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Abstract. The module of topological optimization in the ACELAN-COMPOS
package based on the finite element method is considered. Optimization is
carried out by a bidirectional evolutionary method of topological optimization.
The module is tested on model problems.It can be used to conduct a series
of numerical experiments aimed at creating effective designs of piezoelectric
transducers.

Introduction

Design optimization is a relatively new but actively developing area of research
that covers a wide range of tasks aimed at increasing the functionality and effi-
ciency of the designed objects. Within this direction, three key types of tasks are
distinguished: optimization of dimensions, shape and topology. Latter is the most
complex and fundamental task.

Topological optimization uses algorithms to find the best material distribu-
tion in a given design area. This process is based on preset boundary conditions
and a set of constraints, such as loads, mechanical properties of the materials, or
allowable deformations. The final result is usually intended to maximize system
performance or minimize costs while maintaining or improving functionality [1].

1. Mathematical modeling

The ACELAN–COMPOS package is a finite element software package designed to
solve problems with coupled fields, such as electroelastic problems. The behavior
of elastic and electroelastic bodies is described by the following equations and
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constitutive relations:
ρjω

2ü+−∇ · σ = fj ; ∇ ·D = 0;
σ = cEj · ·ε− eTj ·E; E = −∇φ;

D = ej · ·ε+ kj ·E; ε = (∇u+∇uT )/2
(1)

where σ — stress tensor, ρ — density, ε — deformation tensor, u — displacement
vector, D — electric induction vector, E — electric field strength vector, f —
vector of body forces, φ — electric potential, cE — tensor of elastic constants,
eT — piezoelectric tensor, k — permittivity tensor, ω — circular frequency, ·· is
a tensor product, j — body number in the model.

The topology optimization module in the ACELAN–COMPOS package is
implemented based on evolutionary methods (ESO, BESO) [4]. The Evolutionary
Structural Optimization (ESO) method [3] is to remove excess material from the
structure. An indicator of inefficient use of the material is the low level of stress
(or deformation) in this part. Preferably, the material distribution is such that
the stress level in the structure is close to the limit but safe value and evenly
distributed. This implies the principle of material removal, according to which
insufficiently loaded material can be removed. In order to avoid rearrangement of
the finite element mesh, material removal is carried out by assigning the removed
element the effective properties of a pseudo-material that simulates emptiness.

When optimizing the topology of complex structures, it is important to con-
sider the possibility of returning previously removed material. This possibility is
provided by the method of bidirectional evolutionary optimization BESO. In this
method, deleted items with the highest sensitivity values are returned to the sys-
tem, and filled items with the lowest sensitivity values are deleted. The number of
items to be removed and added on each iteration is determined by two independent
parameters: removal factor and inclusion factor [2].

To optimize the topology in the ACELAN–COMPOS package, it is necessary
to have a model of the device and data for optimization. Deformations, stresses
and displacements can act as a function of sensitivity assessment. The optimization
process runs until the limit is reached or the maximum number of optimization
steps is reached. Each optimization step consists of several steps.

At the first stage of each step, direct problems are solved for each set of
boundary conditions that describe the loading scheme of the model, and the sen-
sitivity values of the elements are found. Deformations, stresses or displacements
can act as a function of sensitivity assessment.

When meshing a continuous structure into finite elements, the sensitivity
function may allow a discontinuity at the boundaries of the elements, forming a
topology in the form of a ”checkerboard”. To avoid this, smoothed sensitivity of
elements with filtering is used [2]. By smoothing the sensitivity values over the
entire computational domain, removed elements are automatically assigned non-
zero sensitivity values.

The second step calculates the constraints and the goal of topology opti-
mization. If a target or constraints are found, samples are taken for the model.
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Samples can be: body volume, body weight, average voltage and other integral
characteristics. Constraints can be evaluated from above or below.

To optimize BESO, the next step is to return the removed material. The orig-
inal material is returned for the removed elements with the maximum sensitivity
value.

Next, the elements are deleted, and it is assumed that the active load is
not affected by the element deletion. Features containing nodes that have bound-
ary conditions applied cannot be deleted. The material of the elements with the
minimum sensitivity values is replaced with a pseudo material for removal, if the
model connectivity to the first material is not broken when this element is re-
moved. Before removing or returning material, a check is made for each element
to be removed to see if the number of FEM connectivity components changes.

The result of the optimization in the ACELAN–COMPOS package is a set
of files for each optimization step: grids in .nas format for export to outside pack-
ages and in its own .jam format based on JSON syntax for display in ACELAN–
COMPOS. The JAM file for each set of boundary conditions includes nodal, el-
emental, and model solutions (objective functions and constraint models). Entire
functions and element availability information are stored for full process optimiza-
tion and transformation at each stage.

2. Numerical experiments

A model of a device made of PZT-4 ceramics is considered. The height and width
are 10 mm, and the length is 16 mm. The left face is fixed, a load is applied to the
center point of the right face. To obtain a symmetric solution, the load is directed
in two directions along the Z axis.

During the study, the problem of topological optimization was solved by
the BESO method. Optimization is carried out before the removal of 80% of the
material, in one step 1% of the elements are removed and 0.5% elements are
restored. Isotropic material with properties close to air is used as material for re-
moval. The maximum averaged stresses act as the optimization objective function,
and the body volume and maximum averaged strains act as constraints.

The ACELAN-COMPOS package implements linear and quadratic cubic fi-
nite elements and linear tetrahedral finite elements. The finite element mesh of
tetrahedrons and the obtained optimization results are shown in the figure 1.

Such resulting topology is not yet suitable for practical purposes because the
mesh has sharp edges on the surface. To solve this problem, it is most efficient
to use an additional shape optimization step which changes the position of the
partition points on the surface. Their positions change only along the normal to
the surface. As a result, smoother structures are obtained and they are easier to
produce. In addition, potential stress concentrators on the surface are eliminated.
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Figure 1. Finite element mesh of model and optimization results
with 80% material removed

Conclusion
The module for topology optimization in the ACELAN–COMPOS package, im-
plemented on the basis of evolutionary optimization methods, is considered. The
developed optimization module can be used to conduct a series of numerical ex-
periments aimed at creating effective designs of piezoelectric transducers.

Acknowledgment
This research was supported by the Russian Science Foundation (project no. 22-
11-00302-P).

References
[1] M.P. Bendsoe and O. Sigmund, Topology Optimization: Theory, Methods and Appli-

cation, Berlin: Springer, 2003.
[2] P.A. Oganesyan and S.N. Shevtsov, Topology designs optimization in ABAQUS pack-

age, Samara Scientific Centre of the Russian Academy of Sciences, T.16, №6(2),
P.543–549, 2013.

[3] X. Huang and Y.M. Xie, Evolutionary topology optimization of continuum structures:
Methods and applications, Wiley, 2010.

[4] L. Xia, Q. Xia, X. Huang and Y.M. Xie, Bi-directional Evolutionary Structural Opti-
mization on Advanced Structures and Materials: A Comprehensive Review, Archives
of Computational Methods in Engineering, №25(2), P.437–478, 2016.

Elizaveta Fomenko
Institute of Mathematics, Mechanics and Computer Science
Southern Federal University
Rostov-on-Don, Russia
e-mail: elfomenko@sfedu.ru




