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Abstract. Contemporary architectural explorations are alsacemed with the structural
developments of geometric spatial forms. More amdenoriginal objects are created or even
mapped in reference to nature creations. The reafwnsuch undertakings are, on the one
hand, the need to rationalize structural solutiovisije on the other hand the creation of new
forms in the context of aesthetics, functions, sglisim, etc. The dynamically developing
computer programs that enable multilateral analg$ithe proposed solutions in the design
process, especially in the aspect of irregular ekapre a significant impulse for the
introduction of bionic patterns into architectufesignificant pragmatic change of approach in
the design process is the interdisciplinary codjmraof specialists from many fields. As a
result, architectural objects in which innovativechniques, materials and technological
solutions are tested, often differ from known madkuilding technologies. The use of bionic
models in the search for new aesthetics in arduitecrequires the shaping of structural
elements following the logic of Nature, which det@res unconventional, but at the same time
rational material solutions optimized towards miainconsumption of materials and energy
required to produce them. Such perception of losakibg structures is not new, but only
a continuation of logical thinking from the pasthdathe development of digital tools
supporting designers provides multiple optimizatagportunities in synergistic architectural
explorations. An important element of an articleoiwn research on optimization of flat
gridshell surfaces. The search criterion is theirmimm mass and the study compiles selected
classic models (regular divisions) and selectedibimodels (irregular divisions).

Keywords: structural surfaces, bionic models, togaal optimization

1 Introduction

Forms encountered in the natural world have alwiaysrested and inspired architects.
The development of construction technologies arsigdetools has enabled the use of various
references to the world of nature in architectdi®a consequence, we can distinguish among
others architecture using elements from the worldaitire for architectural expression, i.e.
biomorphic architecture, curvilinear architectunspired by "soft forms" found in nature, and
bionic architecture. The transfer of simple anasgirom the world of nature was already
visible in historical architecture, in a plant forend animal ornaments. Nowadays,
the mapping of nature can be seen in architectigdcts in which the form is trivially
mimicking plant forms or animal silhouettes or isgaalitatively new ornament using
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inanimate (water) and animate (vegetation) elemeémtshaping variable and dynamic
architecture [3].

An interesting pavilion project that is charactedzy an ephemeral visual expression
is Blur Pavilionrealized for the 2002 EXPO in Yverdon-les-Baingjt3erland (Fig. 1a, b, c).
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Figure 1:Blur Pavilion made for 2002 EXPO in Yverdon-les-Bains Switzedlaglesigned by Diller Scofidio +
Renfro design studi@ - perspective view of the pavilion's structuralnfipb - view of the pavilion covered with
artificial fog, c - tensegrity model used in the pavilion's load-beprstructure;Serpetine Gallery Pavilign
London 2013, designed by Sou Fujimotd: view of a fragment of the paviliong- perspective view,

f - repeatable element of the load-bearing structure
source: a-,COROFLOT", ,GSAPP by Leo Mulvehill”, [@&ss: 30 July 2019]
< http://www.coroflot.com/lemulvehil/GSAPP >
b — ,Spatial Interactions”, ,Diller Scpfidio Blur Blding Switzerland”, [access: 30 July 2019]
< https://spatialinteractions.wordpress.com/209M5/diller-scofidio-blur-building-switzerland/ >
¢ — ,COROFLOT", ,GSAPP by Leo Mulvehill”, [accessd 3uly 2019]
< http://www.coroflot.com/lemulvehil/GSAPP >
d, e, f — ,Serpentine Galleries”, fot. lwan Baandess: 30 July 2019]
https://www.serpentinegalleries.org/exhibitiongigts/serpentine-gallery-pavilion-2013-sou-fujimoto

The designers from the Diller Scofidio + Renfrodituassumed the use of artificial fog
(which is a symbolic combination of two elementsir and water) as the basic element
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shaping the architecture of the object. At the séime the structural form of the pavilion
which was made as a tensegrity system arousesesiteihis underlined the idea
of biomorphism also expressed in the desire toaedne consumption of structural material.
An element which is an important part of inspiratwith bionics.

The rational use of material, energy etc, as weltheeir re-use or acquisition, is an
indispensable element of inspiration from naturecamtemporary architecture. Thanks to
the improvement in generative modeling tools, ldormulas are used not only in search for
new artistic language, but also in optimizationeofgineering solutions. Inspirations from
the world of nature are also visible in the desgjnarchitectural objects, referring in an
abstract way to the forms encountered in nature.dBsg&gyn ideas that are part of biomorphic
architecture are particularly evident in the desighexhibition pavilions and culture related
facilities. Bionic inspirations also increasingbfer to the shape and structure of architectural
surfaces. The Sou Fujimoto’s design of the temyo®arpetine Gallery Paviliom London
in 2013 endeavured "to blend the form” with the dsecape. The irregular light and
transparent structure of the building refers tdi@pe of a cloud (Fig. 1 d, e, f), and the spatial
gridshell structure constituting the supportingusture was modeled parametrically. In
the project, one can see the synergy of architaicind structural solutions expressed in the
innovative tectonic form of the pavilion on the dmend, and in modularity and lightness of
the structure on the other hand. The structurahfa visually perceived as an integrated
spatial system (homogeneous load-bearing structurstituting a sculpture in itself).

2 Bionic models and generative modeling tools

The digitization of architect's work tools affedtee way disciplines related to architecture
work together. On the one hand, the trends aregihgrand by using algorithms it becomes
possible to duplicate complex bionic patterns, lomt the other hand the quality of

the designed solutions is increasingly determinedjymization processes carried out in
various technical and technological areas. Conteampgyarametric architecture uses many
bionic concepts- depending on the needs, theyrmdnde fractals, cellular automata, catenary
models, minimal surfaces, aperiodic tessellatiomsguarystals and many other [1]. When it
comes to the use of bionic standards in shapingfidshell structures, the selection can be
limited to two directions: surface discretizationdatopological optimization. Emerging the

form by means of a bionic model results in irregudructures with complex geometry -

unless this is a condition written using an aldonic code, there may not be any repetitive
elements in such a system. Such solutions couldobsidered inefficient, especially in the

context of universally recognized construction textbgies. In the search for rational

structural solutions, one should take into accaimet available material and construction
technologies because the costs of load-bearing eslismare an important condition for

rationalizing solutions. However, attention shoblel paid to the dynamic development and
dissemination of modern fabrication technologieg).(8D printing) - parameters such as
material and energy consumption or the time it $aloebuild an object become increasingly
important.

ISSN 1644-9363 / PLN 15.0Q1 2019 PTGIGl



48 E. Gawell, W. Rokicki: BIONIC MODELS IN OPTIMAL D&IGN OF FLAT GRIDSHELL SURFACES
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Figure 2: Sample geometric solutions generatedgusionic models assuming a constant number ofdjeld-
solutions for 36 fields; from the left: orthogordivisions, two variants of the Voronoi diagram, twariants of
Delaunay triangulatior) - solutions for 72 fields; from left: intersectinijvisions, two variants of the Voronoi
diagram, two variants of Delaunay triangulation;solutions for 84 fields; from the left: diagordiVisions, two
variants of the Voronoi diagram, two variants ofldmay triangulationd - solutions for 130 fields; from
the left: radial divisions, two variants of the \dooi diagram, two variants of Delaunay triangulat{source:a,
b, ¢, d — copyright materials)

2.1 Surface discretization

Discretization is the most intuitive operation hretsearch for optimal flat surface structural
solutions. Making the gridshell divisions necesdaryimplementation purposes also creates
a visual effect that has a significant impact on @nehitecture. During the concept stage,
a compromise between architecture and structurelghme sought, determining the most
important parameters for obtaining optimal solutions

Today, there are many digital modeling tools ths¢ bionic formulas to discretize
surfaces. The most interesting are: Delaunay tukatign and Voronoi Diagrams. Both of
these methods are based on one model that occuratume, among others, in structural
divisions of living organisms: dragonfly’s wingsiraffe’s spots, turtle’s shell, etc. These
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formulas have been described in simplified formthyy Voronoi Diagram whose delineated
graph is Delaunay triangulation. Triangular divigsoseem to be more effective due to
structural logic, but often in the world of natumere complex forms dominate and their
efficiency may be surprising for engineers. Thisnme of the reasons why modern parametric
architecture implies different bionic patterns wheoking for multi-variant solutions for
output data and analyzing the results in termé®ifndicated optimization criteria.

For example, the above list indicates randomly geed bionic solutions for typical
flat structural systems that are used in constractorthogonal, intersecting, diagonal, and
radial divisions (Fig. 2 a, b, ¢, d). Several undiag parameters have been assumed here,
such as fixed points on the top chord (markeddrd an unchanging number of fields.
Modeling bionic solutions allows the generationnadlti-variant solutions, but at the same
time requires a series of analyzes in terms obmatity of the technical solutions.

2.2  Topological optimization

The use of algorithms allows architects to modalcstres by mapping the structure and
behavior of living organisms, which leads to logjistuctural solutions. One of the methods
of searching for a spatial forms is topology op#ation which uses evolutionary algorithms
in minimizing material consumption. The minimum masiterion is more and more often
accepted as the primary purpose of such explosatica due to modern fabrication methods
where the executive process is managed by selisieenachines (3D printing, casting
elements, CNC cutters, etc.). The idedarfn follows forcesassumes that the construction
material is located only in places where it findslrapplication - by adapting the structural
system to the given boundary conditions and loadrder to increase efficiency and
maximize system performance. As a result, one chieee a makeable, yet freely shaped
form in a given design space.
An illustration of structural solutions shaping &gy at topological optimization is

the following analysis performed in the ANSYS pragr For a flat surface of 9.0x9.0 m,
located in the X and Z axes, two supports wererasduand the linear load on the upper edge
was applied. Along with the degrees of materiauotidn (Fig. 3, a, b, c), the structural shape
changed. However, in all the analyzed variants, sbkition proposed by the algorithm
resembled a bridge structure, which is visibleha tesulting force distribution. It is worth
noting that in the case of topological optimizatidhe indication of the right solution is
related to the magnitude of the forces occurringthe gridshell system, but also to
the strength of the structural material and thel wsastruction technology.

ﬂ) A

e

\\

Figure 3:Analysis made by topological optimizatimethod;a - structural solution assuming 50% reduction of
material, b - structural solution assuming 70% reduction ofterial, ¢ - structural solution assuming 85%
reduction of materialspurce a, b, ¢ — copyright materials)
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3 Own research

Due to the variety of possibilities in shaping atettural forms, it was decided to analyze
a selected bionic model — the Delaunay triangutatidich is now increasingly used in the
discretization of the structural surfaces. The dedor optimal and unconventional design
solutions plays an important part in such desigise study focuses on the analysis of
geometric methods that determine structural efiicye aesthetics and design freedom.

a
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surface with orthogonal diagonal trusses radial
specified points structure structure structure structure
b

D-01 D-02 D-03 D-04 D-05

randomly generated variants for the Delaunay structure

Figure 4: Examples of plane divisions with desigdapoints; a — typical, regular structures, b —ubay
triangulations within an indicated boundry condiSogenerated using an algorithsoijrce a, b — copyright
materials)

In the era of parametric modeling tools, the coeatof Delaunay grid structural systems is
most often the process of generating multi-varisolutions for the indicated boundary
parameters [3]. Choosing one system becomes diffidugn the task, among others, requires
a designer to rationalize technical solutions. Tdll®wing design (Fig. 4) presents examples
of plane divisions with 9 points (marked with bladkts). For the indicated boundary
conditions, it is possible to determine instancdsregular typical structures, such as
orthogonal, diagonal, latticed or radial (Fig. 44jith the adoption of identical parameters,
however, many different cases can be generatatidddelaunay structure (Fig. 4b).

To carry out own research, the aim of which waspgbmize the gridshell structures,
due to the minimum material consumption criteriggstems with different divisions of
the plane were used. A flat structural system wdgpted, for which the external contour
(9.0x9.0 m) was also determined along with the rdiagof supports and loads (Fig. 5a). The
buckling lengths of the elements of the tested Jo@aking structures for simplification were
assumed as for truss beams. The system was supparte/o pinned supports. The following
constant and live loads were introduced: dead weigltihe structure, the reactions from the
floors were treated as a load constituting a sépawiant as part of the combination of loads
with a factor of 1.5, as for the live load, theddaom the horizontal structure was applied to
the nodes of the top chord, and the combinatioloads was adopted according to PN-EN
1990. The assumption for each analyzed system heasdlection of the cross-section that
would be the most effective in terms of using @ad capacity. S235 steel square profiles
were adopted for the analysis. The same crossegeatas used for all beams of each tested
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structure. In order to obtain comparable resulis, @lements were limited to square tubular
cross-sections of the RK type (square pipes) aaogrdi PN-EN 10210-2: 2000.
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for the respective Delaunay structures

Figure 5. Assumptions and results of own analyttesits on planar grid structures; a — the adoptatics
scheme; b -p3(xi) approximating polynominathart andyi (mass) values for individual flat Delaunay struesu
(source: a, b — copyright materials)

The first group of tested systems was typical stmes (Fig. 4a) resulting from various
geometric concepts. The average total weight fiergroup of tested variants was 2246,25 kg
and the minimum cross-sections obtained were squipges with external dimensions from
70mm to 200mm. Comparing the results, a clear antyl was observed between the
orthogonal and diagonal structure as well as theses and radial structure. The diagonal
structure with a total mass of 2888 kg is an adtBye solution to the orthogonal structure
with an efficiency of up to 11,55%. The next twaigats have a significantly lower total
weight. Trusses variant obtained a mass of 1683vkg;h gives an optimization of 48,46%.
However, the greatest efficiency was achieved & rddial variant, which weighs 1149 kg
and allows a reduction of material by 64,81% corae@do the orthogonal variant. In addition,
it was noted that the smaller total length of eletagthe larger cross-sections had to be used.
At the same time, contrary to what one might supptise greater total length of elements,
the lower total weight. So the effectiveness otisohs is not indicated by the number of bars
and their total length - the most important comuitis rational shaping, following the system
of forces acting on the structure.

The second group was composed of topological Dealusystems (the genus:
a constant number of nodes and fields) which wareleamly generated in the Grasshopper
plugin for Rhinoceros. Unlike in previous varianBglaunay structures had a similar cross-
section, whose external dimensions ranged from H0@n140 mm. The average total weight
is lower and amounts to 1955,4 kg. For bionic vagatotal length of elements was also not
decisive. The heaviest bionic variant - D02 reachethass of 2362 kg, which gives an
optimization of 27,66%. However, in the lightestrigat - D04, a mass of 1633 kg was
obtained, which allows a reduction of almost 50%tleé construction material to the
orthogonal variant. The analyzed bionic variansultefrom one geometric concept, which
makes them look similar. However, their heterogesestnucture makes it impossible to
intuitively indicate the optimal solution (following.g. the logic of the power system).
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Despite the changing geometry of the divisions withhe Delaunay structure,
the characteristics of the influence of topologitahsformations on the mass of individual
systems was a curve in a variable flow (Tab. 2 kigd 5b). This means that regardless of
the topological transformations in a given struetiand to some extent also changes in
the metric) we can approximately describe the &ffeness of such systems. In addition, for
the given parameters, the ability to generate anite@ number of multi-variant solutions is an
undoubtable advantage of digital surface divisioethads in search of architectural and
structural efficiency.

Table 1: Comparison of results for typical, regudtiuctures

Type of
structure

Number
of nodes

Profile /type,
dimensions/
[mm]

Total length
of elements [m]

Total
weight
[ka]

orthogonal

25

RK 200x200x6

90,00

3265

diagonal

41

RK 140x140x5

137,76

2888

trusses

41

RK 100x100x4

141,04

1683

radial

56

RK 70x70x3

184,24

1149

Table 2: Comparison of results for randomly geregtddelaunay structures

Variant Number Profile l.type, Total length thal
of Delaunay dimensions/ weight
of nodes of elements [m]

structure [mm] [kgl
D01 16 RK 120x120x5 109,00 1943
D02 16 RK 140x140x5 112,66 2362
D03 16 RK 120x120x5 109,29 1948
D04 16 RK 100x100x5 111,22 1633
D05 16 RK 120x120x5 106,10 1891

4 Conclusion

Shape optimization in the construction of a loadrlyey structures becomes an indispensable
element of the architectural design process whe@engs an important source of inspiration
and imitation. Regardless of the design method ctkeative but logical design of structures
plays an important role in the optimal formationgsfdshell structures, which results from
a more thorough understanding of the principlesboiding mechanics. Parameterization
becomes an important process in rationalizing eging solutions using bionic models as it
also allows to preserve the creative character edigh. Determining the input data,
optimization criteria and ordering the instruction$ the algorithm are key elements
of modern design. Generative modeling tools, andpamticular form finding programs
increasingly require close cooperation betweeratbhitect and the civil engineer at the stage
of determining the input data - which has a vegn#icant impact on the effectiveness of
the proposed implementation solutions. The sublimerdependence of art and technology
determines the quality and aesthetic of architectand the conscious creative exploration is
an important and significant implementation aspéthe created concepts.

New trends and directions in architecture ariseaagesult of the digitization of
architect's work tools. Innovative visions of atebtural solutions provide a strong impulse
for the development of technical and constructiefd$. The modernized digital technologies
provide more and more innovative tools (digital ChN@duction of building components, 3D
printing, etc.), hence the development of strud¢taral mechanical design techniques should
accompany these changes.



The Journal of Polish Society for Geometry and Begiing Graphics
Volume 32 (2019), 45 - 53 53

References

[1] Burry J., Burry M.:The New Mathematics of Architectul&'yd: Thames and Hudson,
Londyn, 2010.

[2] Gawell E.:Synergy of spatial forms and statics in optimalpmhg of rod structures
[Synergia formy przestrzennej i statyki w optymalnksretattowaniu struktur
pretowycl], rozprawa doktorska; promotor: dr habz.i'Wiestaw Rokicki — profesor
PW, Wydziat Architektury Politechniki Warszawskig)15.

[3] Gawell E., Rokicki W., Nowak A., Pietrzak YWrona M.:Poszukiwania topologiczne
w optymalizacji komorkowych powierzchni struktuyalm — badania modelowerant
dziekaski dla mtodych naukowcéw i uczestnikow studiow ww&nckich WAPW,
Warszawa, 2015.

[4] Mitsui K.: Optimal Shape and Topology of Structure SearchedAilg’ Foraging
Behavior “Report of the Research Institute of Industriacinology, Nihin University
—  Number 83, 2006, ISSN 0386-1678, <  http://wwwnditon-
u.ac.jp/laboratorydata/kenkyu/publication/report3.> [access: 30.07.2019]

[5] Tajs-Zielinska K.: Rozprawa DoktorskaDptymalizacja elementéw konstrukcyjnych
metod; automatu komérkowegoPolitechnika Krakowska, Wydziat Mechaniczny,
Instytut Mechaniki Stosowanej, Krakow 2011, Bibdkad Cyfrowa Politechniki
Krakowskiej.

MODELE BIONICZNE W OPTYMALNYM KSZTALTOWANIU
PLASKICH STRUKTUR PR ETOWYCH

Wspéiczesne poszukiwania w architekturze opaeraje na strukturalnym budowaniu
geometrycznych form przestrzennych. Corazecej oryginalnych obiektéw powstaje
w nawizaniu, a nawet odwzorowywaniu tworéw spotykanychnaturze. Powody takich
dziatax to z jednej strony potrzeba racjonalizowania razai strukturalnych, natomiast
z drugiej strony kreowania nowych form w kontelk estetyki, funkcji, symboliki, itp. Istotny
impuls wprowadzania wzoréw bionicznych do archibekt stanowa rozwijajace sé
dynamicznie programy komputerowe, ktore ufivaaja wielostronne analizowanie
proponowanych rozwzai, szczegoblnie w aspekcie nieregularnych ksztat@waczacym,
pragmatycznym dziataniem jest ztezmiana poddgia w procesie projektowania
w ukierunkowaniu na interdyscyplinarnwspotprae specjalistbw z wielu dziedzin. W
rezultacie obiekty architektoniczne, w ktérych ¢sgine § nowatorskie rozwezania
techniczno-materiatowe itechnologiczne,estp r&nia sie od znanych wspoétczesnych
technologii budowania. Wykorzystanie modeli biomigzh w poszukiwaniu nowej estetyki w
architekturze wymaga ksztattowania elementéw koksyjnych zgodnie z logik Natury,
ktéra determinuje niekonwencjonalne, ale jednémizeracjonalne rozwrania materialowe
zoptymalizowane z uwagi na minimalnezygcie tworzyw i energii do ich wytworzenia. Takie
postrzeganie struktur goych nie jest nowym podajiem, a jedynie kontynuagjogicznego
myslenia z przeszkzi, a rozwdj cyfrowych nakdlzi wspomagajcych projektowanie oferuje
zwielokrotnione  maliwosci  optymalizacyjne ~w  synergicznych  poszukiwaniach
architektonicznych. Istotnym elementem artykudubsdania wiasne dotysze optymalizaciji
ptaskich struktur ptowych. Kryterium poszukiwa jest minimalna masa, a w badaniu
zestawiono wybrane modele klasyczne(o regularnyolziptach) oraz wybrane modele
bioniczne (o podziatach nieregularnych).
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