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Abstract 
This paper re-approaches structural engineering through an interactive 
perspective by introducing a series of tools that concatenate parametric design 
with structural analysis, thus achieving interoperability between form and its 
structural performance. Parametric Design is linked to Structural Analysis 
using computer programming to establish a common interactive framework 
that leads to performance based designs that respond to structural constrains 
and conditions in an interactive manner. A series of examples illustrate the 
synergy between form and structure by interactively modelling, analysing and 
visualizing its response.   

1. Introduction 
The digital age has introduced new ways of approaching architectural design. 
Modern digital tools (CAD), allow geometric freedom that in turn enables 
designers to overcome traditional design boundaries and transform almost any 
form into a constructible building. The development of complex forms in 
architecture led to the transition from the traditional, static design approach, to 
a “dynamic” process [1], [3] and forced computers to become “design 
generators” [2] and CAD tools to move away from their conventional drafting 
role. The development of generative design methods, or commonly parametric 
design, enables the designer to describe mathematically complex forms and 
explore new ones while understanding their conceptual functions. 

 



Since building forms are becoming more complex, the engineering input is 
becoming essential from the concept stages and the role of the engineer in a 
design collaboration is enhanced. Despite that, there seems to be a gap 
between the ways the two disciplines interact. While a concept form can be 
shaped, understood and altered quickly by the architect, an engineer cannot 
assess the data given in analogous speed.  For a given free form shape, 
developed with ease inside a  Parametric CAD environment, extensive 
analysis needs to take place on the engineering side for it to be structurally 
assessed.  Most of the times, the full behaviour is not fully understood due to 
the time chasm between modelling, analysis and assessment and just static 
performance feedback is returned for the shape analysed. Structural 
constraints, such as performance of structural members or materials and 
boundary conditions for example, are not controlled equally by Structural 
Analysis software as opposed to the way geometrical constraints are treated by 
Parametric Design software. Conceptual structural engineering of complex 
shapes cannot follow the rapid and constantly shifting architectural object that 
it is summoned to support. The digital design process needs to be enhanced 
and be able to stimulate solutions which respond to structural performance and 
conditions. There are a few examples that implement the notion of structural 
performance models applied on specific projects as Phaeno Science Center [4] 
and Lansdowne Road Stadium [5].  A more global example of performance 
based design of roof trusses can be found in Ref [2]. Moreover, there are cases 
that implement other types of data as lighting or thermal information to 
generate performance based models [6]. 
 
This paper illustrates a synergy between the architectural shape and its 
structural performance through an interactive link between a Parametric 
Design tool, Grasshopper 3d [7], and a Structural Analysis Software, 
Autodesk’s Robot Structural Analysis [8] and demonstrates how performance 
can be incorporated into the design process in order to firstly generate an 
analytical model of the given shape and secondly iterate between a set of 
efficient structural solutions that apply to that shape. 
 
2. Methodology 
To illustrate an overview of a performance based structural design, a series of 
definitions were assembled by linking together McNeal’s Grasshopper 3D and 
Autodesk’s Robot Structural Analysis [19] using C# programming language.  



Grasshopper 3d is a plugin built in .NET framework to access McNeal’s core 
software, Rhinoceros 3d in order to control and manipulate geometry in a 
generative manner. The functionality of Grasshopper 3D (GH) can be 
extended by writing code in C# or VB .NET programming language to create 
custom components.  In parallel, Robot Structural Analysis (RSA) allows the 
interaction with other software and the use of its Calculation Engine through 
an Application Programming Interface (API). 
 
At first, a distinction should be made between the way that CAD software and 
FEM software understand and control geometry: when modelling a structure, a 
set of additional parameters should be taken into account in order to facilitate 
the process of analysing its performance. These parameters are acknowledged 
as structural modelling entities and include nodes, bars and panels and match 
real building elements as foundations, beams, slabs and so on. Some of these 
entities also exist in the pure geometric model, sometimes with different 
naming, and in fact determine a similar notion. For example, two points can 
describe a line and in the same way, two connected nodes describe a structural 
bar. What makes a significant difference in the representation of a structural 
model is the need to attach structural attributes to each of its elements, while 
the geometric model can be purely described by its topology. In addition, the 
numbering of each element and its global orientation in relation to its local 
axis definition are crucial points in the definition of a structural model (Figure 
1). A simple bar element for example, is labelled with a number and is defined 
by its two interconnected nodes i and j, each one numbered individually in the 
global system.  The accurate definition of nodes is important in structural 
analysis since that is where all the calculations occur.  
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decomposed in elements that can be read by the structural analysis component. 
The mesh vertices are translated in a list of points in 3D space, which are then 
translated in structural nodes inside the analysis component. Up to this point, 
no relation between the nodes exists only an unreferenced point cloud is drawn 
in RSA. The connectivity of each face is then used to create arrays of nodes by 
selecting the three points that comprise each face out of the list.  Finite 
elements can then be created by utilizing the arrays created using the 
FiniteElems interface in RSA.  Structural properties need to then be applied, 
which are treated in a way that allows them to be controlled parametrically by 
the user through the GH graphical interface. The properties that are essential 
for the analytical process are: the type of the elements, which are set to planar 
3-node elements with constant thickness, the material that either is pre-set 
from RSA’s library or can manually be defined by its properties and the 
element’s thickness.  The model’s supports are initialised to the edges by 
selecting all the nodes that lie on the mesh’s outline.  The border of the mesh 
is isolated by utilizing the topological information of the mesh by accessing 
Rhino.NET SDK [10].  A routine is formed to run through all the edges that 
form the mesh’s topology and select the ones that are “naked”, which means 
that they are only connected to one face. The vertices that belong to those 
edges are output to the analysis component and are selected as nodes that 
contain support information. The option of adding supports on points that did 
not necessarily coincided with the mesh vertices was also implemented by 
subdividing the mesh around the area to be supported. The topological 
information is lost when the mesh is translated to FE for the structural 
modelling and therefore the index of each support vertex needs to be found 
from the list of nodes that are already drawn in the model. After the structural 
information database is complete, the calculation interface can be called and 
results can be output for each finite element.  
 
For the purpose of graphical representation of the FEA results, each face was 
translated into a triangulated surface while keeping the topological information 
of the mesh.  Consequently, the analysis results are mapped with each surface 
facet and their values can be tagged accordingly or coloured using a GH 
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form and aids increasing efficiency in the whole design process. However, 
without the use of compatible tools, an engineer not only fails to support 
architectural design but also moves away from efficient solutions.  The 
generation of structurally responsive parametric models enables the iteration 
between ranges of efficient solutions while being able to react to each change 
of the architectural geometry rapidly.  
 
This paper demonstrated the application of the method through three 
examples: a simply supported truss, a 3D grillage and a shell structure of a 
free-form surface. The possibility for all three models to adapt to multiple 
variations of shape and the continuous user interaction was persistent in all 
cases. This also illustrates the methods’ applicability to a range of architectural 
and structural engineering problems.  
 

3.1.  Future Work 

Future extensions to the performance based parametric components include:  

- The initialisation of Robot Structural Analysis member design engine 
would allow designing and checking structural members while 
ensuring their structural efficiency. 

- The implementation of improved subdivision algorithms for the 
generation of mesh emitters around the support points to improve the 
distribution of stresses related to the interactive analysis of a shell 
structures. 

- Including a greater range of structural elements in a single model 
would allow the generation of performance models which contain 
largest amounts of assessable information which would enable a more 
holistic approach to the problem. 
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