvature field. The streamlines are aligned with the
two principal curvature directions and it gives rise to
natural looking networks of curves on the surface.
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Singular points and curves arise in the areas where
[Mean Curvature]^2+[Gaussian Curvature]=0 that is
where the surface is locally spherical.

Option 4: Mapping
In the cases where a surface is given as a NURBS we
can use its parameter space to produce tilings. These
tilings can be further optimized by using some iterative algorithm in order to meet different criteria.
By desribing these criteria as a vector field over the
surface we can very easily superimpose them. Such
criteria might have a manufacturing or cost effect
[making elements similar sizes [or as we will se in the
next example [the land securities bridge] might have
structural requirements [contractions near areas of
high stress].

Conclusion
We have documented an overview of various approaches taken to address the issue of discretization and generation of structural solutions for
continuous manifolds in the field of design and
engineering. These approaches attempt to suggest
a possible direction for the architect-engineering
interaction thus expanding the accessible design
solutions.
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Wireframe generation using
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