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Topological shape optimization using level-set method
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Summary — Software edition company ESI-Group in collaboration with industrial and academic
partners (part of the RODIN consortium) has started to industrialize a recent method for optimizing
the shape of structures. This method relies on the use of shape derivative based on mechanical
computation. An ESI Software has been modified to solve the shape derivatives. The shape is
described using the level-set method to precisely represent the shape evolution on a fixed mesh.
Keyword — Topological optimization, level-set, shape derivative

1 Introduction

Topology optimization consists in finding the optimal material distribution within a design
space (i.e. the available volume). Up to the early 2000’s, one main technology,
homogenization and its variants (power-law, SIMP method) have been proposed. The SIMP
approach (Solid Isotropic Material with Penalization) has been implemented into many
commercials tools. Topology optimization has deeply changed the way to design. The
standard methodology has long relied on the experience of designers and on their ability to
guess the optimal load path. They usually distribute the material in a way to maximize the
stiffness regarding given excitations. It must be noticed that even for a simple component, the
experience will greatly make the difference between several competitors. Each of them will
differently understand and interpret the mechanical system and finally set a “personal” design.
Among all the feasible designs that individual designers may create, one of them is yet the
best regarding for example mass savings subject to stiffness constraints. Whatever the
component, it will then be produced in large quantities, in particular in the car industry, hence
the utmost importance of systematically reaching the best design regardless of the designer. In
this context, topology optimization has brought a very promising and unexpected response.

Topological shape optimization is an important and now very popular study field [1]. A
new method, using the level-set representation [3] of the shape, has been developed by G.
Allaire and F. Jouve [2] which are partners in the RODIN consortium sponsored by the FUI.

The level-set method is used to represent very precisely the shape. Many geometrical
properties are naturally taken into account within the level-set method, and could be used to
manage some casting constraints.

2 Description
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2.1 The minimization problem

Let be the minimization problem: Let D be a closed domain of R? representing the design
space containing all admissible shapes Q. Let be ¢, () the objective function to minimize and
¢;(Q),i > 0 the optimization constraints of the problem.

Letbe U = {Q c D /Vi > 0,c¢; < ¢} the set of admissible shapes. Find Qopt 8S:

Co ('Qopt) = r({lel‘ll}(co (Q)) (1)

Note: the constraints could also be expressed as inferior bounds (c; = c}).

The resolution of this problem needs to calculate the shape derivative of each function c;.
In the general case, this function is expressed as a function of the displacement (u) coming
from the mechanical problem:

c;(Q) = fﬂ Jiwdx )

The computation of the shape derivatives (3) could be written as a function of the solution
of mechanical problem and the solution of the adjoint problem. The core of the finites
elements solver SYSTUS [5] has been modified to allow the computation of both the adjoint
solution and the shape derivatives. Some objective functions such as compliance or Eigen
frequencies do not require the calculation of an adjoint solution (see [2]).
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2.2 The shape representation

In order to avoid unnecessary computation it has been decided to find a shape
representation that does not need remeshing. The shape Q is then represented with a level-set
function ¥ with these properties.
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This function is used inside the mechanical solver to determine if the element is in the
material or not. For numerical stability an ersatz material is applied in the void (see [4]).
In order to evolve the shape, all that is necessary is to solve a problem of Hamilton-Jacobi

(5).
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Where v is a “’velocity’” normal to the level-set and t a fictitious time. Both ¢ and v must

be defined in the whole domain D

2.3 Shape evolution

The evolution problem needs a pseudo-velocity for the Hamilton-Jacobi problem. This
could be obtained by an intelligent combination of each shape derivatives coming from each
constraints and the objective.

The shape derivatives are only defined on the boundaries of the shape. The descent
direction defined on the boundaries of the shape, obtained with the shape derivatives. This
descent direction is then regularized and extended to the whole domain to obtain the pseudo-
velocity.

The descent direction for one objective is defined as: 8; = —j;n, where n is the normal to
Q.

The main goal is to solve the problem (1), so an innovative minimization algorithm has
been designed to find the global descent direction (v) that could take into account all the
constraints (using all the 8;). This algorithm will not be developed in this presentation due to
industrial secret.

3 Results

3.1 Optimization of a bike pedal

In this simple test case we apply two loads on a bike pedal, one in traction the second in
bending. We try to optimize the mass of the pedal with respect to the compliance for each
load case and the maximum Von Mises stress.

Figure 1 initial and final shape for the bike pedal
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The two cylinder corresponding to the hub and the crank are set in non-optimizable
zones. This leads to a mass reduction of 70%. On the final shape all the optimization
constraints are satisfied.
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Figure 2 Mass reduction among iteration

It could also be interesting to plot the evolution of optimization constraints.
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Figure 3 Optimization Constraints Evolution

This is a very simple case that demonstrates the ability of the software to manage a few
constraints.

3.2 Optimization of Renault’s Engine Support

This test case comes from Renault engineering and is part of the global powertrain



Figure 4 Part to optimize into the powertrain

On the right of Figure 4, the part to optimize is drawn. Only the white part is set as
optimisable.

Figure 5 Actual CAD geometry

There are 4 load cases, for each load case we would control the displacement of two
significant points (one on each blue part) and the maximum value of Von Mises stress. In
addition we would control the first Eigen Frequency to be above 630Hz. Finally we would
that part to be moldable in the Z direction.
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Figure 6 initial and final shapes



Volume Evolution
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Figure 7 Volume reduction

Constraints are respected, the final shape is moldable (this is a geometrical constraint:

scalar product of the normal and the molding direction must be positive).
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Figure 8 Evolution of some constraints

As it can be seen on figure 8, all constraints are verified, but some of them are far from the

limit.

4 Conclusion

We have developed a robust algorithm to optimize mechanical part for industrial application.
Many features are available today such as linear mechanical criterions (Displacement in norm
or in particular direction, stress norm or VVon Mises stress, compliance) all these criterions are
available as integral form or localized form. Also Modal analysis criterions are available such
as Eigen frequencies. And finally, geometrical criterions such as volume, surface, mass,

maximum thickness or moldability could also be defined.
Integration of new functionality keeps going:
- About manufacturing constraints: the integration of the minimum thickness is

ongoing. This is the last core feature that industrial partners need. The theoretical
background has already been completed and proof of feasibility has been achieved,
although a fine tuning of the optimization algorithm process would be probably

necessary

- Mechanical criterions based on linear analysis: the implementation of new criterions is
naturally continuing in the area of linear analysis, modal analysis and frequency

response



- Mechanical criterions based on non-linear analysis: for the time being, the work
remains exclusively theoretical although some encouraging results have already been
produced.

- Mesh export require further care in order to deliver a robust and powerful embedded
workflow. However the theoretical work is essentially complete for this topic and
some tools are already available.

A few years after the beginning of the RODIN project, the consortium has demonstrated

that the level-set approach method is perfectly capable to manage “real world

application”. The consortium hopes that a first commercial tool will be delivered in the

course of 2015.
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