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Abstract. The paper describes the development, testing, and initial findings of a design 
tool that generates parametrically defined, semi-automatically analyzed, and visualized 
structural performance of specific truss designs. The prototypical design tool provides 
structural truss solutions for spans of uniform to non-uniform surface curvatures. 

Real-time visual structural performance feedback enables the designer to more rapidly 

develop viable and potentially more efficient designs under user defined load conditions. 
The research methodology is an example of reinforcing structural learning and intuition 

within the design process. The research presents findings of the impact of iterative and 
interactive structural feedback through the development of a parametrically integrated 

structural truss analysis tool for aiding in design decision support.
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INTRODUCTION
The research is motivated by the notion of inform-

ing form and of enabling the architectural designer 

in their native tools, methodologies, and processes. 

The research is �rst targeting the need to integrate 

structural viability and e�ciency directly into the 

form generation process of architectural design in 

early stage conceptual and formal exploration. In-

trinsic to this design decision-making in the early 

stage are issues of limited domain knowledge, i.e. 

structural versus architectural; of design and analy-

sis iteration speed and therefore feedback; of access 

and accuracy to structural analysis; and fundamen-

tally of improving architectural designs and the de-

sign process. The work is predicated on the perva-

sive use of parametric exploration in contemporary 

design settings and on the architects’ desire for for-

mal exploration given the constraints of real world 

projects, such as fee, time, codes, life safety, and pro-

grammatic and contextual �tness. The work is fur-

ther motivated by the desire to augment the design 

process with real time visual, qualitative, and quanti-

tative cues for the evaluation of structural �tness in 

particular. In response, the research approaches the 

domain of early stage architectural design and its 

intrinsic formal exploration by building a prototypi-

cal tool and working method for more closely cou-
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pling geometry with structural loading, analysis, and 

optimization where real time visualizations provide 

for reinforced learning and feedback enabling the 

informing of form.

Contemporary architects are embracing e�orts 

to improve designs and design process performance 

through computational methods and now, pro-

li�cally, through parametric design (Gerber, 2009). 

While parametric design methodologies in archi-

tecture have arguably enabled a dramatic increase 

in design exploration and of geometric and formal 

complexity, these methodologies have also incurred 

the need to integrate further intelligent analysis of 

this proliferation. Evaluating the many design solu-

tions that now can be produced rapidly suggests 

the need for automated methods rather than by hu-

man post facto analysis (Gerber et al., 2012). Provid-

ing real time or near simultaneous analysis and feed-

back of concept design and form is driving informed 

design decision making earlier into the design 

process (Toth et al., 2011). Coupling the common 

practice of parametric form exploration to structural 

analysis and simulation, the work seeks to further 

impact design cycle latency as well as to inform form 

by reducing uncertainties such as: structural �tness 

and e�ciencies; and later needs to redesign un-

sound solutions and their associated costs.

Structural evaluation in a building design is con-

sidered integral to the design process and should 

now be considered more so with respect to the 

parametric design de�nition processes (Holzer et 

al., 2007). Cost and feasibility analyses of structural 

systems should not be left to the design develop-

ment stage but should be included and integrated 

into the evaluation of design solution spaces when 

architects are still considering as many possible 

solutions as practical (Sanguinetti et al., 2010). An 

automated structural analysis tool that can operate 

within commonly used design interfaces would po-

tentially allow designers to explore solutions itera-

tively where structural performance and e�ciency 

are increased and cost is reduced, in a more rapid 

and integral fashion. Having automated structural 

performance information early in the design process 

would furthermore allow engineers to collaborate 

more e�ciently and intelligently, enabling them to 

provide expert knowledge in a more valuable de-

tailed fashion as well in a more timely manner. It is 

conjectured that the engineer would also be able to 

provide input and improve design guidance earlier 

in the project design cycle, reducing the amount 

of structural revision and augmentation more com-

monly required later. Without near-instant structural 

analysis and feedback within the design tool, CAD 

geometries have no validated physical meaning in 

terms of their structural performance during initial 

design. Previous research has argued that the ar-

chitect lacks meaningful knowledge of the capacity 

with which his or her design meets the constraints 

of structural and physics based reality (Bambardekar 

and Poerschke, 2009).

With this increased access to parametric model-

ling in the architectural profession, exploring more 

complex and unconventional structural con�gura-

tions has become a more common and pressing 

problem. However, with these non-standard forms 

come non-standard structural behaviours that are 

not easy to predict or design for without the incorpo-

ration of computer based structural simulation. Most 

project budgets cannot a�ord multiple structural 

analyses and instead resort to a compromised solu-

tion in which structural constraints have been im-

posed on the original design increasing design laten-

cy and creating a negative impact on design intent. 

Given the ability of parametric design to generate 

expansive solution spaces, the evaluation of these 

designs for structural feasibility is paramount in the 

context of form �nding through design exploration. 

This research focuses on the need for designer cen-

tric tools to determine structural behaviour quickly 

during parametric design, eliminating structurally 

unsolvable or less e�cient design solutions and in-

�uencing the designer through visual and intuitive 

feedback to improve towards a more optimal design.

BACKGROUND AND REVIEW
The current design process in practice results in 

a form that is more often than not disconnected 
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from structural simulation. This ine�cient process 

begins with architectural development and follows 

with needed structural engineering revision (Nicho-

las and Burry, 2007). Current modes of practice can 

leave both architect and engineer dissatis�ed with a 

negotiated and overly compromised result of poorly 

coordinated design and structural design analysis 

processes. Architectural and structural designers 

often take over a month working with a single de-

sign solution, producing a very limited set of de-

sign alternatives (Flager and Haymaker, 2007). This 

is primarily a design cycle latency issue that can be 

solved in part by domain integration (Gerber and 

Lin, 2013). While it is common knowledge and now 

almost standard practice in contemporary architec-

tural design that parametric modellers provide de-

signers the ability to generate expansive solution 

spaces, they do so in design isolation more often 

than not. However, there are numerous research-

ers and now practitioners who have begun to inte-

grate structural principles directly into their design 

exploration processes and technologies (Shea et al., 

2005). Current standard practice for collaboration 

between architectural and structural engineering 

domains is dependent on architectural models be-

ing exported and imported into structural analysis 

programs, which requires the generation of a new 

structural model with each new architectural de-

sign (Rolvink et al., 2010). While this method permits 

structural analysis whenever needed, it still repre-

sents the slower and limiting linear model of design 

�rst followed by analysis and engineering second. In 

de�ning a linked and informed design-analysis solu-

tion, architectural and structural parameters must 

continuously update and inform one another. The 

hurdle to integrate structural simulation into the 

common designer interface enables an iterative pro-

cess that improves feedback and the overall design 

(Turrin et al., 2011).

One prominent precedent for our work into inte-

gration of design and simulation analysis operates by 

coordinating separate computer programs running 

simultaneously. The work by Sanguinetti et. al. uses 

a “generative synthesis process (GSP)” to auto-form 

structures within a design modeller and immediately 

ports the information to a specialized spreadsheet 

program for near-instant analysis. However, the re-

searchers concluded this procedure remains domi-

nated by one-way �ow, as editing design parameters 

required a complete regeneration of the form. They 

then developed another method in which a para-

metric modeller cedes control to a spreadsheet. Ed-

iting the geometric parameters in the spreadsheet 

instantly updated the model while producing a new 

structural analysis. This more interactive approach 

allowed for real-time experimentation while pro-

ducing instant feedback on structural �tness. More 

recently researchers have avoided the need for cus-

tom spreadsheets by linking commercial parametric 

design and analysis software so that changes to the 

architecture are instantly re�ected in the analysis 

model in a second window (Gerber and Lin, 2012). 

Using computational methods to increase structural 

performance and decrease cost is a well-established 

research topic, where cost is inclusive of time, �-

nance, cost of complexity and cost of fabrication and 

construction to name but a few. Some research has 

sought to provide architects with methods to bet-

ter model geometry based on performance criteria. 

Oxman’s research proposed curvature analysis of 

surfaces as a method to calculate custom thickness, 

developing an algorithm to take an input curved 

surface geometry and generate a smoothly transi-

tioning thickness gradient at every point (Oxman, 

2007). Signi�cantly, this method generates 3D model 

geometry as a result of performance information il-

lustrating to the designers real-world consequences 

of their design as they develop it.

The introduction of CAAD design tools also al-

lowed architects to generate an increasing numbers 

of design proposals. Whereas limits of time and cost 

restricted traditional structural engineers from deve-

loping more than a few structural models for any 

project, this increase in design space exploration 

also required new methods of structural analysis au-

tomation such as meshing, centerline modeling and 

BIM data associated with geometries to simplify iter-

ative modeling between software platforms. Other 
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researchers and practitioners developed methods to 

automate the process of model generation so that 

structural analysis programs could be utilized for an 

increasing, but �nite, number of designs proposed 

by architects. These methods produced adequate 

one-o� analyses in which a �nite set of architectural 

models produced by the architect could be indi-

vidually analyzed and structural solutions proposed. 

However, recent advances in computational a�ord-

ability and the adoption of parametric modeling 

by structural engineers can now allow architects 

to �ne-tune design parameters in a much more ex-

pansive and exploratory iterative process. Research-

ers such as Rolvink et al. have developed complex 

computational and interconnected programming to 

allow near-instant structural analysis within design 

teams. Architects can re�ne designs and explore 

new options in one platform and engineers can pro-

vide structural feedback quickly and remotely from 

their domain speci�c software platform, allowing 

architects to further re�ne their designs in near real-

time as illustrated in the work of Holzer et al.

Another set of precedents includes optimization 

methods once domain integration has been formal-

ized. Researchers have begun to develop computa-

tional optimization and form �nding of structures in 

conjunction with parametric design iteration. Across 

architectural and engineering disciplines, several 

di�erent methods have been developed for this pur-

pose. Each has shown that computational optimiza-

tion is a worthwhile next step in the process (Shea 

et al., 2005; Holzer et al., 2007; Alfaris and Merello, 

2008). The major drawbacks to date have been the 

computational lag of converting architectural to 

structural models and the relatively high level of 

computer knowledge required for these analyses. 

The interoperability and �le format exchange pro-

cess is a continual drawback. While Industry Founda-

tion Classes (IFC) is a partial solution and while some 

building information modelling (BIM) packages 

have wire, joint, and surface information embedded 

in their objects to allow structural properties to be 

maintained between architectural and structural 

models, they do not yet adequately de�ne and set 

loads and constraint de�nitions and checking of 

each member for accuracy.

RESEARCH PROBLEM
The research problem is to enable the designer with 

immediate actionable feedback of a structural solu-

tion for a given surface form. The research objective 

is to further inform form through integrating design 

process with structural simulation, sustaining itera-

tive analytical feedback for the design decision mak-

ing of complex trusses. The research gap is seen in 

the common training and domain expertise of the 

architect and in their native tool kit to inform their 

designs through structural analysis in an intuitive 

and real time fashion. This problem results in archi-

tectural solutions that are non-optimized at best, 

are typically ine�cient or un-conservative, or are 

not physically possible at worst. Additionally, the 

current work-process of architects and engineers is 

slow and laborious, requiring architects and their 

engineers to wait on one another. This design cy-

cle latency and asynchronous work�ow limits the 

number of design iterations that can be considered 

for further development, and therefore arguably 

limits the �nal optimality of a particular design pro-

cess. Moreover, unlinked architectural and structural 

models require engineers to spend large amounts of 

time reworking their analyses when architects make 

even small changes to these parameters, which oc-

curs often in the early design stages. This ine�ciency 

can be overcome in part by integration and automa-

tion. However, in order to achieve maximum struc-

tural e�ciency, engineers must be engaged in this 

early design stage process. Linking architectural and 

structural computer models is key to developing a 

structurally informed architecture while still in con-

ceptual design, without limiting the designer’s abil-

ity to explore form and propose non-standard solu-

tions. There are several projects and design teams 

worldwide that have the resources to achieve a fully 

integrated and e�cient design process, but there 

are many times more that would like to explore para-

metric design spaces with limited resources and buy 

in from the engineer to e�ectively use this approach.
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Our proposed solution and research is to deve-

lop a design-assist tool for structural trusses within 

the designer’s native environment. One that can pro-

duce structural performance information quickly and 

in a format comfortable for designers that in�uences 

structural performance throughout design explora-

tion, resulting in cost e�ective, aesthetically appeal-

ing, constructible and viable structural solutions. It is 

a tool that must also allow for an increase in poten-

tial solutions to be developed by architect and engi-

neer in closely coupled collaborations. The expected 

results will be informed architectural designs that are 

meeting structural performance requirements, mini-

mizing structure costs, and improving collaboration 

between domain experts. This design-assist intends 

to foster an increased understanding of structural 

behaviour for informed decision making of the de-

signers of complex architectural forms.

Ideally, the design-assist tool could be expanded 

to all structural types but this research was limited to 

trusses as a starting point. Trusses are a common and 

e�cient structural system to span long distances 

with minimal materials. Trusses are used in a range 

of scales and geometric forms from local beam or 

mullion sizes up to bridge or long-span roof systems. 

They are comprised of chord and web members and 

the continuous top and bottom chords are idealized 

as discrete axially loaded members that resist the 

bending moments developed along the span due 

to loading perpendicular to the span. Diagonal and 

vertical web members collect the shear forces that 

are proportional to the cumulative perpendicular 

loading of the truss span. The ability to model all the 

axial-load only members as springs and their broad 

application make trusses an ideal starting point for 

developing the design-assist tool.

RESEARCH METHODOLOGY AND PRO-
TOTYPE DESCRIPTION
The primary research methodology is to build a pro-

totypical tool based on technologies common to the 

contemporary design process. Rhino and Grasshop-

per are selected as the primary platform for devel-

opment given the prevalent and easy to use mod-

elling and graphical programming environments. 

Additionally, Grasshopper components Kangaroo 

and Galapagos are used for physics based simula-

tions and evolutionary search in the Rhino based 

parametric design process. The research prototype 

consists of seven discrete parts in a sequence, that in 

total comprise a shareable Grasshopper de�nition, 

work�ow and interface. These components each 

perform a specialized function and provide designer 

control over the structural design and simulation 

process (Figure 1). The seven steps and components 

are described in detail below. 

As a �rst step, Design Parameters and Inputs are 

required to de�ne the design problem; a surface 

(described in the next section) and speci�c trusses 

are modelled in Rhino. Here the designer speci�es a 

custom form and path to follow or allows the tool 

to generate one of several automatic truss paths be-

tween two points in three dimensions. Other input 

parameters include the type of truss generated, here 

limited to the basic Pratt and two versions of War-

ren trusses; the number of segments; the geometric 

properties including height, width, and depth width 

with progressive variation; and connection geom-

etries.

The second step, Geometry uses the previ-

ous design parameters to automatically generate 

a wireframe model of the initial truss choice. This 

component uses the previously input path of the 

truss to create a series of local orthogonal frames in 

which the individual joints of the truss are placed, 

depending on the user de�ned or default design 

parameters. With the joints created, a custom node 

and script calculates and instantiates linear bar seg-

ments to form the appropriate truss type.

The third step, Structural Loads & Parameters 

uses the wireframe conceptual model and manages 

the designer input for structural member sizes, load 

types and magnitudes, and connection types in or-

der to automate the evaluations of the structural 

design. To alleviate the complexity or lack of domain 

expertise of these decision steps for non-technical 

designers, default choices are provided along with 

parameter options for customization.
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The fourth step, Simulation combines the wire-

frame model with the structural parameters, and 

creates a structural model through a series of au-

tomated steps. Based on elastic spring theory, each 

bar in the truss is simulated using a Kangaroo spring 

component and its mechanical properties. Loads 

are placed on the appropriate joints using a custom 

placement method that takes into account the load 

parameters given. Anchor points are constrained to 

model real-world connection details according to 

the input choices. This information is fed back into 

the Kangaroo engine, which performs n speci�ed 

simulation steps. Kangaroo produces an ordered list 

of the locations of every truss joint as they move due 

to the loading during each simulation step. These 

deformed joint locations are culled for the 1st, n-1th, 

and nth steps, which are reconstituted into deformed 

wireframe trusses using a similar method as that in 

the Geometry component.

The �fth step, Analysis takes the now loaded and 

deformed wireframe truss from the Kangaroo simu-

lation and, through an analysis of the di�erential be-

tween the original and nth truss, produces and visu-

alizes deformation information for each bar. Using 

the mechanical properties that de�ned the struc-

tural model, these deformations are converted to 

strain, stress, and axial force measurements. Simulta-

neously, a custom code-check algorithm calculates 

the strength capacity of each bar using AISC Steel 

Manual compression and tension speci�cations. 

A strength-demand/strength-capacity calculation 

determines the e�ciency of each bar used and de-

termines which fail to meet their strength require-

ments. A colour gradient is modelled over a shaded 

version of the truss to communicate to designers 

which bars have excess, appropriate, and insu�cient 

strength to meet their demands. Additionally, a de-

�ection assessment is performed to measure truss 

displacements under the applied loads.

The sixth step, Optimization Selection enables 

designers to choose which metric determines the 

relative �tness of their truss and form design. The 

metrics provided include weight, number of mem-

bers, cost, weight with de�ection limits, and cost 

Figure 1 

Illustration of the proto-

types’ graphical program 

encapsulated as seven steps of 

work�ow; user interface and 

parameter input �elds.
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with de�ection limits. Fitness is evolved and de-

scribed in the last step.

The seventh and �nal step, Optimization uses 

another Grasshopper component, Galapagos to au-

tomate the use of an evolutionary algorithm to opti-

mize the design for a singular �tness metric chosen. 

This automated �tness-function component evalu-

ates the original and deformed truss geometries as 

well as the structural input information to determine 

the �tness value for the current design solution. The 

Galapagos engine records this �tness value for the 

current solution and runs an optimization routine, 

it then proceeds to change any designated input 

parameters in steps one and three, at which point 

a new progression proceeds. It should be noted the 

design assist tool uses only one metric as the pri-

mary �tness function and collapses all metrics into 

one through weighting factors, a limit of Galapagos 

discussed in greater detail in conclusions. 

RESEARCH EXPERIMENTS, PROTOTYPE 
TESTING AND RESULTS
In order to evaluate the accuracy and validity of this 

tool, a series of �ve experiments were performed 

using an increasing level of complexity of truss to 

replicate both standard and highly unusual con�gu-

rations. One primary research metric was that of the 

design assist tool’s accuracy measured for all geom-

etries. Industry standard SAP2000 was used as the 

engineering analysis benchmark for accuracy veri�-

cation. Another critical research metric is that of im-

pact on design process understood through speed 

of design exploration and value of the in-process 

analytical cues and visualization.

For each experimental case the accuracy bench-

mark process is as follows; a truss was created, 

loaded, and analyzed within the design assist tool. 

The wireframe model is ‘baked’ (saved as a �xed 

geometry) into Rhino, from which a series of .dxf 

�les modeling the di�erent bars in the truss were 

exported and then imported into SAP2000. Within 

SAP2000, with the geometries of the truss automati-

cally placed, member sizes, bar numbers, load place-

ments, and base constraints were assigned manually 

to match the Grasshopper tool setup. A batch �le 

could be written to create a SAP2000 model from 

Rhino to automate the process, but the goal of this 

methodology is to make a native and inexpensive 

tool for designers that does not rely on expensive 

black box software. An analysis was run and internal 

force data was exported for each of the truss bars. 

Similarly, internal forces were exported from the 

Grasshopper tool to an Excel spreadsheet for com-

parison. Initially, results of the individual member 

forces comparing the tool and SAP2000 varied by as 

much as an average of 112.6% and a median of 2.1%. 

Average absolute member force error was as high as 

2.61 kips (1 kip = 4.448 kN), an unacceptable level 

of error when designing structural members. How-

ever, once SAP2000’s non-linear analysis mode was 

enabled to more realistically model second order 

de�ections, errors dropped signi�cantly to accept-

able levels. While average error remained as high 

as 14.4% for one trial, median error across the trials 

was at or below 0.1% (Table 1). The high percentage 

errors are deceiving as they occur in close-to-zero 

load members. The absolute errors are small for all 

members. Average absolute bar force error never 

exceeded 0.02 kips, or 20 lbs, a statistically insigni�-

cant amount for structural design of this magnitude. 

Where individual bars experienced unexpected 

and unusually high force errors when other bars in 

the truss were deemed accurate, these errors were 

traced to occur in bars with absolute forces of small 

magnitudes. It is clear that the largest percent-

age errors between SAP2000 and this tool occur in 

members that help to laterally brace the main chord 

members but take little force themselves, whereas 

critical members that carry the majority of the forces 

in each truss regularly have errors of less than 0.1%. 

For all members, the absolute errors are small. The 

results of these test trials show that the tool is ac-

curate and reliable to within tenths of a kip for both 

standard and highly irregular truss geometries. 

In parallel to ensuring structural accuracy, the 

research sought to qualify the design assist tool’s 

impact on design process. Exhaustive end user tests 

have yet to be conducted, but metrics for continued 



76 | eCAADe 31 - Computation and Performance - Volume 1 - Design Decision-Making

research have been formulated. These include as-

pects of improving design exploration in terms of 

speed, e.g. iterations over time; quality of solution 

space, e.g. number of viable solutions within the 

constraint space; and designer computer interac-

tion, e.g. ease of use and more so impact and inte-

gration of the analytical visualization in the design 

process. The tool already can evaluate designs for 

their cost and structural e�ciencies and we believe 

through continued user experiments and protocol 

analysis we will be able to demonstrate and measure 

reinforced learning and impacts on design cognition 

as it relates to integration, problem scale (complex-

ity) and coupling of architectural and structural de-

sign parameter spaces (Figure 2). 

CONCLUSIONS
Linking commercial software does not alone achieve 

the goal of providing informed iterative feedback 

to designers without the need for advanced en-

gineering expertise and the incurred design cycle 

latency. The design assist tool described here pro-

vides intuitive structural feedback directly on the 

design model and illustrates a novel approach to 

combining analytical data and visualization in real 

time design exploration process. In addition to the 

design assist tool’s generation of truss geometries 

that follow complex surface forms, it allows the de-

signer to observe structural simulation in real time. 

The success or failure of the tool is measured �rst by 

its ability to decrease the number of failing design 

proposals generated by users under a given load 

condition; and second by the time taken to reach a 

successful design solution. This time is understood 

to be a critical metric for determining design assist 

tools’ ability to help designers iterate and search for 

a viable structural design solution while rejecting 

those that fail testing, thereby minimizing tradition-

al design cycle latency. A third measure of success 

of the tool and method is truss e�ciency; where the 

designer assisted truss outputs can be shown to re-

duce cost and/or weight over standard alternatives 

while ful�lling all requirements, project geometry 

and structural viability. In pursuit of these measures 

of success further research and development of the 

design tool to work with other structural systems 

are to be explored in an open source approach to 

expand the designers’ access to integrated structural 

feedback in an intuitive and iterative manner. 
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Figure 2 

Illustration of common archi-

tectural design problem where 

structure and design are not 

closely coupled. The diagram 

shows three truss con�gura-

tions extracted for testing 

the design assist tools with 

images of four steps along the 

right hand side including the 

graphical output and designer 

interaction with analytical 

visualization.
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