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Abstract 

Recently, the employment of topology optimization (TO) in structural engineering 

design has gained a significant structural performance, also, TO is employed by 

designers for developing aesthetically and efficient buildings.  In this work, TO is 

employed to design novel and rigged structures of communication towers. The way 

that the TO algorithm works is to intelligently create the 3D model by preserving 

architectural features with tradeoffs between the stiffness and weight ratio. The 

present work focuses on the investigation of creating optimal self-supported 

communication towers. Results concerning the prime observation of optimization 

analyses and the potential benefits of TO in designing telecommunication tower 

lattices are drawn.    
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1. Introduction 

Modernization and essential upgrades of the current telecommunication tours network continue to take place as 

the communication sector growth is sustained by the public's ongoing craving for new and improved services, 

as well as for replacements and better infrastructure. This calls for the creation of cutting-edge equipment that 

can be installed on substantial lattice structures for communication and broadcasting. In contrast to them, it 

involves antennas and dish-reflectors that are varied in size, shape, and weight. Developed technologies are now 

installed on the towers that already exist, albeit at variant heights than before, altering the possibilities for load 

carrying in the design and, Consequently, the functionalities of each structural element individually, 

occasionally with an uneven force distribution inside the skeleton of the structures [1]. Additionally, new 

technology increases the towers' surface area and solidity, which intensifies wind drag. However, it is important 

to emphasize that current towers for telecommunication have not been sufficiently engineered to withstand such 

increased lateral and gravitational stresses. As a result, it's likely that current towers with recently added 

apparatus sustain damage or possibly fall apart since they can't support the new, increased forces.  

The study presented by [2] argued that both the social and financial ramifications of the collapse of such 

constructions can be viewed as being just as detrimental as those occurring from bridge collapses or other similar 

infrastructure failures. Therefore, it is sometimes thought necessary to build new towers and repair or completely 

https://creativecommons.org/licenses/by/4.0/
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replace the outdated lattice towers in order to improve and modernize the current broadcasting services [3]. It 

is also extremely possible that these tall, flexible constructions may sustain fatigue damage because they are 

frequently subjected to changing loads brought on by dynamic wind forces. It may be necessary to replace aging 

telecommunications masts and towers that have fatigue damage [4].  

In general, there has been an increase in demand for large lattice telecommunication tower and mast installations 

worldwide. Guyed masts and self-supporting lattice structures entered a bright new age as a result of the mobile 

telecommunications industry's explosive growth. Andersen [5] explains that a certain sort of towers was 

developed for Connect Austria in a short amount of time to give you an idea of the impact the telecom business 

has on the installation of new towers or masts. This significant demand for the construction of new buildings 

necessitates building licenses, which are exceedingly challenging to get if the concerned structure's aesthetic 

value is insufficient [6]. Additionally, the growing number of masts and towers may obstruct the view of the 

surrounding area, making the procedure of obtaining a building permit much more challenging [7].  

Given this, it is regrettable that skyscrapers with greater solidity stand out even more, which is clearly to their 

detriment in terms of aesthetics. As a result, it is necessary to create lattice telecommunication towers that can 

meet all structural requirements and practical utility criteria while also having an enhanced architectural 

appearance and reduced solidity. Through an innovative computational TO technique, the aim of this work is to 

create a configuration for a lattice telecom tower that meets the aforementioned conditions. TO is a 

computational method employed to find the best possible distribution of materials in a particular design space, 

subject to specified constraints and performance criteria. This innovative design approach has revolutionized 

the fields of engineering and materials science by enabling the creation of highly efficient and lightweight 

structures that were previously unattainable through traditional design methods [8–12]. By iteratively adjusting 

the material layout, topology optimization can address complex challenges such as weight reduction, structural 

integrity, and cost efficiency [10, 13–16]. This method leverages advanced algorithms and high-performance 

computing to explore a vast design space, uncovering novel configurations that maximize performance while 

minimizing resource use.  

Consequently, topology optimization has become instrumental in solving challenging problems across various 

domains, including aerospace, automotive, civil engineering, and biomechanics, fostering advancements in 

sustainable and high-performance engineering solutions. Topology optimization methods encompass a range of 

computational techniques designed to best distribute materials inside a specific design area. These methods 

typically involve the use of numerical methods to simulate and evaluate the structural performance of different 

configurations. Common approaches include density-based methods, where material density is varied across the 

design domain; level-set methods, which evolve the shape boundaries through implicit functions; and 

evolutionary algorithms, which mimic natural selection processes to iteratively improve design candidates. 

These methods facilitate the creation of innovative and efficient designs, enabling significant advancements in 

engineering applications by optimizing structures for strength, weight, and other performance criteria. Topology 

optimization involves several methods, including solid isotropic material with penalization (SIMP) [17–19], 

Evolutionary Structural Optimization (ESO) [20–22], Metaheuristic Structural Binary-Distribution Method 

(MSB) [15,23,24], and the H1 Gradient Method [25]. In this research, we are implementing the SIMP method 

for our design methodology. 

2. Previous work  

Since 1971, Beck [26] described the possible role that computers could play in tower design, there has been 

interest in applying computational techniques to improve tower lattice design. This vision has partially come to 

fruition, as there are now several commercial software programs available to assist with the geometrical and 

structural design of tower steel structures. These programs include optimization of tower spotting, which 

involves positioning of towers, and selection of member sections for specific towers. Picard et al. [27] use an 

expert system technique to construct a system for a preliminary design that predicts line costs of alternatives 
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based on electrical and environmental concerns as well as costs of steel towers, whereas most commercial 

programs concentrate on detail design.  

Steel tower design has also benefited from the use of computer-aided methods. For example, a blackboard 

architecture knowledge system that combines communication and structural knowledge, as well as common 

design practices, has been developed [28]. Given the site and the structural and communication requirements, 

conventional tower designs are developed based on well-known configuration types. Rudolph et al. [29] present 

a rule-based system that uses genetic programming to generate novel tower configurations; practical design 

limitations are excluded, and structural analysis is not carried out. The section sizes and form junction positions 

of steel lattice towers have been optimized through studies to improve the design of the towers themselves. In 

the work presented by [30], an object-oriented strategy utilizing evolutionary algorithms has been utilized to 

enhance optimization outcomes for a tower with 85 discrete size variables while taking a number of practical 

restrictions into account. A technique for optimizing a small number of crucial shape control variables that affect 

tower designs is presented by [31] using fuzzy logic inside structural optimization to describe uncertainty 

connected to constraint bounds. Additionally, a minimum mass radio tower design that is modeled using five 

continuous shape variables and seventeen discrete size variables has been investigated utilizing a parallel 

evolution optimization technique [32]. A parallel approach has been utilized to optimize towers with up to 77 

sizes and form variations by modeling a broader set of design factors. An examination of the dependability of 

steel lattice towers has focused on optimizing the structure for both maximum reliability index and minimum 

mass. Additionally, research has been done to maximize lattice towers' dynamic response to loads from 

earthquakes and winds [33]. 

Currently, continuous or discrete representations are used for structural layout. Continuous approaches are 

useful for the designing of monolithic parts since they discretize a defined space of material and optimize its 

distribution. 

3. Method  

3.1. Concept of topology optimization 

The finite element method (FEM) is used to optimize discretized structures. There is a single design variable 

associated with every finite element that is part of the optimization, and these design variables are gathered in 

a vector x and are scale factors of the elemental attributes. Although the literature frequently interprets the 

design variables—such as thickness, porosity, or describing a composite material—in different ways, we prefer 

to think of them as mathematical scale factors devoid of any physical meaning. There is no requirement for a 

physical interpretation of the intermediate design variable values because the optimization aims for a final 

design where the scale factor is either zero or one. How such final designs are accomplished is explained in 

Section 4. Section 3 explains how the design variables x are filtered and how they relate to the variables ρ, i.e. 

ρ = ρ(x).  The latter variables, which specify stiffness and are included in the mass computation, will be referred 

to as the filtered variables and are regarded as physical variables. For a given design ρ(x), the equilibrium 

equation becomes: 

𝐾(𝜌(𝑥))𝑢 = 𝐹… (1) 

Where 𝑢 is the vector of global nodal displacements, F is a vector of known external loads, and 𝐾(𝜌(𝑥))is the 

structure's global stiffness matrix.  

3.2. Formulations of problems 

In  this  section,  a  method  for  applying  TO  for lattice structure design will be briefly discussed. If we consider 

the design challenge of minimizing or maximizing objective functions to find the boundary of the design 

domainξ𝑑. The introduction of a fixed, extended design domain R that comprises the original design domain ξ𝑑 
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is the central concept of the topology optimization approach. The utilization of the following characteristic 

functions, such concepts are introduced in several publications [34, 35]. 

𝑦𝜁(𝑥) = {
1 𝑖𝑓  𝑥 ∈  ξ𝑑

0 𝑖𝑓 𝑥 ∈  𝐷\ξ𝑑  
……… (2) 

Where 𝑥 represents the specific point position in the design domain. When designing steel structures, the 

original structural design problem is swapped out for a material distribution problem that takes relative Young’s 

modulus (𝐸0,) into account. Given that this characteristic function can be extremely discontinuous, meaning it 

lies in 𝐿∞𝐷, the numerical treatment will require the introduction of a regularization or smoothing technique. 

By incorporating microstructures that represent the composite material, a homogenization method [36] has been 

employed to perform the relaxing of the solution space in the structural design problems. As an alternative, solid 

mechanics problems have also employed the density approach, often known as the SIMP method (Solid 

Isotropic Material with Penalization) [37-51]. Using a hypothetical isotropic material whose elasticity tensor is 

thought to be a function of penalized and normalized material density, which is given by an exponent parameter, 

is the fundamental principle behind the density approach. The relaxation in this study is carried out using the 

density strategy idea. In other words, the artificial density, 𝜌𝑑𝑒𝑠𝑖𝑔𝑛, which serves as a control variable in the 

optimization problem, and the genuine Young's modulus, 𝐸0, are thought to be the functions that determine the 

stress tensor: 

𝐸(𝑥) = 𝜌𝑑𝑒𝑠𝑖𝑔𝑛(𝑥)𝑝𝐸0     ………….. (3) 

𝑥 ∈ D 

Where 𝜌 is the normalized density meets the following conditions: 

0 < 𝜌 < 1     ……. (4) 

And p represents the penalization factor. The link between the normalized density and the physical parameters 

is used to determine this penalization parameter. Since the relationship between the material property and the 

goal function is monotonic, setting p bigger than 1, for example to 2 or 3, tends to promote design variables to 

either 0 or 1. This is especially true for static solid mechanics problems like minimizing the mean compliance. 

As previously explained in the SIMP approach, the density, 𝜌𝑑𝑒𝑠𝑖𝑔𝑛, which serves as a control variable in the 

optimization problem, and the genuine Young's modulus is regarded to be a functions of the stress tensor see 

Equation 3. Given that the stiffness cannot entirely disappear in any part of the model due to numerical 

constraints, the density parameter is limited so that 10−9 ≤ 𝜌𝑝 ≤ 1. Because of the penalty factor, exponent p 

≥ 1, intermediate densities offer reduced stiffness relative to their weight cost. When any design that is deemed 

acceptable has a minimum level of stiffness, which can be represented similarly as a maximum amount of total 

strain energy: 

0 ≤ ∫ 𝑤𝑠(𝑥)𝑑Ω ≤ 𝑤𝑠
𝑚𝑎𝑥 

Ω
   ……… (5) 

 

Where 𝑤𝑠
 : strain energy  

The SIMP penalization pushes design in one of two directions. Thus, increasing p results in a more precise 

solution. As calculated for the entirely solid architecture in Figure 1, the maximum strain energy 𝑤𝑠
𝑚𝑎𝑥 readily 

stated as a factor times the lowest feasible strain energy. The optimization challenge can be conceptualized as 

merely minimizing the amount of material used, which is expressed as the solid fraction of the original design 

domain: 

1

𝐴
∫ 𝜌𝑑𝑒𝑠𝑖𝑔𝑛(𝑥)𝑑Ω

 

Ω
 ……. (6)  

Where A is the area of the designed domain, without going against the constraint on rigidity in Equation 5. On 

the other hand, excessive fine detail in the solution might undermine the final design's dependability. 
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Additionally, the solution should be as independent of the mesh resolution as feasible. In order to do this, some 

form of regularization is required. Based on a series of mesh revisions and a penalty imposed on the gradient of 

the design variable, this regularization is among the simplest to apply. The gradient of the design variable's 

integral of its squared norm in a way, design measures all of the design variables' variations combined. The 

amplitude of the gradient for a sharp topology solution represented by linear shape functions is inversely related 

to the size of the mesh elements. The area of the zone of intermediate densities is proportionate to the size of 

the mesh element because it is simultaneously one element thick. Consequently, a reasonable mesh- and 

problem-independent penalty term has the form: 

𝑙0 𝑙𝑚𝑎𝑥

𝐴
∫ |

 

Ω

𝜌𝑑𝑒𝑠𝑖𝑔𝑛(𝑥)|2𝑑Ω 

Where 𝑙𝑚𝑎𝑥 is the current mesh size at a specific stage of the process and 𝑙0  is the beginning mesh size that 

determines the size of details in the solution.  

In the worst-case scenario, this penalty term is dimensionless and on the order of 1. To produce a final composite 

objective function, the penalty term and the existing dimensionless objective, Equation 6, must be balanced 

against one another, maybe as a linear combination controlled by a parameter, q: 

F= 
1−𝑁

𝐴
∫ 𝜌𝑑𝑒𝑠𝑖𝑔𝑛(𝑥)𝑑Ω + N

 

Ω

𝑙0 𝑙𝑚𝑎𝑥

𝐴
∫ |

 

Ω
𝜌𝑑𝑒𝑠𝑖𝑔𝑛(𝑥)|2𝑑Ω 

This is the final objective function that controls the overall design domain. 

4. Formulation of FEM  

These kinds of problems are essentially mesh-size dependent in the absence of regularization. 

It was necessary to create a preliminary free triangular mesh for this model with a maximum element size of 15 

mm. The mesh depicted in Figure 2 is relatively coarse and serves to restrict the least size of details that can be 

included in the topology solution. Proper scaling of the regularization term ensures that the updated solution 

maintains the same topology, only honing the details when the mesh is later refined and the optimization solver 

is resumed on the finer mesh. 

5. Results  

5.1. Top load design domain 

Consider that you are creating a lattice tower that has to support a given load that is shifted to the top and down 

from its anchoring. You start with a completely solid building, similar to Figure 1. 

 
Figure 1. Structure's geometry under loads and constraints 

Fixed boundary  

Load Boundary   

ξ𝑑

. 
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It is obvious that this design is overly complex and inefficient with materials. Stresses are unevenly distributed, 

as a direct simulation demonstrates, thus some parts bear noticeably less strain than others. It is tempting to 

eliminate some material in order to save weight and cost, provided that the stiffness of the part may be decreased 

to, say, 40% of the value estimated from the fully solid design without breaking the specification. However, 

how much material is required at the very least, and how should it be distributed that is the equation we try to 

answer in this work. This paper shows how to optimize structural topology using the Solid Isotropic Material 

with Penalization (SIMP) model. It should be noted that this example lowers the weight for a specified minimum 

stiffness rather than optimizing stiffness for a specified maximum weight, which is not how SIMP is often 

employed. The initial tower-like-shaped form defines the boundaries of the region that may include solid 

material see Figure 1. As seen in the illustration, the lowermost boundary of the structure is fixed, whereas the 

highest boundary is load-carried. The row material from which the construction was formed has the 

characteristics listed in Table 1. 

Table 1. The properties of row material used in the experiments 

N Property  Value  Unit 

1 Density  7850 Kg/m2 

2 Poisson’s ratio  0.3  1 

3 Relative permeability  1  

4 Heat capacity at constant pressure  475 J/(kg.K) 

5 Thermal conductivity  44.5 W/(m.K) 

6 Electrical conductivity  4.032*106 S/m 

7 Relative permittivity  1  

8 Coefficient of thermal expansion  12.3*10-6 1/K 

9 Young’s modulus  200*109 Pa 

5.2. Numerical implementation  

The rectangle closed box filled with row martial is considered as shown in Figure 1. To assess and explore the 

influence of the self-load effect on the acquired outcomes, three distinct applied loads are explored. The 

experiment was carried out on a Core i9 laptop on COMSOL version 6.1a. To accurately assess the final design, 

three different scenarios of applied load are considered. The characteristics including sold fraction, gradient 

penalty, and energy factor of the optimization analysis are summarized in Figure 2.    
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Figure 2. The characteristics including sold fraction, gradient penalty and energy with different applied load 

(a) self-load (b) medium load (c) high load 

The topology output of the domain is made up of successive "high-waisted" bracings closer to the middle of the 

tower's face, as the results shown in Figure 3, this is because bending and shear forces are coupled.  The 

instigation of optimum shape with respect to our hypothesis is accepted where with the lowest load the result 

shows less material in Figure 3(a) without violating the stiffness curve in Figure 2(a). So, topology optimization 

data often involve analyzing the behavior and performance of various design variables over iterative processes 

to achieve an optimal structure. The provided graph depicts three key variables—solid fraction (f1), gradient 

penalty (l2), and energy factor (J/m)—plotted against iteration number. Initially, the solid fraction (blue line) 

sharply decreases from near 1, stabilizing around 0.8, indicating substantial early adjustments followed by 

convergence. The gradient penalty (red line) starts just above 0.2, displaying minor fluctuations but remains 

largely stable, showing insensitivity to iterative changes. The energy factor (green line) remains nearly constant, 

slightly below 0.4, throughout the iterations, suggesting negligible impact from the iterative process. This 

convergence behavior is crucial for material science and engineering researchers, providing insights into the 

stability and efficiency of the optimization process. 

While as load increases the output shows thick optimum topology Figure 3(b) and Figure 3(c) also without the 

violet stiffness curve in Figure 2(b) and Figure 2(c). In Figure 2(b), the graph illustrates the convergence 
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behavior of three critical variables—solid fraction (f1), gradient penalty (l2), and energy factor (J/m)—plotted 

against iteration number during a topology optimization process. The solid fraction (blue line) starts near unity, 

exhibiting a steep decline in the initial iterations before stabilizing around 0.8, indicative of significant early 

changes followed by convergence. The gradient penalty (red line) commences slightly above 0.2, maintaining 

relative constancy with minor fluctuations throughout the iterations, suggesting minimal sensitivity to iterative 

changes. The energy factor (green line) remains nearly constant just below 0.4, indicating its insensitivity to the 

iterative process. This analysis provides valuable insights into the dynamic adjustment and stabilization of these 

variables, pertinent to researchers in materials science and engineering engaged in optimization studies. 

Additionally, the material is less dense at the top and bottom, signifying a shift in the tower's cross-section size 

from the bottom to the top. This idea has previously been used in the design of tall structures and traditional 

lattice communications towers. 

 

 
 

(a) 

(b) 
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Figure 3. The output optimum result by the applied load on the top design domain with different load 

scenarios (a) self-load (b) medium load (c) high load 

In the next load scenario, a force is applied on the design domain from left toward the positive x direction as 

shown in Figure 4 in the top and left side load design domain. 

 

Figure 4. Design domain with applied load on the top and left side 

Microstrip filters, cloud computing, amplifiers, antennas, cybersecurity and diplexer can be engaged to augment 

potential telecommunication tower design and performance [52-65]. 

6. Conclusion  

A method of optimizing topology through the distribution of isotropic material has been presented, which 

involves identifying structures with the lowest volume while taking into account numerous displacement 

limitations. Fixed point or distributed loads and forces with many places of application can be handled by the 

same problem. It has been demonstrated that optimal design with numerous displacement limitations can be 

(c) 

Fixed boundary  

Load Boundary   

ξ𝑑 
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elaborated by numerical simulations. Two approaches to creating deflection-related enforcements have been 

tested. The optimal solution of telecommunication design shows more rigidity and less material consumption. 

It need for more practically investigation for employing the suggested design for improve the classical fix load 

structure.  
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