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Abstract. In contemporary architecture is the rise of biordssa source of inspiration in the
development of unusual forms. The reason for satibres is both searching for new solutions,
as well as the improvement of novelty in enginegrifesign. There is a substantial interest
inthe field of bionics research in modern techgglo also reflected in architecture.
The attempt to render the morphology of the livimganisms in the interaction of architectural
and design can lead to optimal structural soluti@mwsnbining aesthetics with an expression
of support and consistent static logic. At the séime, with the improvement of digital design
tools it is possible to analyze technical solutias many levels structural engineering.
In modern architectural design the synergy of desigjutions is an important field of activity
for the people involved in the creative processe ®earch for efficient structural forms
covered in the article is an attempt to discussdpmization of load-bearing structures in
the field of bionic morphology and geometry. Thevalepment of modern technologies
enables the extension of the scope of the resesdhbding the additional analysis dedicated
to the interaction of the various fields of teclowy related to the evolution of architecture.

Keywords: structural optimization, bionics, solids of revatut, architecture

1 Introduction
There is an interesting trend in architecture whgltharacterized by the search of spatial
forms analogous to living organisms. It is therefdncreasingly important to analyze
the conducted possibilities of describing the ratpatterns of the world with mathematical
models, enabling for a more accurate mapping ofcgires found in Nature [1]. In nature
there are both asymmetric structures, charactebyezhe axis of symmetry (symmetry side)
or structures having multiple axes of symmetry. Aigpsuch structures one could look for
structurally efficient forms "adapted" to the prigivgy conditions, where the shape has been
optimized according to the applied loads [2].

~

A

Figure 1: Examples of symmetry found in the natwraild. On the left: A butterfly characterized hy apparent
symmetry sideSource own; On the right: Dandelion characterized by éipparent central symmetr$ource
A. Nowak
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Today's digital tools used in an interdisciplinalgsign process are growing more
important in the search for effective structurebe Tmapping of biological structures and
the development of complex structural grids was m@aksible thanks to parametric design
programs. The optimal forms of structural solutiommay be sought through the use
of programs calculating and analyzing building stuwes [3]. The following study attempts
to seek the efficiency of grids and structural ferny comparing selected solids of revolution
characterized by organic shapes as well as basioejec solids.

The possibilities of modeling structural forms stormed in a topological way makes
it easier to look for optimized shapes as an effecarchitectural solution, rational also
in terms of a spatial design [4]. The emerging emts in the design of modern architecture
are often qualitatively new elements formed assallteof the synergy of design solutions.
The comparative analysis of the morphology of foshaped by topological transformation
leads to the solution which of the classic rotagpmetric solids are a structurally efficient
structure while identifying the optimal classicaustural grids.

2 Purpose and scope of the study

The research featured selected symmetric organiosfand some basic rotary geometric
shapes. The morphology seen in the natural workl been selected based on biological
structures, the shape of which can result from adgb the prevailing conditions while
being subjected to heavy loads such as the hydim$tad. As a result, the following were
chosen: the limestone structure of the regular ritchisea urchins’ skeleton of the class
Echinoidea that appears in tidal areas (resistanhe strength of the waves), the skeleton
of the siliceous sponge Euplectella aspergillum njy& flower basket) of the species
Hexacitinellida found at depths of 35-5000 meterd finally a spider’'s web structure shaped
with the influence of gravity loads (chain model).

o~ s O 37
3@ 4. N :.‘.“

Figure 2: Selected bionic morphology for the stthranpalysis.From left: Skeleton of regular sea urétchinus
of the class Echinoide&ource A. Nowalk;

Middle: The structure of a spider's web as a péyfdlexible, uniform and non-extensible chain hanggfreely
between two supports in a uniform gravitationaldfievhich corresponds to the shape of the cater&oyrce
"Zdjecia.biz.plswiat-pouktadanych-world images," Image, cobweb pdr@010

[Access: 28.06.2016] <www.zdjecia_biz_pldjecie pagczyna, Kroplephp>

Right: The skeleton of sponge Euplectella aspemilspecies Hexacitinellida.

Source "Phys.org" Sea sponge anchors are natural mofistsength, 04.06.2015,

[Access: 06.28.2016] <http://phys.org/news/201564-sponge-anchors-natural-strength.html>

The shape of the sea urchin’s shell was describddam ellipse, and the spider's web with
a catenary formul&(x) = 2cosh ¥/2). The sponge skeleton was drawn using a splimeec
The sphere and the rotary paraboloid described feitmula f(X) = 0,5¢ were chosen as
the basic morphology of solids of revolution.
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A1 A2 A3 A4 A5

Figure 3: Researched morphologhk — the skeleton of the sea urchik® — catenaryA3 — sphereA4 — rotary
paraboloid A5 — sponge skeletosource A. Nowak

The subject of the study are symmetrical structdoams described on the basis
of a 15m radius circle for a structural span eqae@0m. The study assumes a constant ratio
of the curve length to the forming curve radius af2.4 base ratio, which allowed for
obtaining comparable topological examples.

section plan struktural grid criteria

Figure 4: The assumptions in shaping the strucfarad. Source A. Nowak

The search for morphological efficiency and struatigrids was possible by changing
the geometric divisions using topological transfations and identifying the impact
of different types of loads on the structure. Thgdiive of the analysis was a comparative
analysis of selected bionic morphologies and baisicic solids of revolution on the example
of rod structures through optimizing superstrucudee to the minimum weight.

3 Assumptions
The static scheme of the system is a spatial modtsire generated by the rotation of the path
curve forming an axis perpendicular to the basegchins supported by pivot supports and
loaded in the direction of the axis with a unifdioad.

Basic homeomorphic assumptions have a fixed rdtithe length of the path curve
forming the solid of rotation to the base (span)atdm 2.4.

The structural forms were compared on radial gfals the selected mesh size.
The side formed by the equal division of the cuorening ranged at <2.570 m; 3,000 m> and
the length of the longest of the possible oppositees formed by the equal division of
the circle that serves as base of the rotary bodyd range at <2,772 m; 3,141 m> (Fig. 4).

The structure was loaded with dead weight in theueamtte analyses, a load of glass
panels equal to 0.50 kN /“mand a running load of 0,40 kN /rtaccording to EN 1991-1-1)
[5]. The load combinations were adopted in accordamith PN-EN 1990: 2004 and
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the permissible deformations according to PN-ENOL92004. The dimensioning of steel
profiles was made according to PN-EN 10210-2: 2000.

Circular cross section solid steel S235 profilegemvesed in the analysis for each
of the structures. To obtain comparable resultsptse elements were limited to the circular
pipes, RO type PN-EN 10210-2: 2000.

Due to the minimum weight a quantitative criterias assumed in the analysis. In
the case of different lengths of a worn out rode tiet weight of the unit was used
for comparison.

4 Presentation and analysis of results

The search for optimal morphology was based on apaoson of radial grids of all kinds
of maximal mesh sizes according to the divisiontleé path curve forming the solid
of revolution and the circle described on the lsgEarating them into equal sections.

A1 A2 A3 A4 A5

Figure 3: The structure of the radial gri8aurce A. Nowak

Analysis laimed at comparing structural forms with the useadfal grids having 34
divisions of the base (meridians - vertical divigd and 14 divisions of the path curve
(parallels - horizontal divisions). As a resultethorizontal circles are within a 2.57 m
distance and the maximum distance between thedbdlse meridians is 2.77 m.

Table 1: List of system parameters after optimaratn Analysis 1

Number of Number of ' The total . Unit
Example X . Profile Total weight .

No. ye_rtl_cal hc_>r|_zpntal [mm] length of k] weight

divisions divisions the rodgm] [kg/m]
Al 34 14 127,0x 3,2 2457,32 24008 9,77
A2 34 14 76,1% 3,6 2145,40 13816 6,44
A3 34 14 76,1% 3,2 2086,26 11996 5,75
Ad 34 14 76,1% 3,6 2096,10 13499 6,44
A5 34 14 101,6% 2,0 2277,66 11183 491

Due to the minimum weight of the unit, the moseefive structural form was the A5
form — a bionic structure formed according to tHeslston pattern of the Euplectella
aspergillum sponge. The lightest rod arrangemetdrims of the total weight of the structure
iIs also A5. The heaviest structure both due to rttess per unit and the total weight
Is characterized by structure Al - sea urchin. Hexethe longest total length of the rods was
obtained in the Al form, while the shortest in &&form.
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Table 2: Summary of the distribution of structuyetl system parameters in Analysis 1

The Area of The length | The length | The ratio of the| Length of the sides
number of of the of the vertical and of the mesh near
Example : mesh . . . .

vertical/ vertical horizontal horizontal base (vertical,
No. . near base L C L i

horizontal [m?] division division rods division horizontal)

divisions rods [m] [m] lengths [m]
Al 34/14 7,12 1224 1233,32 0,99 2,57 ;2,77
A2 34/14 7,12 1224 920,4 1,32 2,57 ;2,77
A3 34/14 7,12 1224 862,26 1,42 2,57 ;2,77
A4 34/14 7,12 1224 872,1 1,40 2,57 ;2,77
A5 34/14 7,12 1224 1053,66 1,16 2,57 ;2,77

Analysis 2aimed at comparing structural forms with the useaafial grids having
32 divisions of the base (meridians - vertical siimns) and 13 divisions of the path curve
(parallels - horizontal divisions). As a resultethorizontal circles are within a 2.77 m
distance and the maximum distance between thedbdlse meridians is 2.95 m.

Table 3: List of parameters in systems Analysi& aptimization

Example Numt_>er of Number of Profile The total length To_tal Unit
No. \{e_rt!cal hc_>r|_zpntal [mm] of the rods weight weight
divisions divisions [m] (ko] [ka/m]
Al 32 13 101,6x 5,0 2299,52 27364 14,9
A2 32 13 88,9x 3,2 2011,52 13598 6,76
A3 32 13 76,1% 3,2 1952,96 11230 5,75
A4 32 13 101,6% 3,2 1959,04 15222 7,77
A5 32 13 114,3x 2,0 2131,84 11810 5,54

Due to the minimum weight of the unit, the moseefive structural form was the A5
form - a bionic structure formed according to theslston pattern of the Euplectella
aspergillum sponge. Next structures in terms atiefficy are the form A3 - sphere, then form
A2 — catenary. The lightest system in terms of tthtal weight of the structure was A3 -
sphere, while the heaviest structural form, botbalise of the total weight and the mass per
unit was the bionic structure Al — the sea urcfliime shortest total length of the rods was
used in structure A3, and the biggest in the Aldcstire.

Table 4: Summary of the distribution of structuyetl system parameters in Analysis 2

The number Area of The length | The length | The ratio of Length of the
of vertical/ of the of the the vertical | sides of the mesh
Example . mesh near : . . X
horizontal vertical horizontal | and horizontal| near base (vertical,
No. base .
divisions [m?] division division division horizontal)
rods [m] rods [m] lengths [m]
Al 32/13 8,17 1152 1147,52 1,00 2,77 ;2,95
A2 32/13 8,17 1152 859,52 1,34 2,77 ;2,95
A3 32/13 8,17 1152 800,96 1,44 2,77 ;2,95
Ad 32/13 8,17 1152 807,04 1,43 2,77 ;2,95
A5 32/13 8,17 1152 979,84 1,18 2,77 ;2,95

Analysis 3aimed at comparing the structural forms with the ofsradial grids having
30 divisions on the base and 12 divisions of thté parve. As a result, the horizontal circles
are within 3.00 m distance and the maximum distaretveen the base of the meridians
is 3.14 m.
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Table 5: List of parameters in systems Analysi§i& aptimization

The total .
Example Numt_>er of N“mbef of Profile length of | Total weight UT‘"
vertical horizontal weight
No. L I [mm] the rods [ka]
divisions divisions [mi [ka/m]
Al 30 12 127,4x 4,0 2227,2 26949 12,1
A2 30 12 88,9x 3,2 1875,3 12677 6,76
A3 30 12 88,9x 3,2 1820,4 14581 8,01
A4 30 12 88,9x 3,2 1714,5 11590 6,76
A5 30 12 88,9x 3,2 1987,5 13435 6,76

Due to the minimum weight of the unit, the mosteefive structural bionic forms
were the A5 — sponge; the A2 - catenary and thengéical form A4 - the paraboloid.
The shortest and lightest system in terms of w&aght was the A4 structure - the paraboloid
of revolution, the heaviest and longest structurhei all was the form Al - sea urchin.

Table 6: Summary of the distribution of structuyetl system parameters in Analysis 3

The number The length | The length | The ratio of Le_ngth of the
. Area of - sides of the
of vertical/ of the of the the vertical
Example ; mesh near . : . mesh near base
horizontal vertical horizontal | and horizontal .
No. L base L L I (vertical,
divisions > division rods| division rods division -
[m9] horizontal)
[m] [m] lengths [m]
Al 30/12 9,42 1080 1147,2 0,94 3,00 ; 3,14
A2 30/12 9,42 1080 795,3 1,36 3,00 ; 3,14
A3 30/12 9,42 1080 740,4 1,46 3,00 ; 3,14
A4 30/12 9,42 1080 634,5 1,70 3,00; 3,14
A5 30/12 9,42 1080 907,5 1,19 3,00; 3,14

The above results of the analyses have been adlertd presented in Table 7 and 8,
and ranked according to the minimal mass per untitthe minimal total weight criteria.

Table 7: Comparison of all analyzed examples adogrith the minimal unit weight criterion

Example Numper of N“mber of Profile The total Total weight UF‘“
No. \{elrt!cal hqu_zpntal [mm] length of k] weight
divisions divisions the rodgm] [kg/m]
A5 34 14 101,6x 2,0 2277,66 11183 491
A5 32 13 114,3x 2,0 2131,84 11810 5,54
A3 34 14 76,1%x 3,2 2086,26 11996 5,75
A3 32 13 76,1%x 3,2 1952,96 11230 5,75
A2 34 14 76,1%x 3,6 2145,40 13816 6,44
Ad 34 14 76,1% 3,6 2096,10 13499 6,44
A2 32 13 88,9x% 3,2 2011,52 13598 6,76
A2 30 12 88,9x% 3,2 1875,30 12677 6,76
Ad 30 12 88,9x% 3,2 1714,50 11590 6,76
A5 30 12 88,9% 3,2 1987,50 13435 6,76
Ad 32 13 101,6x 3,2 1959,04 15222 7,77
A3 30 12 88,9% 3,2 1820,40 14581 8,01
Al 34 14 127,0x 3,2 2457,32 24008 9,77
Al 30 12 127,4x 4,0 2227,20 26949 12,1
Al 32 13 101,6x 5,0 2299,52 27364 14,9
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The results of analysis indicate the efficiencyarms of mass per unit of most bionic
structural forms (A2, A5) compared to the correshng geometric examples.
The differences are visible only in the case ofesphbased forms (basic geometric) and
the ellipsoid (bionic), where the A3 form exhibitee greatest efficiency. The lightest system
in terms of weight per unit structures is A5 - #ponge skeleton.

The efficiency in design in terms of weight for tlamalyzed morphology was
determined on the basis of the average weight fiwen form parameter.

Table 8: Comparison of all analyzed examples adogrtb the minimal mass per unit criterion for aegi
morphology ranked in order of structural desigmcehcy

Number | Number of ' The total Total Unit The
Example No.| of vertical | horizontal Profile length of weight weight average
divisions | divisions [mm] therods | “no1 | [kg/m] | Unitweight
[m] [kg/m]
A5 34 14 101,6x 2,0 2277,66 11183 4,91
¥ 32 13 114,3x 2,0 2131,84 11810 5,54 5,74
30 12 88,9x% 3,2 1987,50 13435 6,76
A3 34 14 76,1x 3,2 2086,26 11996 5,75
¥ 32 13 76,1x 3,2 1952,96 11230 5,75 6,50
30 12 88,9x 3,2 1820,40 14581 8,01
A2 34 14 76,1x 3,6 2145,40 13816 6,44
y 32 13 88,9x 3,2 2011,52 13598 6,76 6,65
30 12 88,9x 3,2 1875,30 12677 6,76
Ad 34 14 76,1x 3,6 2096,10 13499 6,44
¥ 30 12 88,9x 3,2 1714,50 11590 6,76 6,99
32 13 101,6x% 3,2 1959,04 15222 7,77
Al 34 14 127,0x 3,2 2457,32 24008 9,77
P 30 12 127,4x 4,0 2227,20 26949 12,10 12,26
32 13 101,6x 5,0 2299,52 27364 14,90

Due to the minimal weight in each of the selectamphologies, the design efficiency
was achieved in the densest of divisions i.e. 344ytherefore assuming a maximum mesh
of 2.57 to 2.77 meters. Among the selected morgies; the lightest structure in mass per
unit was obtained in the A5 bionic form, replicatithe shape of the skeleton foam. Another
structure exhibiting a high efficiency due to thenmmum weight per unit was the basic
geometrical A3 form, or the sphere. A similar résuhs obtained when analyzing the bionic
structure of the A2, formed on the basis of theematy curve, which exhibits greater
efficiency than the corresponding basic geometraps of the A4 paraboloid of rotation.

Due to the minimal mass per unit, the structurainfowere also compared as shown
in Table 9.
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Table 9: Comparison of all analyzed examples adogrith the minimal unit weight criterion

Example Numper of N“mber of Profile The total Total weight UT‘“
No. \{e.rtllcal hqn_zpntal [mm] length of k] weight
divisions divisions the rodgm] [kg/m]
A5 34 14 101,6x 2,0 2277,66 11183 4,91
A3 32 13 76,1x 3,2 1952,96 11230 5,75
Ad 30 12 88,9x 3,2 1714,50 11590 6,76
A5 32 13 114,3x 2,0 2131,84 11810 5,54
A3 34 14 76,1x 3,2 2086,26 11996 5,75
A2 30 12 88,9% 3,2 1875,30 12677 6,76
A5 30 12 88,9% 3,2 1987,50 13435 6,76
A4 34 14 76,1x 3,6 2096,10 13499 6,44
A2 32 13 88,9% 3,2 2011,52 13598 6,76
A2 34 14 76,1x 3,6 2145,40 13816 6,44
A3 30 12 88,9x 3,2 1820,40 14581 8,01
Ad 32 13 101,6x 3,2 1959,04 15222 7,77
Al 34 14 127,0x 3,2 2457,32 24008 9,77
Al 30 12 127,4x 4,0 2227,20 26949 12,1
Al 32 13 101,6x 5,0 2299,52 27364 14,9

The analysis results are slightly different fromgé@aon Table 7, showing the list of all
the analyzed structural forms according to theedgh of minimum mass per unit. A5 was
the lightest structure due to the 34 grid breakdsegments around the base and 14 divisions
on the path curve, as described in Table 7. The stexcture is the A3 form — the sphere,
with 32 by 13 breakdown segments; whereas the Atsire — the paraboloid of revolution
with 30 by 12 breakdown segments. The differennethe various combinations result from
the total length of the bar structures. Thereftine, mass per unit seems a more objective
parameter for comparing the shape data.

The design efficiency in terms of each of the aredymorphological weights was also
analyzed against the average total weight pararfatergiven form, as shown in Table 10.

Table 10: Comparison of all analyzed examples aliogrto the minimal mass per unit criterion for
the morphological data, ranked in order of struatdesign efficiency

Numper Number of Profile The total thal Unit The average
Example No. of.v_eft|cal hc_)r!zpntal [mm] length of the| weight | weight | total weight
divisions divisions rods[m] [ka] [kg/m] [kg/m]
A5 34 14 101,6x 2,0 2277,66 11183 491
> 32 13 114,3x 2,0 2131,84 11810 5,54 | 12142,67
30 12 88,9x 3,2 1987,50 13435 6,76
A3 32 13 76,1x 3,2 1952,96 11230 5,75
5y 34 14 76,1x 3,2 2086,26 11996 5,75| 12602,33
30 12 88,9x 3,2 1820,40 14581 8,01
A2 30 12 88,9x 3,2 1875,30 12677 6,76
y 32 13 88,9x 3,2 2011,52 13598 6,76 | 13363,67
34 14 76,1x 3,6 2145,40 13816 6,44
A4 30 12 88,9x 3,2 1714,50 11590 6,76
¥ 34 14 76,1x 3,6 2096,10 13499 6,44 | 13437,00
32 13 101,6x% 3,2 1959,04 15222 7,77
Al 34 14 127,0x 3,2 2457,32 24008 9,77
P 30 12 127,4x 4,0 2227,20 26949 12,10, 26107,00
32 13 101,6x 5,0 2299,52 27364 14,90
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The results listed in both Table 8 and Table 1QstHate the comparable effectiveness
in construction performance of the researched nadggfres. In both cases, the most effective
form was the skeleton of a sponge, then spherenasat, paraboloid of revolution and
the structure of sea urchin.

5 Summary and conclusions

The comparative analysis of the morphology of forshaped according to the topological
transformations enabled the unambiguous deterromdkiat the classic revolving geometric
solids and the bionics represent structurally iffit designs in the selected radial grids.
The most effective structural mapping form among #malyzed examples was the A5
structure — the sponge skeleton. However, the teedol optimal bionic forms cannot
be transferred to all structures of organic origin.

The most effective analyzed structural radial megh the minimal mass per unit was
a mesh with 34 vertical divisions (on the circurefere of the body base) and 14 horizontal
divisions (on the path curve). Due to the minintahk weight among the analyzed examples,
the results are not the same for all examined tstrailcforms. Due to the minimal total weight,
forms A5 (sponge skeleton) and Al (skeleton of seahin) show effectiveness
in construction with the radial divisions 34 by While in the morphology of the A3 (sphere),
A2 (catenary) and A4 (paraboloid of revolution) thiiciency is visible in the case of 30
vertical divisions by 12 horizontal radial grids. addition, the change in grid density affects
the efficiency of the structural design in terms rmafnimum mass. The most efficient
structures in terms of the minimum mass per unitydwer, were neither the shortest, nor
the longest structures.

The skeleton of the sponge always turned out tindédightest structure in terms of the
minimal mass per unit and the total weight regaslief the used structural mesh. Among the
bionic forms, the catenary based form proved atsteworthy as it showed greater efficiency
than the rotational paraboloid. The analysis ofiltesin the search for a structural bionic
efficiency forms in inconclusive, hence the need forther research and exploration
in the field of network optimization, including bi@s. The introduction of climatic loads in
order to fully optimize the verification of strucah forms in the natural world is
a necessary move.
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ANALIZA POROWNAWCZA GEOMETRYCZNYCH | BIONICZNYCH
FORM STRUKTURALNYCH

We wspotczesnej architekturze widoczny jest wzmstczenia bioniki jakarédia inspiracii
w ksztattowaniu nietypowych form strukturalnych. wemlem takich dziala jest zaréwno
poszukiwanie nowych rozaian plastycznych, jak réwnie doskonalenie rozwzan
inzynierskich. Préba odwzorowania morfologii organizmé&ywych we wspétdziataniu
architektoniczno-konstrukcyjnym me prowadzai do optymalnych rozwizan strukturalnych,
taczacych estetyk z ekspresgj techniczm i konsekwenta logika statyczm. Jednoczéie
dzigki doskonaleniu cyfrowych nagdzi projektowych maliwa jest analiza rozwizan
technicznych na wielu ptaszczyznachynierii budowlanej. Poszukiwania efektywoo from
strukturalnych oméwione w artykule stanawdyskus¢ nad optymalizagj struktur ngnych
w zakresie morfologii bionicznych i geometrycznydRozwoj wspotczesnych technologii
umazliwia poszerzenie zakresu badawczego, w tym o doda analizy péwiecone
wspotdziataniu poszczegoélnych dziedzin technikiazanych z ksztattowaniem architektury.



