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Abstract

Introduction: Topology optimization has been widely used in the fields of mechanical and structural engineering. In the
field of architecture, especially in the context of lightweight structures, a strong understanding of programming is essential
for meaningful involvement. The purpose of the study was to establish a fundamental framework that facilitates the
seamless implementation of topology optimization in the design of lightweight structures by architects. Methods: This work
employed a deductive approach to analyze six case studies that involve the application of topology optimization in various
lightweight constructions. The analysis was conducted based on a predefined set of criteria. Additionally, the deductive
technique was used to establish a framework for implementing topology optimization in the design of lightweight structures.
Finally, the framework was used to create an optimized lightweight structure (a pentagonal Roman vault). Findings: An
analysis of all case studies was conducted using two distinct processes: the form-finding process and the fabrication
process. This inquiry aimed to determine the procedural framework involved in the design and fabrication process of
each case study. The underlying framework was derived through an analytical comparison of these six case studies. This
framework enables the production of an optimized lightweight structure. Novelty: This study presents significant findings
on topology optimization and its use in lightweight structures, offering essential insights for architects seeking to create

aesthetically pleasing and distinctive architectural forms that prioritize high stiffness and low mass.

Keywords: lightweight structures, topology optimization, additive manufacturing.

Introduction

Topology optimization is a mathematical
methodology that aims to optimize structures
by taking into account several design factors,
including applied loads, supports, available design
domain, materials, and cost considerations. Using
this approach in the initial stages of the design
process allows for the creation of designs that
have minimal mass and optimal stiffness (Ma et al.,
2021; Tedeschi, 2014). The generation of outputs
from topology optimization algorithms might pose
challenges, necessitating subsequent refinement
to ensure the manufacturability of the final result.
In certain circumstances, it is possible to directly
manufacture the results of topology optimization
through the use of additive manufacturing techniques
(Woo, 2020). Topology optimization is a form of
generative design that leverages the computer’s
ability to perform rapid computations to generate
shapes (Tedeschi, 2014). Topology optimization has
drawn the attention of many architects among the
different generative design tools due to its capacity
to produce attractive organic forms by identifying
voids in continuum structures (Liu et al., 2019). More
importantly, topology optimization is a performance-
based design method that seeks the most efficient

structural form, which means that the resulting
configuration corresponds to an optimized material
arrangement (Javadi Moghaddam et al., 2023; Xie,
2022). Topology optimization plays a significant role
in the field of architecture as it helps determine the
optimal placement and dimensions of architectural
components. Designers can optimize mechanical
components or parts using this technique, which
often involves reducing material usage. Topology
optimization offers cost-saving solutions thanks
to lightweight structures and efficient design
procedures. In addition, creating optimal structures
that exhibit such characteristics as lightweightness,
durability, and cost-effectiveness is beneficial (Liu et
al., 2022; Yildirim, 2022).

Topology optimization solves multiple problems.
It has numerous advantages: creating cost-effective
and lightweight solutions by reducing unnecessary
weight and raw material usage. Design constraints
and performance targets are considered early in the
design process, resulting in a quicker final design
through topology optimization. Topology optimization is
increasingly being adopted by various industrial sectors
in response to the growing demand for eco-friendly
options, aiming to reduce unnecessary material waste
for sustainable perfection (Tedeschi, 2014).
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There are certain drawbacks associated with
topology optimization that should be considered:

a. The use of intricate patterns may have both
benefits and drawbacks.

b. Early investments in software, training, and
computational resources may be necessary.

¢. Manufacturing incurs significant costs due
to the expensive nature of some manufacturing
methods required for topology-optimized designs.

d. Designers may need to establish manual
constraints in order to ensure the feasibility of
manufacturing and meet other requirements.

e. Training is a necessary component for the
appropriate utilization of topology optimization
technologies.

f. Limited use of primary resources: The use
of specific raw materials in topology-optimized
designs may be subject to constraints or limitations,
depending on input parameters.

g. The output quality depends on the accuracy
of the input parameters provided by the designer
(Sigmund and Maute, 2013).

Additionally, these data-driven  topology
optimization methods enable the calculation of
resistances, damage properties, and structural
connections of real materials. Furthermore,
they facilitate the exploration of unconventional
structural systems and the identification of novel
and efficient structural solutions suitable for specific
circumstances. The approaches discussed in this
study include solid isotropic material with penalization
(SIMP), evolutionary structural optimization (ESO),
bi-directional evolutionary structural optimization
(BESO), and level-set method (LSM) (Bao et al.,
2020; Woo, 2020).

Methodology

The methodology employed in this study is
based on examining six individual case studies that
have implemented a specific topology optimization
technique. The selection of these case studies was
primarily based on the criteria established by the
authors. The mentioned criteria include the following
aspects: first, the structure must have a lightweight
composition; second, the structure must undergo
digital manufacturing using various techniques;
third, it must have been designed using one of
the topology optimization approaches; and finally,
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it must have been constructed within the past
decade. The selected case studies, in sequential
order, are Pavilion X-Form 1.0 (Bao et al., 2019,
2020), Pavilion X-Form 2.0 (Bao et al., 2022), VOLU
Dining Pavilion (Bhooshan, 2017; Louth et al.,
2017), Tailored Biocomposite Canopy (Dahy et al.,
2020; Martins et al., 2020; Rihaczek et al., 2020),
Trabeculae Pavilion (Naboni et al., 2019), and Cloud
Pavilion 2.0 (Chen et al., 2019) as shown in Fig. 1.

There are four case studies that exhibit continuum
structures, while two case studies demonstrate
discrete structures. The pavilions known as X-Form
1.0 and X-Form 2.0, both created by the same
team, along with the VOLU Pavilion and the Tailored
Biocomposite Canopy, might be seen as examples
of continuum structures. Furthermore, both the
Trabeculae Pavilion and the Cloud Pavilion 2.0 can
be classified as discrete structures. An analysis of
all case studies was conducted using two distinct
processes: the form-finding process and the
production and assembly process. Next, we shall
proceed to deduce the sequence of steps involved in
the process of designing and constructing each case
study, as outlined in Table 2. A comparative analysis
was conducted, as depicted in Table 1, to examine
the six case studies in relation to various aspects.
These aspects include the structural type (with the
exception of the Tailored Biocomposite Canopy, all
case studies feature a shell structure), whether the
structure is considered as continuum or discrete,
the approach employed for form finding, the specific
topology optimization method utilized (ranging from
SIMP to BESO), the materials used, the software
utilized, and the fabrication technique employed.
The analysis process is a crucial component
in establishing the framework for implementing
topology optimization in a lightweight structure.

Discussion

To effectively implement topology optimization in
the design of lightweight structures, it is important
to have the basic geometric configuration of the
structure before starting the topology optimization
procedure. Based on the examination of prior
case studies, it has been inferred that there are
two primary procedures for implementing topology
optimization in the context of lightweight structures.
These procedures encompass the form-finding

d e f

Fig. 1. Six case studies used in the analysis: a — Pavilion X-Form 1.0; b — Pavilion X-Form 2.0; ¢ — VOLU Dining Pavilion;
d — Tailored Biocomposite Canopy; e — Trabeculae Pavilion, f. Cloud Pavilion 2.0
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Project name

X-Form 1.0 &
2.0 Pavilions

VOLU Dining
Pavilion

Tailored Bio-
composite
Canopy

Trabeculae
Pavilion

Cloud
Pavilion 2.0

Table 1. Comparative analysis of the six case studies applying topology optimization

Type
of structure

Continuum
structure

Continuum
structure

Continuum
structure

Discrete
structure

Discrete
structure

Project name

Form finding

Tree-like structure form

Curvy clamshell-like structure

single-curved canopy with no
connections

the materialization logic of
trabeculae, the interior cells that
form the bone microstructure
generated using a structural
performance-based topological
optimization algorithm

in lightweight structures

TO Materials Software Fabrlc_atlon
method technique
BESO 3D printing of Ameba in Rhino- Large-scale
method  fireproof polymeric Grasshopper robotic 3D
materials / PETG printing
materials
SIMP Stainless steel, Altair HyperWorks CNC laser
method  aluminum, and Altair OptiStruct cutting
and wood
SIMP Natural fiber Galapagos & Millipede ' TFP (tailored
method  materials / in Rhino-Grasshopper  fiber placement)
continuous flax method
fibers
SIMP High-resistance Millipede, Karambain  FDM (fused
method  biopolymer Rhino-Grasshopper, deposition
and Ansys modeling)
SIMP 3D printing Millipede in Rhino- Robotic 3D
method  material Grasshopper printing

Table 2. Comparative analysis of the workflow in the six case studies

Workflow

X-Form
1.0&2.0
Pavilions

VOLU Dining
Pavilion

Tailored Bio-
composite
Canopy

th a high structural

ion and robotic fabrication

Form Finding Process (DESIGN)

H 1 Moot cerinition [ 2 Avplyin Topotoay

H optimization method

H BESO Topology
Initial Geometry Optimized Iterations.
Mesh Discretization

4 Material Property

i Load Case and
11_Boundary Condition

—

H 1 Model definition 2 Applying Topology
i optimization method

3. Post-modification

{ Mesh Smoothing

Fabricatian Process ‘Advanced Robatics Fabirication Process

f  Modified Printing Path Code for .
] Fractal-Like Geometries Joint Design and Assembly

Over-Hanging |
A,

|| 1. Start-Stop Seript 30 printing model consists | |
: of 15 distinct parts and i
various specific joints H

Fine-Tuning Based
on the Feedback of

2. Post-modification M

i | 2. Import the Printing File into

| KUKA Machine and Run H
i Using the plug-in joint H
design without any screws | |

All parts were transported
1| inabig air suitcase to
Barcelona and were
assembled on site by two

FEA Analysis 1

4
g
8 Test the behavior of polymer I
& materials for 3D printing H

Effective printing parameters
Printing speed

I height
Bead size
b
Extrusion temperature

people in 5 hours

(Create the design of the Model and prepare it for the fabrication

Initial Geometry
aw-Poly Modeling) |

H 1 TO under various
[

load cases
p
i|  Mesh smoothing Material Reduction
H .
i| Material Property
Load Case and .
:|_Boundary Condition

| —

Manual quad re-
meshing of TO
result,

1 Model definition 2 Applyng Topology
optimization method

Cell Design
Refined Lattice |}
Beam Network :
Rationalization

& Loop Offset i 8
: S
Loop Unrall H

1 Lapped timber bands

2 Striated bundles

3. Bundled pipes.

b, Laminated plate custom

edge

5. Laminated plate outriggers
ST, 'i| & Beam net open spine

SIS 7. Beam net closed spine.

2

3 Cells loops - Area 7165
4 Louvers ~ Length 229.97
5. Fleor cells - 35

Structural beams - H
Length 136.26 H
Cells nodes - 42 :

i Tallared Fiber Placement Placement on the mold with
Gt b -TFP Stage il

i Initial Geometry ‘

| desired form

Sanding and Coating

Initizl optimized Divide the structure Prepare the natural fiber [ pooion and usea [ The ready-made preforms

shell into @ parts to fit the Nl!nal{‘or lher:-:lhncahun reusable mold i| were mplema;e': mll;
: P process {convert flax : £| epoxy resin and formed in a
i Material Pro J machine's working fibersinto rells to beused | | £ closed vacuum-assisted
i perty { Material Reduction ol in TEP machine} (e N\ H it J
i = i .| | wereCHC cut ang i 4
i o L::d Cacse Td | [ setecttnefina ~ ~ Individual continuous fibers | 1| afterwards put <[ Two layers of TFP preforms
H u:h l;w o design from Define CAD paths of were sewn to a matrixin a together to form a £| were used to provide
| Witk generated variants individual preforms. predetermined vectar i|_walfle structure | turther reinforcement after
Dol Lo L L nallelg;nat:ollawet::: H :|_remaving the structure

unrolled surface with the ¢ H
—
*
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Project name

Table 2 (ending)
Workflow

Trabeculae
Pavilion

Initial Geometry | SIMP T0 method
iL_(form detinition} ) " Finite Element :
i Analysis i
H Applied loads
! Define main
i H COMpression
i| External Constrains trajectories
i =4

P ——
i H i Load-responsive
i Cellutar Structure [ Stiffness factor J {l__lattice structure |

Cloud Pavilion
2.0

(l Define the mesh form for the i [
design object

§————————1

Including Parameters like
Thickness, Mesh Density, UV Ratio

ptimization

i m

Printing Material Preparation and
Tectonic System

Testing
i1 (pre-assembled clusters)

1. Material Comparison ] H
i| 2 Anisotropy Testing i H
. Material and Printing i H
Refinement ( {
Assembly sequence of the | !

clusters H

J3

Cell topology

Cell thickness

Tessellation :
' Geometry Optimization |
{ :

p |
: Intralayer Design i

2. Design a toolpath to create
cellular or other types of supparting
structures for space-filling J

{3 Apply load constraints }

parameters in first step

and faster approach to reducing
me and achie

g a more
successful robotic toolpath design process

&, Analyze averall structural |
performance |

Make two tests to analyze the
structural stiffness

J

one on a printed beam structure connected by
five space frame pieces

5 Apply 20 topology nntnmwzalnon\
simulation on a specific mesh
surface by using boundary conditions
of four fixed supports, 30 printing
material, and under gravity load
conditions. {self-weight)

The mesh is divided into 380
intervals in U direction and 42
intervals in V direction and has total
15960 discrete mesh units with 16340
mesh vertices.

the other on cantilever strut with a total
length of 1m and a combination of n number
of space frame parts.

The topologic-optimized mesh is divided into
three zones based on its stiffness level, from
weakest to strongest

process and the fabrication process. The form-finding
process refers to the analytical and optimization
procedures involved in the design of a structure. The
process has three distinct stages: model definition,
application of the topology optimization method,
and post-modification. The fabrication process has
four distinct phases, including the selection of an
appropriate digital manufacturing technique, the
preparation and testing of materials, the design of
fabrication and joints, and the final assembly phase.
as can be seen in Fig. 2.

Form-finding process

Model definition

The initial stage, referred to as “Model Definition”,
includes a series of four sequential processes. The
first step involves establishing the boundary domain
for the structure in question, to which the subsequent
topology optimization will be applied. The process
of mesh discretization involves dividing the mesh
into smaller sections to accurately determine the
positions of loads. Additionally, it is necessary to
specify the material properties by providing the value

Appling topology optimization framework

I

Form-finding process

®
Fabrication process

:

Digital fabrication

Applying Topology

Madel definition optimization method

J\

— |

technique

Materials preparation

Post-modification {
{ Joints system

{ Assembly process

Fig. 2. Primary process of applying topology optimization to lightweight structures
(created by the authors)
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of Young’s modulus in gigapascals (GPa) and the
corresponding Poisson’s ratio. In conclusion, the
applied loads include external loads, the structure’s
self-weight, the positioning of supports, and
structural constraints such as specified openings,
doors, or windows, as depicted in Fig. 3.

The authors have developed and presented
a case study in order to adhere to and implement the
established framework. The chosen design for the
vault is a pentagonal Roman vault, which is inspired by

Form Finding Process

the Mortuary Chapel for the Soriano Manzanet family
(architizer.com, 2023). The vault has dimensions of 2.4
m for each side and a height of 2.8 m. It features a total
of five openings. Later, the surface was discretized
into smaller components to accurately determine the
locations of the applied loads. Young’s modulus and
Poisson’s ratio for the PLA material used in 3D printing
were determined to be 2.7 GPa and 0.3, respectively.
The placements of loads and supports were specified
as depicted in Fig. 4.

-

Boundary Domain

=

Mesh Discretization

Material Property

Choose suitable software to

apply topology optimization

(each software has its own
topology optimization method)

Finite Element Method (FEM)

Topology Optimized Iterations
and Material Reduction

SIMP method
ESO miethod
LSM method
BESO Methad Parameters

= Evolution Ratio (ER)
= Filter Radius (FR)

= Volume Fraction (VF)

Define main compression
trajectories

Continuum Structure
Mesh Smoothing
Dver-Hanging

Modify the model to avoid

large printing angles in the

model

Discrete Structure

= Young's modulus
: = Poisson's ratio

H Load Case and Boundary
Condition

= Applied loads (External loads/
structure own weight)

= Supports position

i = Structure constrains (opening, !

i door, window) ;

Select the final proper design R
from generated variants i

Refine the final proper design

Cell Design
Stiffness factor
= Cell orientation
Cell topology
= (Cell thickness

Fine-Tuning Based on the
Fee k of FEA Analysis

Fig. 3. Workflow of the form-finding process, model definition phase (created by the authors)

Boundary Domain

L ]
’ | /
Lp 3 ]
! L |
Pt i i
|_"| ! |
P ) ]
1 [ N
i I' .
Al Structure |
= constrains 4!
(Opening) I',.i;\Bf‘“
L ]

Applied loads {External
loads & structure own
weight}

Discretization

posation

Initial Geometry (Pentagon Roman Vault) Model Definition Phase

Fig. 4. Case study’s model definition phase (created by the authors)
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Applying the topology optimization method

The phase under consideration holds
significant importance within the form-finding
process, as itinvolves the application of
topological optimization techniques. The first step
involves selecting the appropriate software. The
analytical process subsequently employs the finite
element method (FEM) and facilitates material
reduction through the software. This results in the
generation of several iterations. Ultimately, the
selection of the definitive design depends on the
final decision. It is worth noting that an increase
in the number of optimization iterations directly
correlates with a higher level of accuracy in the
outcome. If necessary, the designer has the ability
to refine the output-optimized design, as depicted
in Fig. 5.

The selected case study involves the use of the
tOpos plugin in Rhino-Grasshopper, which utilizes
the SIMP (Solid Isotropic Material with Penalization)
technique. The optimization iteration numbers
were set to 50, 100, 200, 300, and 500, as can

Form Finding Process

Boundary Domain

Choose suitable software to

apply topology optimization

(each software has its own
topology optimization method)

Mesh Discretization

Material Property

Two main parameters

= Young's modulus i i pi
= Poisson's ratio Finite Element Method (FEM)
Y J
Load Case and Boundary
Condition I
= Applied loads (External loads/ Topology Optimized Iterations
structure own weight) and Material Reduction i
* Supports position HAN ]
= Structure constrains (opening, i1
door, window) o

Select the final proper design
from generated variants

be seen in Fig. 6. The final design selected is the
one obtained after 500 iterations of optimization,
as it has been determined to be the most accurate.
The finite element approach, as depicted in Fig. 7,
was implemented using tOpos plugin.

Post-modification

The final stage of the form-finding process involves
post-modification. During this step, the results
obtained from the topological optimization process are
adjusted and prepared for the subsequent production
procedure. The above-mentioned phase may
undergo modification based on whether the structure
in question is continuum or discrete in nature. In the
case of a continuum structure, the post-modification
process involves two consecutive steps, namely
mesh smoothing and overhang reduction. Overhang
reduction refers to modifying a model to reduce the
presence of steep printing angles. If the structure is
discrete, the post-modification phase is established
during the cell design process with the objective
of determining the cell’s orientation, topology, and
thickness. Subsequently, the model undergoes fine-

Continuum Structure

- SIMP method i Mesh Smoothing
- : : Over-Hanging
- LSMmethod i
- BESOMethod Parameters ||  Modify the model o avoid
" - 1 large t I th
Evolution Ratio (ER) i ~“8¢Prnosoiesinioe
= Filter Radius (FR) i
= Volume Fraction (VF) ! Discrete Structure
i Cell Design

Defi 3 ; = Cell orientation
efine main compression * | Callopology

trajectories i1 = Cellthickness

. o Fine-Tuning Based on the
Stiffness factor i Feedback of FEA Analysis

Refine the final proper design

Iteration 500 - the final design-

Fig. 6. Topology optimized iterations and material reduction (created by the authors)
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Fig. 7. Topology optimization and FEA. a. Layout; b. Elevation by tOpos plugin in Rhino-Grasshopper (created by the authors)

tuning through the incorporation of inputs obtained
from the FEA, as shown in Fig. 8.

The case study model exhibits a continuum
structure, thereby necessitating the use of a mesh
smoothing technique. Upon reaching the conclusion

Form Finding Process

' 1. Model definition ' 2. Applying Topology optimization
i i method

Boundary Domain

Create the design of the Model and prepare it for the fabrication process

\

H

1}

H

! Choose suitable software to ~  SIMP method ; :

i i apply topology optimization - ESD method H X E
- Pt (each software has its own - LSM method : E '
i [ Mesh Discretization 1 i {| topology optimization method) | _  BESQ Method Parameters ! | : i
i * Evolution Ratio (ER) |+ | P
H T } = FilterRadius (FR) !} 1 ] ; :
e bitl [ Finite Element Method (FEM) J = Volume Fraction (VF) ! ! Over-Hanging =
| Two main parameters 5 i : |
{ = Young's modulus i i e Modify the model to avoid | |
{ * Poisson'sratio : 1| Topology Optimized Iterations .| UE!INE MaiN Compression \arge printing anales inthe ! :
: i3 [ and Material Reduction trajectories gep g ong il [
i L Load Case and Boundary ] i ; 4 :
H b i H Stiffness factor !
Condition A5 r PR e X '

= Applied loads (External loads/ ‘ Select the final proper design ‘ . ! Discrete Structure : E
H structure own weight) from generated variants i : .
Supports position _ E E{ Cell Design ]E i
gmmmsvams(npenm. i Refine the final proper design P ]
1w Cell orientation 4l |E

i i Cell tnpology

i+ = Cell thickness 8 I

1 L}

1

I}

of this stage, all advancements related to the case
study have been finalized, resulting in the production
of the ultimate outcome, as depicted in Fig. 9.

The graphical representation in Fig. 10 illustrates
the disparity between the basic geometry and the

Fine-Tuning Based on the
Feedback of FEA Analysis

Fig. 8. Workflow of the form-finding process, post-modification phase (created by the authors)

™ A

Bottom view

Fig. 9. Final optimized model after the form-finding process (created by the authors)
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Fig. 10. Initial geometry and final optimized design shown together, illustrating the material reduction that occurred
from topology optimization (created by the authors)

optimized model, highlighting the extent of material
reduction resulting from the process of topology
optimization. The design’s aesthetic draws inspiration
from natural elements and is characterized by an
abundance of organic forms. Fig. 11 illustrates the
comprehensive script used in the tOpos plugin
within the Grasshopper environment. In the context
of this study, it can be observed that each phase
is associated with a specific color. The color beige
is assigned to the model definition phase, blue
is designated for the application of the topology
optimization method, and gray is utilized to represent
the post-modification phase.

Fabrication Process

The fabrication process has four distinct phases,
including the selection of an appropriate digital
manufacturing technique, the preparation and testing
of materials, the design of fabrication and joints,
and the final assembly phase. The choice of digital
manufacturing technology is a crucial aspect of the
fabrication process. Next, the appropriate material is
selected for this specific approach. In some cases, it
becomes crucial to prioritize material selection over
fabrication techniques, or alternatively, the choice
of technique is contingent upon the designated
material. Therefore, in such scenarios, the selection
of materials takes precedence over the selection of
fabrication techniques. The material preparation and
testing process involves three distinct steps: material
comparison, anisotropy testing, and material and
printing refinement. During the fabrication and joint
design phase, itis necessary to divide the model into
components that can fit inside the working area of
the printing machine. It is also important to establish
a comprehensive system for joints, encompassing
various forms of connections. During the assembly
process, it is imperative to develop a tectonic
system that effectively partitions the structure into

10

smaller components, known as pre-assembled
clusters. It is also crucial to establish a well-defined
assembly sequence for these clusters in order to
successfully install the entire structure, as can be
seen in Fig. 12.

The optimized output model for the case study
was printed using a small-scale desktop 3D printer
(Ender-3 V2) and PLA+ filament material. Fig. 13
shows the printing process, and Fig. 14 shows the
final printed optimized model.

The following content presents a comprehensive
framework for implementing topology optimization in
the design of lightweight structures.

Conclusion

This study used analytical and deductive
methodologies. The analytical approach involved
conducting a comparative analysis of six case studies
on lightweight structures. These structures were
optimized using a specific topology optimization
method at different stages. The analysis considered
such factors as the structural type (continuum or
discrete), form-finding techniques, the specific
topology optimization method employed (ranging
from SIMP to BESO), the materials used, the software
utilized, the fabrication techniques employed, and
the overall workflow for designing and fabricating
each case study. The deductive approach was
used to develop a framework for applying topology
optimization in lightweight structures, as demonstrated
by this analytical comparison. This framework consists
of two fundamental processes, namely the form-
finding process and the fabrication process (Fig. 15).
Additionally, it is crucial to thoroughly analyze and
comprehensively examine every step involved in each
individual procedure. Next, the above-mentioned
framework was employed to conduct a case study on
the pentagonal Roman vault and create an optimal
structure in terms of topology.
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Model definition Applying Topology optimization method Fost-modification

Cop]

Output mesh from
topology optimization

et Tt

3 i
skip Nated @ M !

|

e

Script of Post modification phase by using TOpos plugin in Rhino-Grasshopper

Fig. 11. Overall script for the form-finding process using the tOpos plugin in Rhino-Grasshopper (created by the authors)
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Fabrication Process

1 Choose the Proper Digital 2. Material Preparation and Testing 3. Fabrication and Joint Design 4, Assembly Process
Fabrication Technique , h | 1. d
: B : , i | Divide the model into parts tofit || Tectonic System i
' v 1| 1. Material Comparison o +mcy : % [ 1
{1 1 Bi-dimensional Cutting bl g Anisotropy Tegting f ] the {printing) machine working o (pre-assembled clusters) | !

2. Subtractive Technigues 3. Material and Printing 2res
3. Additive Techniques Refinement [ [ Set Joints system

i

' ' Assembly sequence of the
]: : clusters :

1

Fig. 14. Final printed optimized model
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Framework of applying topology optimization in lightweight structure

Initial Geometry “concept phase”
Applying Topology optimization l
method

Form Finding Process

1. Model definition
Boundary Domain :

Choose suitable software to Continuum Structure

! - SIMP method
‘ i apply topology optimization - ESOmethod Mesh Smoothing }
; : e H {each software has its own - LSMmethod
| [ Mesh Discretization ] topology optimization method) - BESD Method Parameters
i : = Evolution Ratio (ER) Dver-HHenaing ]
| : = Filter Radius (FR) :
; [ itacet fropury J 5 [ Finite Element Method (FEM) ] = Volume Fraction (VF) | 1:”,.;‘2?;::;;?:;";?:% §
3 l model :
¢ = Young's modulus SRR i S T e
i = Poisson's ratio Topolagy Optimized hterations -|i. Define main compression Discrete Structure
! and Material Reduction ; trajectories :
[ Load Case and Boundary o Cell Design }
! Condtion . e Ty Cell orientation
| = Applied loads (External loads/ ‘ Select the final proper design Cell topology
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AHHOTauuA

BBepeHue: TornornorMyeckass ONTUMKU3ALMS LUMPOKO WUCMOMb3YETCS B MHXEHEPHbIX paspaboTkax M MpOoeKTUpoBaHUM
CTPOUTENBHbIX KOHCTPYKLMIA. B 06riacTi apxntekTypbl, 0COBGEHHO B KOHTEKCTE 0BMerYeHHbIX KOHCTPYKLIWIA, 41151 NMOMHOLLEHHOMO
MCMoNb30BaHMSA 3TOr0 MeToda HeoOXoouMbl CepbesHble HaBblkM B NporpaMmupoBaHuun. Llenb uccnegoBaHusi —
cchopmmpoBaTb 6a30Byt0 CxeMy, CMOCOOCTBYHOLLYIO GecnpensaTCTBEHHOMY NMPUMEHEHUIO TOMOMOrMYECKOW ONTUMMU3aLMn Npu
NPOEKTUPOBAHWUN apXUTEKTOpaMu 0BnerdyeHHbIX KOHCTpyKUmiA. MeToabl: B JaHHOW paboTe Ans aHanmaa LecTy NpyMepoB
NPUMEHEHNST TOMOSOrMYECKOM ONTUMMU3ALMM B PasnUYHbIX OOMerdyeHHbIX KOHCTPYKLUUSIX MCMONb30Barncs Oe4yKTUBHBIN
meTog. AHanu3 nNpoBOAMIICS HA OCHOBE 3apaHee onpefeneHHoro Habopa kputepues. Kpome Toro, AeOyKTUBHbIA METOA
ncnonb3oBarncs Ans opMUPOBaHUS] CXEMbI peanunaaLum ToNoNorMyeckom oNTMMM3aLmmn Npu NPOEKTUPOBaHUM 0BNerYeHHbIX
KOHCTpykuMi. [aHHas cxema Obina wcnonb3oBaHa AN CO3[4aHUS ONTUMMU3VMPOBAHHOW OOMEerYyeHHOW KOHCTPYKLMK
(neHTaroHanbHbIN LMNMUHAPUYECKUI cBof). BbiBoAbI: aHan13 npMmMepoB NPpOBOAUIICS C YHETOM [IBYX NPOLLECCOB — npoLiecca
noucka ¢popmbl 1 NpoLiecca n3rotoeneHus. MiccnegoaHue 6bino HanpaBreHo Ha onpeaerneHe MeToaonorM4yeckoin OCHOBSI,
3a[1eICTBOBaHHOM B MpOLecce NPOEeKTUPOBaHWSA U U3rOTOBMEHUS MO KaxaoMy M3 npuMepoB. OcHoBononarawLwasi cxema
Obina paspaboTaHa Ha OCHOBE aHaNMTUYECKOrO CpaBHEHUS! LUeCTU MnpumepoB. [aHHas cxema Mo3BONSET co3daBaTb
ONTUMM3NPOBaHHbIE OGMerYyeHHble KOHCTpyKuuW. HoBM3HA: B [aHHOM uUcCCnegoBaHWM MNpeAcTaBneHbl  3HadYvMble
pe3ynbraTtbl B 06nacTu TOMoMormyeckon onTUMmM3aLmnm 1 ee UCMonb30BaHUsi B 00ner4eHHbIX KOHCTPYKLMSX, OTKPbIBaKOLLME
LUMPOKNE BO3MOXHOCTU ANSl apXUTEKTOPOB, CTPEMSILLMXCA K CO3AaHMIO 3CTETUYECKU MpUBREKaTENbHbIX U OpUrMHarbHbIX
APXUTEKTYPHbIX hOPM, B KOTOPbIX MPUOPUTETOM SIBIMISIETCS BbICOKAs XKECTKOCTb M HEDONbLLOW Bec.

KnroueBble cnoBa: o6neryeHHble KOHCTPYKLUMK, TONONorn4eckad ontuMmn3aund, agantuBHblie TEXHOIOTUN.
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