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Abstract. The pursuit of designing structures that are more efficient in supporting the applied loads while also
achieving greater materialsavings hasled many designers to turn to structural optimization methods. Topological
structural optimization has been gaining increasing importance in the early stages of design, as it allows for the
identification of the optimized material distribution so thatthe structure can support the applied loads. However,
many topological optimization methods rely on mathematically complex equations, making them difficult to
implement numerically and even harder for many design engineers to understand. Consequently, heuristic
topological optimization methods—which do not depend on mathematical gradients—are a good alternative for
achieving optimized solutions with easier implementation. One such method is the Progressive Directional
Selection (PDS) method, a purely heuristic evolutionary approach. The PDS method is inspired by evolutionary
principles—particularly the idea of directional selection. It aimsto optimize a structure by selecting the elements
that contribute most to bearing the applied loads and eliminating those that contribute the least, through distinct
removalstages. This study aims to implement the PDS method for optimizing three-dimensional truss structures
using the ground structure approach. The results demonstrate that PDS can find optimized solutions for three-
dimensional truss structures.

Keywords: topology optimization, Progressive Directional Selection, ground structure, tridimensional trusses.

1 Introduction

The main challenge for design engineers is to design structures or structuralelements that are more efficient,
cost-effective, and within acceptable safety limits. An important toolforachievingthis goal, and one thatis already
a reality for many designers, is the topological structural optimization technique. This type of structural
optimization seeks to distribute material within an initial design domain to achieve the best arrangement for a
structure when subjected to loads and support conditions [1].
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According to Querin et al. [2], there are several topology optimization methods, which can be grouped into
two categories: Optimality Criteria methodsand Heuristic or intuitive methods. Optimality Criteria methods, based
on mathematical gradients, are more rigorous and are applied to problems with a large number of design variables
and few constraints. Examples of this category include the Homogenization method [3] and the Solid Isotropic
Material with Penalization (SIMP) [4]. Heuristic methods, on the other hand, are derived from intuition,
observations of engineering processes, or observations of biological systems. These methods cannot always
guarantee optimality, but they can provide efficient and feasible solutions. The Evolutionary Structure
Optimization (ESO) and Bidirectional Evolutionary Structural Optimization (BESO) methods[6] canbe cited as
examples of evolutionary heuristic methods

Heuristic methods offerthe computationaladvantage of being simpler to implement than optimality criterion
methods, primarily due to the latter's rigorous mathematical gradient approach. Motivated by this,an evolutionary
heuristic method for topology optimization was proposed by Veras and Cavalcante [7], inspired by Darwin’s
theory of naturalselection and, more specifically, by the concept of directional selection as formalized in modem
evolutionary biology.

The Progressive Directional Selection (PDS) method, like other topological optimization methods, seeks to
find the best materialarrangement in a structure subject to specific loads and boundary conditions. However, what
differentiates the PDS optimization process from otherevolutionary heuristic methods, such as ESO/BESO, is that
the element selection process for the structure is divided into different scenarios or selection stages. In each stage,
the original population of elements (initial domain)undergoes a distinct element removalprocess through removal
steps until the number of elements pre-established by the user is reached. At the end of each stage, the selected
population of elements may vary because the element removal process differs for each selection stage. The
algorithm stops when the same group of selected elements is repeated in consecutive selection stages, thus
achieving convergence.

The PDS method hasalready been employed for topology optimization of planar trusses within the ground -
structure approach, as shown by Cavalcante et al. [8]. This work extends the Progressive Directional Selection
(PDS) method to 3D truss topology optimiza tion under the ground-structure approach, integrating structural design
limit-state checks—strength and stability (member stress and buckling/slenderness) and serviceability (top-
deflection)—to make the procedure closer to engineering practice. A lattice wind-turbine tower serves asthe case
study.

2 Progressive Directional Selection

The initial design domain is considered the starting population of individuals, with each element in that
domain being treated as an individual. When the acting loads and constraints are imposed, each element must
contribute to support the structure under these loads. The elements that contribute the least to the structure are
gradually eliminated, similar to what occurs in nature. This process results in the structure evolving into a
configuration that efficiently supports the loads.

Consider this asan illustrative example of this process. Suppose a building floor where the designer needs to
define the position of ten columns, knowing there are twenty possibilities for their location. In this scenario, the
initial population of twenty columns will undergo a progressive directional selection. Once the loads are applied
to the structure, the first selection stage consists of removing the ten least contributing columns in a single step to
obtain the ten selected columns.

At each selection stage, the goalis to arrive at the selected population, with the number of elements predefined
by the user, and this process is applied differently at each stage. Thus, the selected population is achieved
differently at each stage, which may or may not result in the same group of elements.

At the beginning of each selection stage, the initial population will undergo a process of removing elements
differently through pruning steps. The numberof individuals removed is partitioned differently foreach stage. For
instance, the second stage consists of two steps: the load is applied, and the five least contributing columns are
removed. Then, the load is applied again to the remaining fifteen elements, and the five least contributing columns
are removed, resulting in ten columns at the end of the stage. The third stage involves three steps for removing
elements, with 4, 3, and 3 columns removed in each subsequent step.

The final population of columns in each stage can differ due to the rearrangement of internal forces. The
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maximum number of selection stages equals the total number of elements to be removed, which is ten in the case
of the building floor with twenty columns. The process continues until the selected elements in the last stage match
those in the previous stage, indicating convergence. In the case of the building floor, the positions of the columns
at the end of the third stage match those in the second stage, demonstrating convergence. Generally, the user
determines the number of consecutive stages (n) with repetition of the selected elements by applying the
convergence criterion C,, which defines when the process must stop.

During the optimization process, it is possible to apply a penalty factor (PF) to the stiffness of eliminated
elements from the discretized analysis domain, thus avoiding remeshing and the singularity ofthe global stiffness
matrix. Special attention must be given to the population ranking. To address numerical accuracy and symmetry
issues during the selection process, a selection tolerance (ST) mustbe applied for each removalstep, allowing the
addition of elements with a performance criterion value very close to the last selected element in the ranked vector.
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Figure 1. Hypothetical example of the PDS application on a building floor with an initial population of twenty
columns.

3 Methodology
The PDS method isused in this work forthe topology optimization process in three-dimensionaltrusses using

the ground structure approach, applied to an example of a lattice tower of a wind turbine. The methodology of this
work can be represented by the flowchart in Figure 2.

Definition of the ree dn.ner.lsu).nal Structural analysis
. . truss optimization
design domain and of the chosen
i through the PDS -
boundary conditions method optimized topology

Figure 2. Work methodology flowchart.
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3.1 Definition of the design domain and boundary conditions

The initial design domain was established using a three-dimensional ground structure with a square base,
measuring 1.5 m in both width and length. This domain was discretized into 5 elements along the width (x-
direction) and 5 elementsalong the length (y-direction), resulting in individual elements with a dimension of 0.3
m. The tower's height was set to 12 m. For standardization, all ground structure configurations are set to use 6
elements along the height, maintaining uniformity in the vertical discretization, analogous to what has already
been established forthe x and y directions. All truss elements have a solid circular cross-section of 5 cm in diameter
and are assumed to be made of steel with a Young's modulus of 220 GPa.

For this work, two levels of ground-structure connectivity are adopted: Connectivity level 1, in which each
node is connected only to its immediate neighboring nodes; and Connectivity level 3, in which each node is
connected to all other nodes located within three adjacency levels in the nodal network.

Based on Gama Jr [9], the loads considered in the analysis can be seen in Figure 3, which consists of the
weight of the nacelle-rotor assembly, w, and the drag force generated by the wind on the blades, F,,. Both loads
were applied concentrically and equally distributed amongthe fourcentralnodes of the upperplane of the domain,
which represents the wind turbine attachment point. No eccentricities were considered for these forces (implying
zero moments), nor were the self-weight of the truss elements or the direct action of the wind on them. Since the
turbine can rotate 360°around the z-axis due to the wind direction, the load F,, varies in direction asa function of
angle theta. Due to the dynamism of F,,, it is necessary to determine the maximum stress envelope that each bar
element can develop when the load direction varies.

Figure 3. Acting loads considered in the design domain.

To determine the loads applied to the structure, the following input parameters were considered, drawing
from Gama Jr[9] forthe Skystream 3.7 by Xzeres wind turbine specifications and the structural analysis guidelines
for environmental factors: a nacelle-rotorassembly mass of 77 kg, a rotor diameterof 3.72 m with 3 blades,anair
density of 1.131 kg/m?, a basic wind speed 0f30.00 m/s for the location,and a design wind speed of 13.00 m/s for
the wind turbine. A characteristic wind speed 0f31.80 m/s was used (obtained from the basic wind speed factored
by S1, S2, and S3 according to NBR 6123 [10]) for the Ultimate Limit State (ULS), while the design wind speed
was adopted in the Serviceability Limit State (SLS).

The two ground structure configurations used asthe initial domain forthe analysis, from which the optimized
truss towers were generated by the PDS method, are illustrated in Figure 4. Figure 4-a) presents the ground
structure with connectivity level 1, and Figure 4-b) displays the configuration with connectivity level 3. In all

CILAMCE-2025
Proceedings of the joint XLVI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Vitoria, Brazil, November 24-27, 2025



H. Junior, N. Cavalcante, L. Véras, A. Junior, M. Cavalcante.

visualizations, the gray lines represent the truss elements that are the candidate members to compose the final
structure. The black nodesindicate the regular interconnection points within the mesh. The blue spheres, located
atthe base,denote the restricted nodes that simulate the fixed support points of the tower. Finally, the red spheres,
positioned at the top, signal the nodes where the main external loads are applied.

Truss Elements
Regular Nodes
®  Restricted Nodes
Loaded Nodes

Truss Elements
Regular Nodes
Restricted Nodes
Loaded Nodes

Z-axis
Z-axis

Figure 4. Initial domain (ground structure): a) connectivity level 1 and b) connectivity level 3.

3.2 Three-dimensional truss optimization through the PDS method

The PDS-based topology optimization algorithm is adapted to the three-dimensional ground structure
domain. The initial PDS parameters are the same for the two analyses: penalty factor (PF = 10°%), selection
tolerance (ST = 10°%), and convergence criterion (C, = 30). Initially, the convergence criterion is fixed, but
topologies that appear with criteria lower than the established one are analyzed for comparison. The absolute stress
in each element is chosen asthe performance parameter forrankingand choosingthe selected elements. Since this
is a design domain with discretized elements in truss bars, the number of selected elements is used as one of the
prescribed parameters to satisfy at the optimized structure. Forthe ground structure with connectivity 1,the number
of selected elementsin the optimized structure was 205. For the ground structure with connectivity 3, the number
of selected elements was 160. These values were achieved through an analysis process where the authors varied
the number of selected elements until they obtained the truss with fewer elements with at least one topology
meeting the ultimate and serviceability limit state criteria.

Several topologies obtained for different convergence criterion values were analyzed. The parameters used
to select the best topology for each ground structure connectivity level are allowable displacement at the load
application point, maximum bucklingutilization index, maximum yield utilization index, and total element length.
For the Serviceability Limit State (SLS), the horizontal displacement at the load application point is limited to
H/400, adopted asa design criterion in accordance with the recommendations of NBR 8800 [11], where H is the
tower height. For the Ultimate Limit State (ULS), the structural verification is performed by means of utilization
indices. The maximum buckling utilization index is theratio of the critical compressive load of the most stressed
element in the topology to the allowable buckling load, while the maximum yield utilization index is the ratio of
the maximum absolute stress of the structure to the allowable yield stress of the material. In both cases, utilization
indices must remain less than or equalto 1. The totalstructure length is the sum of the topology element lengths,
a parameter that represents the amount of material used in the structure's construction. The topology chosen at
each level of connectivity was the one that satisfied the state limits and had the shortest total length.
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3.3 Structural analysis of the chosen optimized topology

Finally, the topologies chosen for each connectivity level are analyzed by comparing their respective
displacements of the load application point, maximum absolute stress, totallength, maximum bucklingutilization
index, maximum yield utilization index, deformation of the structure, and stress levels.

The computational environment used for the simulations consists of MATLAB R2023a (64-bit) running on
Windows 10. The hardware comprises a 5th Gen Intel(R) Core(TM) i5-10300H processor at 2.50 GHz and 8.0
GB of DDR3L RAM 5.1.

4 Results and Discussions

As mentioned in the previous section, a critical performance indicator for the optimized topologies, the
maximum displacement at the load application points, was employed. The admissible displacement for this
criterion was established as H/400,adopted as a design guideline in accordance with the recommendations of NBR
8800 [11], which corresponds to 30 mm for the 12 m high tower. Among the topologies meeting the convergence
criteria up to Cs39, two optimized topologies at connectivity level 1, and four at connectivity level 3 registered
maximum displacements below the 30 mm limit. The graph representation of these results is provided in Figure 5.
These graphs illustrate the maximum displacement atthe load application points for each convergence criterion.
Green points denote topologies with maximum displacements below the admissible limit, while red points indicate
those exceeding it. The admissible limit of 30 mm is demarcated by a horizontalred line. Each graph corresponds
to a specific connectivity level: Figure 5-a for level 1, and Figure 5-b for level 3.
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Figure 5. Maximum displacements of optimized topologies: a) connectivity level 1 and b) connectivity level 3.

Figure 6 shows the maximum buckling utilization index for the optimized topologies considering the two
adopted connectivity levels (Figure 6-a, level 1, and Figure 6-b, level 3). When the buckling utilization index
exceeds unity, it indicates local buckling failure. For connectivity level 1, the two topologies satisfying the
displacement limit atthe load application point—C> (which has the same configuration as criterion C3) and Cs—
do not exhibit buckling failure. Among them, Cs shows a lower buckling utilization value than C>, indicatinga
more stable configuration. For connectivity level 3, the two topologies within the admissible displacement limit—
C7 and Cj3—also do not present buckling failure. The topology obtained under criterion C;3 exhibits a lower
buckling index compared to C7, reflecting an improved resistance to local instability.

The same analysis is performed for the maximum yield utilization index, as illustrated in Figure 7. Similar to
the buckling case, the two topologies with connectivity level 1 (Figure 7-a) and the four with connectivity level 3
(Figure 7-b) do not exhibit material yielding. In both connectivity levels, the maximum stress values are well
below the steel yield stress, confirming adequate strength performance.

CILAMCE-2025
Proceedings of the joint XLVI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Vitoria, Brazil, November 24-27, 2025



H. Junior, N. Cavalcante, L. Véras, A. Junior, M. Cavalcante.

Maximum Buckling Utilization in Converged Selection Stages

cisce
' 019:24 c25:c29

Maximum Buckling Utilization in Converged Selection Stages

c28:C29
L]

@«

x *
o} ]
k-] °
£ £
c E 55 ® Admissible Displacements
-g s -g Non-Admissible Displacements
o @ 5
N =8
= ' €30 =45k
% .
(= D 4+
2 ce 2
7; c4:c5 cT:C13 c‘a E 35
3 08l ® @ 3t c8 C14:G19
E £ .
£ E cé c20:c27
£ o04f £ L °
x %
o} 5 [ ]
= =15 clo:c12
cr Y c3o
1
02} cres [ ] c.g c.3 L]
® Admissible Displacements o 51!
® Non-Admissible Displacements
L L L i h N T / 0 L L L L I 1
100 150 200 250 300 350 400 450 [ 200 400 600 800 1000 1200

Selection Stages

a)

Selection Stages

b)

Figure 6. Maximum Buckling Utilization Index for optimized topologies: a) connectivity level 1 and b)
connectivity level 3.
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Figure 7. Maximum yield utilization index for optimized topologies: a) connectivity level 1 and b) connectivity
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Figure 8. Totallengths of optimized topologies: a) connectivity level 1 and b) connectivity level 3.
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Figure 8 presents two graphs illustrating the totallengths of the optimized topologies that met convergence
criteria up to C3o for connectivity level 1 (Figure 8-a) and for connectivity level 3 (Figure 8-b). For connectivity
level 1, topology C: presents lower material consumption compared to topology Cs. For connectivity level 3,
topology C;3 presents less material consumption compared to topology C7.

For connectivity level 1, the topology obtained undercriterion C> achieved the best overall performance, as
it required less material and exhibited a buckling utilization index only slightly higher than that of topology Cs,
with both values being quite similar. For connectivity level 3, the C;3 topology showed superior performance,
primarily due to its lower material consumption. In contrast, topology C7 presented a buckling utilization index
close to unity, indicating a high susceptibility to buckling failure. The optimized configurations corresponding to
connectivity levels 1 (C2) and 3 (C;s) are illustrated in Figure 9.

Optimized Structure (Final Topology) Optimized Structure (Final Topology)

Truss Elements Truss Elements
®  Regular Nodes ®  Regular Nodes
® Restricted Nodes ® Resticted Nodes
® Loaded Nodes ® Loaded Nodes

Z-axis
Z-axis

a) b)

Figure 9. Chosen optimized structures: a) connectivity level 1 — C> and b) connectivity level 3 — Cy3.

Table 1 summarizesthe parametervalues forthe chosen topologies—C> for connectivity level 1 and C;;3 for
connectivity level 3. The initial truss length of the connectivity level 1 topology is considerably smaller,
representing only 7.43% of that of connectivity level 3. Following the same trend, the final truss length of level 1
corresponds to 74.92% of the final length atlevel 3, clearly indicating thatthe topology with lower connectivity
resulted in substantially reduced material consumption. The connectivity level 1 topology also exhibited smaller
displacements at the load application point compared to that of level 3. The buckling utilization indices of both
topologies were very similar, while the yield utilization indices were well below the material’s yield limit, with
thelevel 1 topology presenting the lowest value. Overall, the topology with connectivity level 1 achieved superior
structural performance relative to the topology with connectivity level 3.

Table 1. Parameter values for the chosen topologies

Initial Maxi Maximum Total Maximum Maximum
Connectivity Criteria Llelill?h Dis al);lclzlrlll::n ¢ Absolute Le(r)l ath Bucking Yield
Level Convergence (mg) P (mm) Stress (n;g) Utilization  Utilization
(MPa) Index Index
1 C2 3389 5.90 13.51 360.75 0.8037 0.0425
3 Cis 45579 8.40 21.30 481.54 0.8471 0.0700

Figure 10 illustrates the stress distribution in the optimized topology for connectivity level 1 (C2), while
Figure 11 shows the stress distribution of the connectivity level 3 topology (C;3) under the applied dragload.
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Figure 11. Stress distribution in the optimized topology for connectivity level 3: a) Isometric view; b) xy plane;
¢) xz plane and d) yz plane.

5 Conclusions

This study successfully extended the Progressive Directional Selection (PDS) method to the topology
optimization of three-dimensional truss structures within the ground-structure framework, integrating strength,
stability, and serviceability verifications according to Brazilian design standards. The proposed implementation
demonstrated that the PDS heuristic can efficiently identify optimized topologies without the need for complex
gradient-based formulations, confirmingits potentialasan intuitive and computationally accessible alternative for
structural design.

The results obtained for the two ground-structure configurations—connectivity levels 1 and 3—highlighted
the influence of structural connectivity on the optimization outcomes. The topology with connectivity level 1
produced a more compact and materially efficient truss configuration, presenting smaller total element lengths,
reduced displacements atthe load application point, and lower stress levels when compared to the topology with
higher connectivity. Both topologies satisfied the serviceability (SLS) and ultimate (ULS) limit-state criteria
established for displacement, buckling, and yielding, but the structure with reduced connectivity achieved superior
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overall performance, confirmingthat a densernodalinterconnection does not necessarily lead to a better structural
response. The results for the lattice wind-turbine tower example further reinforced the practical applicability of
PDS for real-world engineering problems where both performance and material savings are critical.
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