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ABSTRACT

The student of architecture with the basic knowledge of the disciplines of structural engineering can easily 

understand structural processes more technologically developed. The use of optimization starts from the un-

derstanding of how the structure behaves statically and aims to generate physical models that address structural 

criteria, such as supports and loads, and functional criteria, such as the type of material used, openings and 

solid areas. By knowing the variables required for optimization, the geometric shape of the structural element 

tends to change to an organic architecture configuration. Even with optimization processes presenting a lot of 
mathematical complexity, this paper approaches the essential stages for teaching the structural topological op-

timization in undergraduate architecture. Also, through examples, propose practical and simplified models that 
can be easily implemented in the classroom and in the professional life of the architect, conferring excellent 

results in terms of functionality and structurally efficient. To achieve these results, three software were used in 
free and educational versions, such as ForcePad, Topostruct and MIDAS NFX. The studies were applied in the 

structural design of a vertical building, a footbridge, a hammerhead bridge pier and a cantilevered building.
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RESUMO

O estudante de arquitetura com o conhecimento básico das disciplinas de Engenharia Estrutural pode facil-
mente entender os processos estruturais mais desenvolvidos tecnologicamente. O uso da otimização parte do 

entendimento de como a estrutura se comporta estaticamente, e tem como objetivo gerar modelos físicos que 

contemplem critérios estruturais, como suportes e cargas; e critérios funcionais, como o tipo de material uti-

lizado, aberturas e áreas sólidas. Conhecendo as variáveis necessárias para a otimização, a forma geométrica 

do elemento estrutural tende a mudar para uma configuração de arquitetura orgânica. Este trabalho aborda as 
etapas essenciais para o ensino da otimização topológica estrutural na arquitetura de graduação. Além disso, 

através de exemplos, propõe modelos práticos e simplificados que podem ser facilmente implementados em 
sala de aula e na vida profissional do arquiteto, conferindo excelentes resultados em termos de funcionalidade e 
estruturalmente eficientes. Para alcançar esses resultados, três softwares foram utilizados em versões gratuitas 
e educacionais, ForcePad, Topostruct e MIDAS NFX. Os estudos foram aplicados no projeto estrutural de um 

edifício vertical, uma passarela, um píer de hammerhead bridge e um edifício em balanço.
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INTRODUCTION

This article proposes a methodology 

to be used in the conceptual structural design 

stage, both for professionals of the area, but 

mainly as a tool of assistance in teaching fun-

damentals of structures for students. It exposes 
the application possibilities of topological opti-

mization of the structure, through technologies 

already available but not yet explored within 

the teaching of architecture, such as free opti-

mization software. The basis for the feasibil-

ity of applying these tools is justified within 
the conditions and curricular qualifications al-
ready implemented in most of the architecture 

schools.   For a better understanding of this 
work, a bibliographic review is presented, from 

previous researchers until the current scenario, 

regarding both teaching structures in the Ar-

chitecture and in the concept of optimization, 

focusing on the main points that support the ob-

jective of this work. Following for the demon-

stration of the methodology and in sequence 

its application in examples of structures in the 

teaching of students of architecture through 

optimization processes. The results of the opti-

mization are presented in four architectural ap-

plications developed by undergraduate students 

of architecture, who applied the methodology 

within the creation process of the architectural 

project. These applications are: in the design of 

a vertical building, a footbridge, a hammerhead 

bridge pier and a cantilevered building.

The teaching of the conceptual 

structural design

In the architecture academic require-

ments, the student must understand the profes-

sional concepts related to the structures, it is 

worth noting the charter that recommends the 

technical aspect in architectural education: the 

ability of technological application which re-

spects the social, cultural and aesthetic needs, 

and aware of the appropriate use of structure 

and construction materials in architecture and 

their initial and maintenance cost (UNESCO/
UIA, 2011).

In teaching structures to architec-

ture students, they receive the first concepts by 
analyzing an isolated piece: a column, a slab, 

and a beam, to then analyze in a global way the 

behavior of the elements set. According to Sil-
va (2000), the global view is important, start-
ing from the synthesis: the introductory knowl-

edge of all the structural forms, regarding their 

logical conceptions, considering the economic 

use of the materials; the origin and evolution 

of forms according to cultures and technolog-

ical progress; its purpose and aesthetics. This 

process of teaching and learning starts from the 

study of resistant structures from the point of 

view of form, considering their origins (mor-
phogenesis) and evolution.

Several authors approach the impor-
tance of study and the relation of architecture 

with the structure for the architect’s full pro-

fessional training. Criteria and methodologies 

have been developed to make the understanding 

of structure behavior increasingly clear, in both 

functional and mathematical aspects.  Schlaich 
(2006), affirm that is a challenge, teach theory 
and design in parallel.

According to Larsen and Tyas (2003), 
the development of a structural concept should 

be a collaborative process whereby the con-

trasting requirements of structural necessity, 

aesthetics, and functional utility are synthesized 

into a workable and impressive whole. Accord-

ing to the author, many of the best examples of 

modern building design where the structure is 

part of the architecture are the result of a truly 

combined effort.  
A classical view, from Torroja (1958), 

defends the discussion of form and structure, 

the structural design being prior to calculation. 

The author proposes an understanding of struc-

tures functioning, using physical models. In 
this way, the master’s dissertation by Oliveira 

(2008) developed the MOLA model that eluci-
dates the behavior of the structure in terms of 

stability, representing the influence of different 
types of supports and joints, as well as loads on 

the structure. That’s an easy tool application for 

the Torroja’s proposes. 

Margarido (2001) and Rebello (1993) 
agree that students feel the need for learning 

that provides the visualization and understand-

ing of physical phenomena, in addition to di-

mensioning strategies through quantitative and 

abstract models.
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Lindemann et al. (2004) see that teach-

ing to design students involves providing them 

the ability to go on from investigating specific 
properties to active articulation and expression 

of ideas in design, from inner structure to outer 

contour. They propose the use of simple physi-

cal sketches with the use of computational tools 

aiming at the adequate solution of conceptual 

structural design.

In this way, the authors Kripka et al. 
(2017) present the use of computational tools to 
aid in the understanding of problems in struc-

tures, and one of these tools is GeoGebra for the 
calculation of efforts in structures. They discuss 
the need for changes in teaching environments, 

since the student is subject to an excessive 

number of information and new technologies, 

nowadays.

Teaching structural optimization 

inspired in nature

Within the teaching of structures in ar-

chitecture, optimization processes are rarely 

discussed. One of the few relations with opti-

mization processes is discussed when compar-

ing the structure with natural elements. The 

structural forms developed in living beings 

are initially applied in teaching: nature teach-

ing optimization processes in all their mani-

festations (SILVA, 2000). This concept, called 

natürliches Tragwerk (Natural Structure), was 
formulated by Otto (1958) and deals with the 
search for optimization of the resistant form, in 

which the structural systems arouse interest by 

constituting means of building more, however, 

expending fewer material resources and energy, 

and that as a product, originates more natural 

structures, despite the technical process to ob-

tain the form.  The authors Cassie and Napper 
(1958) analyze the relevance of the study of 
natural structures, because nature itself is opti-

mized and uses a minimal amount of material in 

its structural form can achieve high resistance, 

thus, signing the idea of   economy of means.

There are criteria for possible variations 

of forms correlated with variations in the effort, 
well addressed in Rebello (2000), in the chapter 
Analogies between structural systems of Nature 

and buildings, which exposes the observation 

of existing examples and natural phenomena. 

An example of this can be observed in a branch 

of a tree, where the inertial variation becomes 

possible as a function of the bending moment 

variation (there is a relief of stresses), allow-

ing structures with variable section. As well in 

Mattheck’s (1990) work, the evolution of trees, 
which is guided by the necessity to withstand 

wind and to maximize their capacity to collect 

nutrients, or in the process under which bones 

change their shape and constitution, according 

to the loads they must bear (WOLFF, 2012). 
Such relation involving nature merge 

with the concepts of Biomimicry (is an ap-

proach to innovation that seeks sustainable 

solutions to human challenges by emulating 

nature’s time-tested patterns and strategies), 

which is the search for structural efficiency in 
the natural elements, through the optimization 

of the form seeking a reduction of material use. 

This relation becomes clear with the following 

quotation: Shape is cheap but the material is ex-

pensive (BENYUS, 1997). Figure 1 shows this 
application, in which the ribs of the Victoria 
Cruziana (a flower of the family of water lilies) 
constitute a natural process of stiffening the flat 
surface by varying thicknesses and irradiations 

throughout its length, also inspiring Pier Luigi 
Nervi (PAWLYN, 2011).

Figure 1. Victoria cruziana and Palazzetto dello Sport 
by Pier Luigi Nervi. 

 

Source: Pawlyn (2011).

In a current scenario, researchers seek 
to understand the dynamic behavior of ele-

ments of nature. In the work of Schleicher et al. 
(2015) they developed a methodology for trans-

ferring principles of plant movements to elastic 

systems in architecture, as showed in Figure 2 
the elastic deformation in the Strelitzia reginae 

flower applied to a facade shading system.
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Figure 2. Elastic deformation in the Strelitzia reginae 
flower applied to a facade shading system

Source: Adapted from Schleicher et al. (2015).

Topological optimization

The first applications of structural op-

timization concepts date back to 1866 in Cul-
mann’s work and in 1870 in Maxwell’s work. 
Maxwell (1870) considered that the optimal 

structure would be the one that used less ma-

terial, and based on the theory of elasticity, he 

proposed trusses with elements aligned exact-

ly with the directions of the principal stresses. 

Studies of the 90s converge with Maxwell’s 
theory, as is the case of structures with max-

imum rigidity and lower weight for only one 

load, obtaining a similar geometric configura-

tion (ROZVANY et al., 1995).
Michell, in 1904, in his work “The Lim-

its of the Economy of Material in Frame-struc-

tures”, presented one of his first studies on opti-
mization, giving continuity to Maxwell’s (1872) 
work. At the beginning of the study of struc-

tural optimization, the famous Michell beams 
became known as Figure 3. Due to their high 
degree of mathematical complexity as well as 

difficulty for implementation for the time, such 
processes were stopped.

Figure 3. Michell Optimizations: (a) cantilever; (b) Simply  Supported beam; (c) torsion bar.

Source: Michell (1904).

After 1904, the studies did not have 
practical applications for six decades, until the 

release of the computational tool and mainly 

the finite element method in the mid-60s the 
aeronautical industry was the main beneficiary. 
In the 70s, the theory developed previously was 
then implemented with the emergence of algo-

rithms in programming language. In the 1980s, 
commercial software for finite elements started 
to include some structural optimization mod-

ules (ROZVANY et al., 1995). At the end of the 
1980s, the topological optimization method be-

gan to emerge.

The optimization process can occur in 

three ways: sizing optimization, shape optimi-

zation, and topology optimization. According 

to Bendsøe and Sigmund (2003), sizing optimi-

zation considers a structure that can be sepa-

rated into a finite number of components. Each 
component is parameterized so that only one 

variable defines it. The optimization will try to 
find the optimal value of the parameter to match 
the requirements of the problem, for example, 

cross-sectional area (Figure 4a). Shape optimi-
zation is an extension of parametric optimiza-

tion which allows more freedom of connections 

between components within the framework. 

The allowed design is limited to a fixed topolo-

gy and the number of optimal variables can be 

limited, this number is larger than the paramet-

ric optimization, as shown in Figure 4b. Topo-

logical optimization is a mathematical approach 

to finding the optimal material distribution for 
a given design domain and does not give lim-
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itations to the structure that must be optimized. 

In structural problems, topology optimization 
includes the determination of position, shape 

and number of holes and type of supports in the 

project’s domain (Figure 4c).

Figure 4. a) Sizing optimization, b) Shape optimization, 
c) Topology optimization

Source: Bendsøe and Sigmund (2003).

A general optimization problem is rep-

resented in accordance with Figure 5, in which 
one has problems of maximizing or minimizing 

an objective function of one or more variables 

belonging to a domain, subject or not to con-

straints. These constraints can be expressed by 

equations, inequalities and limits of variables.

Figure 5. Standard form of an optimization problem.

The topological optimization of the 

structure has an appeal mainly related to sus-

tainability, due to the rational consumption of 

the material. Nowadays, the manufacturing 
process often impedes the application of opti-

mized solutions due to the manufacturing pro-

cess (ELEFTHERIADIS, 2015), as the case 
of structural models in profile I with varying 
depths (Figure 6). To counter such imped-

iments, one of the solutions is the use of 3D 
printers, extremely linked to topological opti-

mization (POPRAWE, 2017).

Figure 6. Examples of Variable Depth Beams.

Source: Carruth & Allwood (2012).

Another significant and more recent im-

portance of topological optimization is within 

the BIM (building modeling information) sce-

nario, which has become a step in the Interac-

tive Abilities during Design Processes (CHI, 
2015; ELEFTHERIADIS, 2015).

Optimization in architecture, 

applications and teaching

Topology optimization has been used 

randomly in the structural design process and 

has no clear defined role, as described by King-

man et al. (2014). According to Bendsøe and 
Sigmund (2003), optimization was defined as 
“an intellectual sparring partner” during the 
preliminary design phases. The results of a 

topological optimization study were directly 

translated into the geometry of the final struc-

ture in a process called Computational Morpho-

genesis (OHMORI, 2010). 
The results of many applications often 

show a strong similarity with structures that are 

found in nature (Xie et al. 2011; Frattari et al. 
2010) and are generally structurally efficient as 
well as aesthetically pleasing within organic 

solutions. It is interesting to highlight Domber-
nowsky and Sondergaard’s (2009) work, which 
analyzed three-dimensional compositions for 

application in slab elements and their direct ap-

plication in manufacturing processes in CNC 
machines.

Within the most recent scenario, Begh-

ini’s (2013) work presents a solution for struc-

tural stabilization applications of multi-floor 
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buildings. Stromberg et al. (2012) used the 
theoretical work on the stabilization project 

of multi-floor buildings to develop conceptu-

al projects for buildings that are aesthetically 

pleasing and structurally efficient. In Japan, 
the execution of a building was presented, with 

walls that were modeled as rectangular plates 

and optimized for vertical and horizontal load-

ing combinations (KINGMAN et al., 2014 
apud OHMORI et al., 2005). Topological opti-
mization was also used in Arata Isozaki’s work, 
an architect, at the Qatar National Convention 
Center in a structural support application for ac-

cess coverage of the convention center (Figure 7).

Figure 7. Qatar National Convention Center.

Source: Isozaki (2017)

The possibility of educational imple-

mentation of topological optimization within 

the architecture began in 2001, with Tcherniak 

and Sigmund’s work, who developed an online 
platform (Figure 8a) for easy implementation 
of structural problems, with conditions of loads, 

supports and domains (Figure 8b).

Figure 8. a) Online software user interface; b) Domains 
and constraints for cantilever structure and the result 
of topological optimization

Source: Tcherniak & Sigmund (2001).

An educational implementation record 

can be found in the work developed in the Lund 

University classroom, where the application of 
the free software ForcePad was made in the de-

velopment of tripod structures and tested in the 

classroom through cardboard cutouts (LINDE-

MANN et al., 2004).
Lindemann and Damkilde (2009) devel-

oped implementations in the ForcePad software 
for two-dimensional problem solving with fi-

nite element analysis and an enrichment in the 

interactive process, aiming for educational use 

and free access with a simple and practical in-

terface (Figure 9a).
Mac Namara and Guest (2012) present-

ed in their article the result of an exercise de-

veloped within the University of Syracuse for 
master’s degree students in architecture. With 

several practical problems, students should use 

optimization software and, at the end of the 

work, answer a questionnaire. At last, with very 

interesting solutions, the result of the question-

naire stands out in the interest of its students, 

in which 90% judged it to be interesting. More 
than 80% answered that the optimization appli-
cations increased the level of structural knowl-

edge understanding. 

Nobel (2016) presents an interactive 
solution for developing 2D and 3D problems 
through free applications for smartphones and 

tablets, called TopOpt 2D and TopOpt 3D (Fig-

ure 9b). Its use requires only knowledge regard-

ing support and connection types, loads and do-

mains. More recent works stimulate structural 
optimization through application games, such 

as TopOpt Game, published in the article by 
Nobel et al. (2016), where the goal of the player 
is to find the ideal material distribution, which 
will give the highest score meeting the mini-

mum compliance (Figure 9c).
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Figure 9. Available apps

 

Source: Nobel et al. (2016).

MATERIALS AND METHODS

The general principle of topological 

optimization problem is to determine the op-

timal distribution of material within a domain 

designed to meet a given goal. In general, the 
problem considered is to obtain the structure 

with maximum rigidity and lower weight in a 

domain containing constraints, supports, and 

subject to a loading system (Figure 10).

Figure 10. Designable domain and boundary condi-
tions.

For the development of this study, the 

following steps were proposed for undergrad-

uate students in architecture to analyzed: de-

sign’s goal, mass study, support conditions, 

loading conditions, topology optimization and 

geometric interpretation, as Figure 11.

Figure 11. Methodology for application of topology 
optimization in architecture.

The first step is the definition of a goal 

to which the application of the methodolo-

gy will be inserted. For the present work, this 
methodological proposal was implemented in 

four general objectives of projects, being:

I. Apply in a multi-floor building project;
II. Apply in the design of a footbridge struc-

ture;

III. Design a hammerhead bridge pier in the 
city of Curitiba.

IV. Cantilever building.

In the mass study criterion, we approach 

the geometric delimitation, also called the 

definition of the domain. Here is the choice of 
where the optimization will occur, by means of 
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optimizable regions or not. The possibility of 

imposing non-optimizable areas allows a great-

er control over the personalization shape, for 

example, the imposition of holes in the work 

domain (that is, areas where we do not have op-

timization because there are no masses) is quite 

simple and allows to explore different designs, 
using different strategies to bear the imposed 
loads (DAPOGNY, 2017).

The boundary conditions of the problem 

are the next procedure, which is divided into 

conditions of support (rigid body movement re-

strictions) and loading conditions (concentrated 
loads, distributed loads) in the most varied con-

figurations of directions. The concepts required 
for the practical application of optimized prob-

lems within undergraduate architecture courses 

are already widely covered in the disciplines of 

structural systems, namely stability of build-

ings. The basic principles required for this step 

are: concept of loads in structures (concentrated 
and distributed forces) and the concept of struc-

tural supports (restrictions of rigid body move-

ments).

The shape to be generated will be based on 

the load configuration and restrictions imposed 
by the user, that is, the geometric response 

created will be for the defined input problem. 
Non-applied loading cases will not be analyzed, 
so every occurrence of loading as combinations 

(permanent and variable loads) must be studied 
by the user. This is a point of extreme fragil-

ity for the interpretation of problems that are 

structurally viable, or not. The user must define 
the relevance of the movement restrictions and 

load application as the principle that generates 

the form.

Once all the constraints have been defined, 
the student must implement these definitions in 
an educational software of optimization and of 

recognized technical scientific value as Force-

Pad, Topostruct, TopOpt 2D, BESO2D and MI-
DAS NFX. The basic configurations required 
are those described in the previous steps, not 

requiring deepening, since the modeling en-

vironment is two-dimensional and with easily 

understood icons (as a symbol of the structural 
supports) (Figure 8a and Figure 8b).  In Force-

Pad as in TopOpt 2D, there is a simplification 

of properties relative to materials. The modulus 

of elasticity is constant, as well as the Poisson 
coefficient. The loads are assumed to be of the 
same magnitude, but the user can apply multi-

ple force vectors on the same point when there 

is a need to represent a higher intensity.

Finally, with the optimized solution, the 
student must interpret the generated geometry 

to configure a digital model (Google Sketch-

up) that can insert the dimensions (lengths and 
thicknesses), resulting in the final model of the 
structure to be implemented in the specific ob-

jective of each project. The physical interpre-

tation and justification of the obtained results 
always generate sums of extreme importance 

in the generated learning, being the user’s re-

sponsibility to understand what took the final 
configuration to assume this form.

RESULTS AND DISCUSSION

The results of the three objects of the 

proposed methodology application are pre-

sented in the following items. In all analyzed 
case studies, the proposed methodological steps 

were implemented to turn their use didactic.

Case study 01

The purpose of this application was to 

design a multi-floor building (Figure 12). It was 
based on the definition of the vertical and hori-
zontal dimensions of the building, followed by 

a mass study that defined the region to be opti-
mized, represented by the black region.

After the mass study, the support of the 

structure was then considered, where the base 

was fixed in the foundation. The next step was 
the definition of loads. Considering its vertical-
ity, it was studied the structure that would be 

necessary for the building not to tumble. Then 

horizontal forces were applied representing the 

wind pressure (both leeward and windward), 
according to Figure 12. With the definition of 
optimizable regions, supports and loads, the 

process followed by its optimization implemen-

tation in a free educational software mentioned 

in the methodology.
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Figure 12. Case 1 (development process)

The final product was a truss structure, 
like some architectural models with cross brac-

ing using exoskeleton, as shown the figure 13, 
the John Hancock Center in Chicago.

Figure 13. John Hancock Center in Chicago, IL

   

Source: Adapted from Beghini et al. (2014)

The geometric interpretation of the 

structure for modeling in 3D CAD software 
was carried out, with the practical objective of 

visualizing and applying such a solution in de-

sign and with the proper geometric definition of 
lengths and thicknesses defined in the optimiza-

tion. As a result, we present an image insertion 

effect for the final practical visualization of the 

proposed problem. Two final interpretations of 

the problem emerged, one with unidirectional 
locking of the structure, and the other bidirec-
tional locking. The case studied has similarity 

with a cantilever structure, in which the effect 
of the moment is greater in the support, the final 
response obtained with the optimization of the 

shape was a structure clearly with greater stiff-

ness of the base of the building, with slight re-

duction of the stiffness from the elements to the 
top of the building within a concept of bracing. 

The gravitational loads were not applied, and 

new analysis and verification of their combined 
effects were carried out.

Case study 02

In this case, the goal was a footbridge 

crossing on a highway in the city of Curitiba, 

with spans between supports of 20 meters and 

cantilevers of 5 meters at each end. The pro-

posal was based on the curiosity to explore new 

structural possibilities in a flat system, different 
from the typologies of flat trusses and Vierend-

eel girder existing on the studied highway itself 

(Figure 14). 
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Figure 14. Typologies of existing footbridge on the highway under study.

In mass study step, according to Figure 
15, there is the establishment of non-optimiz-

able regions, which are supporting columns of 

the footbridge. The next step was to insert the 

supports at the bottom of the optimizable region 

and loads both pedestrians and a cover system 

on it. These loads were considered the main 

ones for the search of the optimized solution 

and the wind action and other loads required by 

standards were not considered on the structure. 

The load presented was configured by means 
of concentration of forces relative to the trans-

verse reactions of the structural system.

Figure 15. Case study 02 (development process)
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The optimization resulted in an organic 

geometry, implemented in a flat truss configu-

ration and arranged in parallel, according to the 

result. There was a stiffening in the bars that 
receive the loads for the supports, visible in the 

optimization and the result images (Figure 15).
After the solution of the footbridge 

problem, there was a curiosity to modify the 

position of the pedestrian deck and so change 

the position of the structural supports. The ease 

of modelling the problem, and especially the 

understanding that the constraints and actions 

loads have a significant role in the generation 
of the form, allowed the configuration of a new 
hypothesis to explore the result obtained. Figure 
16 presents this solution, in which in the step of 
support conditions, the movement restrictions 

were inserted in the optimizable domain of the 

structure (in the longitudinal axis). Similarly, 
the loading conditions were implemented in 

the central axis of the domain, referencing the 

board and the passage of the pedestrians.

The simple modification in the handling 
of supports and loads resulted in a solution with 

a very interesting and acceptable form to be im-

plemented in design compositions, according to 

the result of Figure 16. Students should explain 
the generated geometric difference, mainly the 
strangulation (reduction of the useful height of 
the footbridge). The static provides such justi-

fication, using the diagram of bending moment 
in a continuous beam, positions of zero bending 

moment in the central spans of the footbridge 

are noticed (Figure 17).

Figure 17. Bending moment diagram 

Figure 16. Case study 02 (development process for a new concept of load and support)

The association of the topological opti-

mization and the justifications of the developed 
final form must be explored so that the appli-
cation does not become simply procedural but 

rather an instructive tool of the structural logi-

cal behavior, as shown in Figures 16 and 17. It 
also allows the evolution of developed analysis, 

such as the implementation of cable elements, 

bars or other structural systems based on the ge-

ometry obtained.

Case study 03

Another study developed in this article 

was related to the replacement of a conventional 

solution with a new configuration for the ham-

merhead bridge pier. The chosen bridge has 4 

girders that support the bridge deck system, and 

for its new proposal, the girders would continue 

to unload on the hammerhead bridge pier. Such 
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constraint was respected when implementing 

the four concentrated loads on the optimizable 

domains in their respective positions. Two pos-

sibilities were explored to understand the han-

dling of the mass study concept (Figure 18), the 
optimizable regions (black) and non-optimiz-

able regions (blank). 

Figure 18. Case study 03 (development process)

 

Case study 04

In this last application, the principles 

of cantilever structures are applied. The un-

derstanding of this typology involves the three 

configurations showed in Figure 19, to which 
the solution of the first structure involves a sim-

ple cantilever, which requires a continuous ele-

ment to capture the generated bending moment, 

or a good stiffness in the bearing, like a fixed 
support; the second configuration adopts a fully 
drawn upper support, and in the latter configu-

ration the solution becomes a fully compressed 

lower support.

Figure 19.  Draft of cantilever structures

 

This theory is sufficient to contemplate 
the application of different solutions of the op-

timized structure, as proposed in the 3 initial 

configurations according to Figure 20. The ob-

jective of the project is to optimize a building 

that is one-third supported and two thirds in the 

cantilever. 

The first case is based on the principle of 
existing continuity, and the idea is to use a flat 
solution that will be doubled in parallel to con-

figure the support of the whole building. The 

second solution has as the volumetric objective 

of the same building, but it takes advantage 

of the premise of suspended structure, so the 

area to be optimized involves only the stretch 

in cantilever. In the third solution, the creation 
of a volume below the cantilever region is ad-

opted, in order to create a compressed support 

structure. All the solutions considered a load of 

cover and the floor, considering its different in-

tensities in the problems.
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Analyzing the result, applied to an archi-

tectural solution, it is observed that all develop-

ment of the topological optimization followed 

the basic principles of a structure in the cantile-

ver, in which in the first analysis the continuity 
of the support served as an element to support 

the generated bending moment and to transmit 

the loads to the foundation. This case is similar 

to the principle of a crane suspending a weight, 

as shown in Figure 21. To absorb the bending 
moment in the column is necessary to put the 

cable in a higher level than the cantilever brace.

Figure 20. Case study 04 (development process)

Figure 21. Crane application (Cabo and Bernardo, 
2015).

In the other two solutions, both the sus-

pended structure and the support arm became 

evident. It is also important to highlight the 
space freedom that the suspended structure 

generated in relation to the last case when ana-

lyzing the ground space.

CONCLUSIONS

The research presented in this paper 

shown that the use of this methodology is ca-

pable of significant for the result of a design, 
proving to be considered as an integral or par-

tial way in the creation process. The applica-

tion of the topological optimization become a 

mechanism of the orientation of the structural 

geometry to be defined. The composition of the 
new form found may be a basis for choosing 

new solutions. 

On the other hand, the decision-making 

about the form found should consider structural 

performance, not discarding the basic knowled-

ge of the fundamentals of stability of structures.

Finally, this optimization process can be 
shown as a guide through the architectural and 



[156] STRUCTURAL TOPOLOGY OPTIMIZATION AS A TEACHING TOOL IN THE ARCHITECTURE

Revista de Ensino de Engenharia, v. 37, n. 3, p. 143-158, 2018 – ISSN 2236-0158 - DOI: 10.5935/2236-0158.20180039

structural conceptual design, increasing num-

ber of the solutions from the traditional shapes. 

Its use within the teaching process can become 
a great tool to expand understanding of struc-

tural behavior.

REFERENCES

BEGHINI, L. Building science through topology 

optimization. Doctoral Thesis. University of Illi-
nois at Urbana-Champaign. 2013.

BEGHINI, L.L.; CARRION, J.; BEGHINI, A.; 
MAZUREK, A.; BAKER, W.F. Structural optimi-
zation using graphic statics. Structural and Mul-

tidisciplinary optimization, 49(3), pp.351-366, 
2014.

BENDSØE, M. P., SIGMUND, O. Topology op-

timization:  Theory, methods and applications. 

Springer, Berlin. 2003.

BENYUS, J. M. Biomimicry. New York: William 
Morrow, 1997.

CABO, J.L.F.; BERNARDO, J.A. Un ejercicio aca-

démico sobre optimización de celosías. La Estructu-

ra en el Proyecto de Arquitectura, 2015.

CARRUTH, M.; ALLWOOD, J. The development 
of hot rolling process for variable cross section I 
beams. Journal of materials processing technol-

ogy, p. 1640-1653, 2012.

CASSIE, W. F.; NAPPER, J. H. Structures in 

building. London, The Architectural Press. p.218-
257. 1958.

CHI, H. L.; WANG, X.; JIAO, Yi. BIM-enabled 
structural design: impacts and future developments 

in structural modelling, analysis and optimisation 

processes. Archives of computational methods in 

engineering, v. 22, n. 1, p. 135-151, 2015.

CULMANN, K. Die Graphische Statik, Mayer 
and Zeller, Zurich. 1866.

DAPOGNY, C.; FAURE, A.; MICHAILIDIS, G.; 
ALLAIRE, G.; COUVELAS, A.; ESTEVEZ, R. 
Geometric constraints for shape and topology op-

timization in architectural design. Computational 

Mechanics, v. 59, n. 6, p. 933-965, 2017.

DOMBERNOWSKY, P.; SØNDERGAARD, A.
Three-dimensional topology optimisation in archi-

tectural and structural design of concrete structures. 

In: Proceedings of IASS 2009 Symposium, Valen-

cia, Spain. 2009

ELEFTHERIADIS, S.; MUMOVIC, D.; GREEN-

ING, P.; CHRONIS, A. BIM enabled optimisation 

framework for environmentally responsible and 

structurally efficient design systems. In: ISARC. 
Proceedings of the International Symposium on 

Automation and Robotics in Construction. Vilni-
us Gediminas Technical University, Department of 
Construction Economics & Property, 2015. p. 1.

FRATTARI, L.; LEONI, G.; VADORI, R.; D’ARIA, 
R. Topology optimization in architecture may it be a 
design tool? In: Structures & Architecture: ICSA 

2010-1st International Conference on Structures 

& Architecture, Portugal. CRC Press, p.33, 2010. 

ISOZAKI, A. Centro Nacional de Convenções 
Qatar. From: <http://www.archdaily.com.br/
br/01-149285/centro-nacional-de-convencoes-qa-

tar-slash-arata-isozaki>. Retrieved April 10, 2017.

KINGMAN, J.; TSAVDARIDIS, K. D.; TOROP-

OV, V. V. Applications of topology optimization in 
structural engineering. In: Civil Engineering for 

Sustainability and Resilience International Con-

ference (CESARE). Leeds, 2014.

KRIPKA, R.M.; KRIPKA, M.; DE NARDIN PAN-

DOLFO, P.C.; PEREIRA LH.; VIALI L.; LAHM, 
R.A. Aprendizagem de Álgebra Linear: explorando 
recursos do GeoGebra no cálculo de esforços em 
estruturas. Acta Scientiae, v. 19, n. 4, 2017.

LARSEN, O. P.; TYAS, A. Conceptual structural 

design: bridging the gap between architects and 

engineers. Thomas Telford, 2003.

LINDEMANN, J.; DAMKILDE, L. ForcePAD: a 
new User Interface Concept for Design and Opti-
misation. 2009.

LINDEMANN, J.; SANDBERG, G.; OLSSON, 
K. An approach to teaching architectural and engi-
neering students utilizing computational mechanics 

software ForcePAD. Journal of Information Tech-

nology in Construction (ITcon), v. 9, n. 15, p. 219-
228, 2004.

MAC NAMARA, S. C.; GUEST, J. K. The Use of 
Cutting Edge Topology Optimization Methods in 
Teaching Structures to Architects. In: American 

Society for Engineering Education. American 

Society for Engineering Education, 2012.

MARGARIDO, A. F. Fundamentos de estruturas: 

um programa para arquitetos e engenheiros que 

se iniciam no estudo das estruturas. São Paulo: 
Zigurate Editora, 2001.

MATTHECK, C. Design and growth rules for bio-

logical structures and their application to enginee-

ring. Fatigue & Fracture of Engineering Mate-

rials & Structures, v. 13, n. 5, p. 535-550, 1990.



[157]STRUCTURAL TOPOLOGY OPTIMIZATION AS A TEACHING TOOL IN THE ARCHITECTURE

Revista de Ensino de Engenharia, v. 37, n. 3, p. 143-158, 2018 – ISSN 2236-0158 - DOI: 10.5935/2236-0158.20180039

MAXWELL, J. C. I. On Reciprocal Figures, Fra-

mes, and Diagrams of Forces. Earth and Environ-

mental Science Transactions of the Royal Society 

of Edinburgh, v. 26, n. 1, p. 1-40, 1870.

MICHELL, A.G.M. The limits of economy of mate-

rial in frame structure. Philosophical Magazine. v. 

8, n. 6, p. 589-597, 1904.

NOBEL-JØRGENSEN, M.; MALMGREN-HAN-

SEN, D.; BÆRENTZEN, J.A.; SIGMUND O.; 
AAGE, N. Improving topology optimization intui-
tion through games. Structural and Multidiscipli-

nary Optimization, v. 54, n. 4, p. 775-781, 2016.

NOBEL-JØRGENSEN, M. Interactive Topology 

Optimization. Doctoral Thesis. Technical Univer-
sity of Denmark (DTU). 2016.

OLIVEIRA, M. S. Modelo estrutural qualitativo 

para pré-avaliação do comportamento de estru-

turas metálicas. Ouro Preto, 2008.

OHMORI, H.; FUTAI, H.; IIJIMA, T.; MUTOH, A.; 
HASEGWA, Y. Computational morphogenesis and 
its application to structural design. In: Proceedings 

of International Symposium on Shell and Spatial 

Structures, Theory, Technique, Valuation, Main-

tenance, Bucharest Poiana Brasov, Romania, p. 13-

20, 2005.  

OHMORI, H. Computational morphogenesis: its 
current state and possibility for the future.

International Journal of Space Structures, v.25, 
p.75-82, jun.2010. 

OTTO, F. Cubiertas colgantes, versión española 

por Francisco Folguera. Barcelona: Labor, 1958.

PAWLYN, M. Biomimicry in architecture. Riba 
Publishing, 2011.

POPRAWE, R.; HINKE, C.; MEINERS, W.; 
SCHRAGE, J.; BREMEN, S.; RISSE, J.; MERKT, 
S. Disruptive Innovation Through 3D Printing. 
In: Supply Chain Integration Challenges in 

Commercial Aerospace. Springer, Cham, 2017. p. 
73-87.

REBELLO, Y.C.P. Contribuição ao ensino de es-

truturas nas escolas de arquitetura. Master dis-

sertation, Faculdade de Arquitetura e Urbanismo, 
Universidade de São Paulo, São Paulo, 1993.

REBELLO, Y. C. P. A concepção estrutural e a 

arquitetura. Zigurate Editora, 2000.

ROZVANY, G.I.N.; BENDSØE, M.P.; KIRSCH, U. 
Layout Optimization of Structures, Applied Me-

chanical Review, 48, no.2, pp.41-119, 1995.

SCHLAICH, M. Challenges in Education – Con-

ceptual and Structural Design. Proceedings of the 

15th IABSE Symposium, Budapest, 2006. 

SCHLEICHER, S., LIENHARD, J., POPPINGA, 
S., SPECK, T., & KNIPPERS, J. A methodology for 
transferring principles of plant movements to elas-

tic systems in architecture. Computer-Aided De-

sign, 60, 105-117, 2015.

SILVA, D. M.; SOUTO, A. K. Estruturas: uma 

abordagem arquitetônica. Editora Sagra Luzzatto, 
2000.

STROMBERG, L. L.; BEGHINI, A.; BAKER, W. 
F.; PAULINO, G. H. Topology optimization for 
braced frames: combining continuum and beam/
column elements. Engineering Structures, v. 37, 

p. 106-124, 2012.

TCHERNIAK, D.; SIGMUND, O. A web-based 
topology optimization program. Structural and 

Multidisciplinary Optimization, v. 22, n. 3, p. 

179-187, 2001.

TORROJA, E. Razón y ser de los tipos estructu-

rales. Editorial CSIC-CSIC Press, 1958.

UNESCO/UIA. UNESCO/UIA charter for archi-

tectural education. Tokyo, 2011.

WOLFF, J. The law of bone remodelling. Springer 
Science & Business Media, 2012.

XIE, Y.M, ZUO, Z. H, HUANG, X.; TANG, J. W.; 
ZHAO, B.; FELICETTI, P. Architecture and urban 
design through evolutionary structural optimisation 

algorithms. In: Proceedings of the International 

Symposium on Algorithmic Design for Architec-

ture and Urban Design. 2011.



[158] STRUCTURAL TOPOLOGY OPTIMIZATION AS A TEACHING TOOL IN THE ARCHITECTURE

Revista de Ensino de Engenharia, v. 37, n. 3, p. 143-158, 2018 – ISSN 2236-0158 - DOI: 10.5935/2236-0158.20180039

DADOS DOS AUTORES

Charles Jaster de Oliveira – Mestre em Engenharia de Estruturas pela Universidade 
de São Paulo (EESC, USP, 2012). Graduado em Engenharia Civil pela Universidade 
Federal do Paraná (UFPR, 2009). Professor Assistente do Curso de Engenharia Civil 
e Arquitetura da Universidade Positivo. Tem experiência profissional na área de En-

genharia Civil, com ênfase em estruturas. Tem atuado principalmente nos seguintes 
temas: método dos elementos finitos, otimização topológica e ensino de Estruturas na 
Engenharia Civil e Arquitetura.

Luna Ollin Steffen – Mestre em Engenharia Civil pela mesma Universidade Tecnoló-

gica Federal do Paraná (UTFPR, 2018). Graduada em Engenharia Civil pela Univer-
sidade Tecnológica Federal do Paraná (UTFPR, 2015). Técnica em Construção Civil 
pela Universidade Tecnológica Federal do Paraná (UTFPR, 2010). Possui experiência 
na Construção Civil, tendo trabalhado com projetos estruturais, fiscalização de obras, 
gerenciamento de vendas imobiliárias e execução de obras e reformas. Atualmente é 

professora nos cursos de Engenharia Civil e Engenharia Ambiental.

Carlos Alberto de Moraes Vasconcellos – Mestre em Métodos Numéricos em En-

genharia pela Universidade Federal do Paraná (1999). Engenheiro Civil pela Univer-
sidade Federal do Rio Grande do Norte (1996). Desenvolveu pesquisas do Instituto 
Tecnológico SIMEPAR (2007). Trabalhou com mecânica computacional, desenvolvi-
mento de software, método dos elementos finitos, data mining, descargas atmosféricas 
e metodologias de ensino. É coordenador do curso de Engenharia Civil na Universida-

de Positivo Positivo desde 2016.

Pablo Fernando Sanchez – Mestre em Construção Civil - Geotecnia pela Universi-
dade Federal do Paraná (2009). Especialista em Engenharia de Campo - Construção 
e Montagem pelo Prominp/UFPR (2008). Graduado em Engenharia Civil pela Uni-
versidade Federal do Paraná (2007). Professor e Coordenador adjunto do curso de 
Engenharia Civil da Universidade Positivo. Tem experiência na área de Engenharia 
Civil, com ênfase em engenharia geotécnica. Tem atuado principalmente nos segu-

intes temas: geotecnia de barragens, método dos elementos finitos, estabilização de 
solos e ensino de Geotecnia na Engenharia Civil.


