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SC, Brazil

Received 1 July 2015; received in revised form 16 February 2016; accepted 17 February 2016
Available online 2 March 2016

Abstract

This work focuses the structural topology optimization problem of mass minimization subject to local stress constraints.
To this aim, two related issues are addressed. The first one is the successful strategy used to define local stress constraints by means
of an Augmented Lagrangian approach. The second, and main contribution of the present paper, is the use of a reaction–diffusion
equation to guide, via evolution of a level set, the design optimization sequence. The advantages of this strategy are twofold:
firstly, it allows the creation of new holes during the optimization process, a significant feature for a true topological optimization
method. Secondly, reinitialization steps usually found in classical Hamilton–Jacobi based evolution are eliminated with a significant
improvement in convergence ease. A set of benchmark examples in two dimensions are presented. Numerical results show
the efficiency of the algorithm to create new holes, identify stress concentrations and to provide stable optimization sequences
converging to local minima defined by stress saturated designs.
c⃝ 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Although the strain energy or total potential energy (compliance problem) has been the most widely used objective
function in structural topology optimization due to their particularly convenient mathematical properties, the corre-
sponding optimal designs are not validated against mechanical failure. Such designs need to be post processed and, af-
ter stress analysis verification, conveniently modified in order to satisfy some material failure criterion. With the aim to
eliminate this necessary “rework”, and despite challenging mathematical and numerical difficulties, stress-constrained
topology optimization problems have attracted the attention of many researchers.

After the pioneering paper of Duysinx and Bendsøe [1] dealing with stress constraints in continuum structures,
several studies have been published on this subject, most of them within the last decade. One of the first difficulties
associated to this problem is the usually large number of stress constraints, direct consequence of their local nature.
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Aiming to tackle this issue, in [2] local constraints are treated using an Augmented Lagrangian approach combined
with SIMP concepts. This approach was later extended to multiple load cases [3] and contact boundary conditions [4].
A different strategy followed by several works (see, for example, [5,6]) is to use integral forms of stress constraints
based on p-norms or on the Kreisselmeier–Steinhauser (KS) function. Unfortunately, although this choice allows for a
decrease of computational costs, the corresponding results are sometimes unable to account for stress concentrations.
In an attempt to overcome this difficulty, different studies propose localization strategies in which a finite number of
constraints are defined as integrals over subregions within the domain [7–13].

Another classical issue associated to stress constraints are the singular optima on the design space, undesirable
outcome of topology approaches based on intermediate densities. Two main strategies are seen in the literature to
deal with this problem. The first is the so-called ϵ-relaxed approach of Cheng and Guo [14]. The second, attributed
to Bruggi [15,16] is called qp-approach. A comparative analysis of different propositions for stress-driven topology
designs based on intermediate materials can be found in [8].

Stress based works considering failure criterion other than von Mises are seen in [17–19] where materials with
different behavior in tension and compression are discussed. Similarly, constraints based on fatigue failure are
considered in [20].

Concerning the topology optimization technique itself, formulations using implicit functions for design control
have gained popularity. In [21], the topology optimization problem is formulated using an implicit function controlled
by nodal variables. The papers of Allaire et al. [22] and Wang et al. [23] are considered the first ones combining an
evolution equation for the level set with the sensitivity analysis of a cost function for structural topology optimization.
For an overview of different level set techniques for topology optimization, the reader may see [24] and [25]. It is
worth mentioning that all cited works refer to compliance problems.

Propositions relating level set with stress driven problems are seen in [26,27] (for stress minimization) and [28–31]
(for stress constrained problems). The phase-field method has also been tested in [32,33]. An important different
approach is found in works [19,34] where a simple algorithm based on topological derivative information provide
excellent results for the local stress constrained problem.

Finally, we call attention to the recent paper [35]. Strongly related to the present work, the referred paper includes
local stress constraints into the optimization problem via Augmented Lagrangian approach while the design is
modified by a level set that moves by time integration of Hamilton–Jacobi equations. A well known drawback of
this conventional evolution scheme is the inability of creating new holes [36]. Consequently, these approaches are
sometimes called not topology but shape optimization techniques. Among different alternatives to overcome this
limitation it is worth mentioning the work [27], where hole nucleation steps based on the information of topological
derivatives are included, [37] using radial basis functions, [38] using evolutionary structural optimization and [39]
considering a secondary level set function.

An interesting approach proposed by Yamada and co-workers [40,41] regularizes the optimization problem by
introducing a reaction–diffusion equation for the evolution of the level set. This proposition avoids the undesirable
reinitialization procedure classically needed with Hamilton–Jacobi evolution and also allows for the generation of
new holes. The method was applied for compliance, compliant mechanisms, and eigenfrequency problems.

The purpose of present work is to reformulate the problem of minimum mass with stress constraints keeping the
same successful local approach for stresses proposed in [35] but to modify the level set updating procedure. In [35] the
level set is updated following an upwind time integration of the classical Hamilton–Jacobi equation. Despite the very
satisfactory results obtained, the creation of new holes was not allowed and the final topology was quite influenced
by the initial level set domain. In addition, reinitialization techniques were needed to control the shape of the level
set function during the optimization procedure. The main reason behind the choice of a level-set approach to handle
the stress constrained problem is the expectation that it may attenuate the mathematical/numerical difficulty known
as singularity-stress (singular optima in the design space [14]) since the level-set field allows for a clear separation
between material and void regions within the background domain.

In the present work the level set is updated based on a reaction–diffusion equation similar to that proposed in [40].
Two important consequences of this choice are achieved. The first is the elimination of a reinitialization step, source of
noise in the solution near convergence. The second is the possibility of creation of new holes, allowing the optimization
sequence to start for different configurations, even with no holes at all.

The subsequent text is organized as follows. Section 2 sets the optimization problem based on the same reasoning
presented in [35] with a conveniently modified objective function. Section 3 describes the reaction–diffusion problem



64 H. Emmendoerfer Jr., E.A. Fancello / Comput. Methods Appl. Mech. Engrg. 305 (2016) 62–88

that guides the level set evolution and corresponding minimizing sequence. The velocity field responsible for the
decrease of the objective function is deduced in this section by means of sensitivity analysis. Numerical aspects and
numerical examples are discussed in Sections 4 and 5, respectively. Final remarks are highlighted in Section 6.

2. Formulation of the problem

2.1. Basic statement

Let Ω be an open domain in Rn (n = 2, 3) occupied by a linear elastic isotropic body B with a smooth boundary
∂Ω = ΓD ∪ ΓH ∪ ΓN . Dirichlet boundary conditions are applied in ΓD , while ΓH is submitted to homogeneous
Neumann conditions. Non-zero surface tractions τ act on ΓN . Boundary ΓH may change during the optimization
procedure, while ΓD and ΓN are assumed fixed. All admissible configurations Ω are defined within a fixed background
domain D (Fig. 1). Body B is in equilibrium whenever the displacement field u ∈ U satisfies the integral equation

a(u, v) = l(v) ∀v ∈ V . (1)

Linear operators a(·, ·) and l(·) represent the virtual work of internal and external forces, respectively:

a(u, v) =


Ω

Cε(u) · ε(v) dΩ , l(v) =


ΓN

τ · v d∂Ω , (2)

while U and V are the sets of kinematically admissible displacements and admissible variations, respectively.
ε(u) = ∇

su is the linear strain tensor and C is the isotropic elasticity tensor. For simplicity reasons, no body forces
are considered in (2). Moreover, since U is a translation of the space V , the problem may be rewritten for simplicity
reasons in such a way that u ∈ V modifying the term l(v) conveniently.

The problem of minimum mass with local stress (failure) constraints is stated as:

Problem P1:

min
Ω

m(u) =


Ω

ρdΩ + µ


Ω

1
2

Cε(u) · ε(u)dΩ ,

subject to:


aΩ (u, v) − lΩ (v) = 0, ∀v ∈ V,

g(u) ≤ 0, ∀x ∈ Ω ,
(3)

where ρ is the material density and g(u) is a stress constraint that must be satisfied everywhere in Ω . The second
term of the objective functional corresponds to the compliance (strain energy), which µ ≥ 0 is a weighting factor. As
observed in [28], “the compliance term is introduced into the objective function in order to play the role of excluding
the pathological structures with small stiffness from the feasible domain”. Moreover, considering the present problem,
mass is insensitive to the place where the material is removed and the compliance term also provides a preference
direction on the sensitivity analysis. The weighting factor µ also plays the role of scaling factor since units of energy
and mass are different.

2.2. Level set-based formulation

The level set approach relates the boundary ∂Ω with the zero-valued level set of a function φ : D → R:

φ(x) > 0 ∀x ∈ Ω , (4)

φ(x) = 0 ∀x ∈ ∂Ω , (5)

φ(x) < 0 ∀x ∈ D\(Ω ∪ ∂Ω). (6)

Accordingly to expressions (4)–(6), variations of φ modify the corresponding level sets and consequently the position
of the boundary ∂Ω [36,42]. Using the Heaviside function

H(φ(x)) =


1, if φ(x) ≥ 0,

0, if φ(x) < 0,
(7)

Problem P1 may be reformulated as an integral over a fixed domain D (also known as background domain) within
which subdomain Ω evolves guided by the function φ:
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Fig. 1. Geometric definitions of a domain composed of solid and voids.

Problem P2:

min
φ

mφ(u) =


D


ρ(φ) +

µ

2
C(φ)ε(u) · ε(u)


d D,

subject to:


aφ(u, v) = lφ(v), ∀v ∈ V,

H(φ)g(u) ≤ 0, ∀x ∈ D,
(8)

where

aφ(u, v) =


D

C(φ)ε(u) · ε(v)d D, (9)

lφ(v) =


ΓN

τ · vd∂Ω , (10)

ρ(φ) = H(φ)ρ1 + (1 − H(φ))ρ2, (11)

C(φ) = H(φ)pC1 + (1 − H(φ)p)C2. (12)

Eqs. (11) and (12) define the dependence of fields ρ and C on two material phases: (ρ1, C1) occupying domain Ω and
(ρ2, C2) occupying the complement D\(Ω ∪ ∂Ω). In the present case, properties of material 2 are significantly lower
than those of material 1, that is, ρ2 ≪ ρ1 and ∥C2∥ ≪ ∥C1∥. The reasons for the inclusion of an exponent p > 1
in Eq. (12) are twofold: Firstly, although exponent p has no effect on the exact Heaviside function (7), its use on a
discretized counterpart of C(φ), detailed in next section, will lead to the classical “ersatz” material model [22,23,43]
for those elements cut by the implicit boundary ∂Ω . Secondly, it plays a formal role in the derivative of C(φ) with
respect to function φ, explained in Section 3.1.

2.3. Equilibrium equation

The finite element counterpart of expressions (8) involves the integration over all elements defined in D, many
of them cut by ∂Ω . All these elements contain materials 1 and 2 simultaneously. Different works propose ways of
conforming boundary and mesh by means of remeshing [44] or by using discontinuous X-FEM [26,29]. In the present
work cut elements are preserved at the cost of addressing two technical questions: (a) computation of integrals mφ(u)

and aφ(u, v); and (b) appropriate definition of stress constraint on these elements.
To address the first issue, integrals involving C(φ) are approximated by a representative constant value Ce(φ) over

the element:

aφ(u, v) =

Nel
e=1


De

C(φ)ε(u) · ε(v)d D

≈

Nel
e=1


De

Ce(φ)ε(u) · ε(v)d D, (13)

Ce(φ) = ae(φ)pC1 +

1 − ae(φ)p C2, ae(φ) =


De

H(φ)d D
De

d D
, (14)

where ae(φ) is the area fraction of element e covered by material 1. It is worth noting that this expression is nothing
but the classical “ersatz” material model, significant only for elements cut by ∂Ω .
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Fig. 2. Function Ψ(Hr (φ)) for different values of q .

2.4. Stress constraint definition

Based on the same arguments of [35], the continuum constraint g(σ (u)) in (8) is substituted by a finite number of
stress constraints gr defined at sample points xr ∈ D, r = 1, . . . , Nr . The number and distribution of these sample
points must be a consistent approximation of the continuum case. Moreover, only points xr belonging to Ω must
be effectively considered within the constraint set. A stress constraint gr that takes continuous values as long as the
boundary ∂Ω passes over a sample point during its movement is given by:

gr (u, φ) = Ψ(Hr (φ))
σ vM

r

σadm
− 1 ≤ 0, (15)

where

Ψ(Hr (φ)) = Hr (φ)q , Hr (φ) =
1
ar


D

Ir (x)H(φ)d D, (16)

Ir (x) =


1, if x ∈ Ωr ,

0, if x ∉ Ωr ,
and ar =


D

Ir (x)d D, (17)

σ vM
r =


3
2

sr · sr , sr = dev(σ r ), σ r := C1εr (u). (18)

The subdomain Ωr is a neighborhood of x(r) and εr (u) the strain evaluated at xr ∈ D. The function Hr (φ)

computes the volumetric (area) fraction of material 1 contained in Ωr . Function Ψ in (15) activates or deactivates
the stress constraint depending on the position of the considered sample point. Points localized near the boundary are
progressively considered as the area fraction Hr (φ) goes from 0 to 1. The exponent q ∈ (0, 1] is used to make Ψ a
continuum approximation of the discontinuous 0–1 function F (x):

F (x)=


0 if x = 0
1 if x ∈ (0, 1].

Fig. 2 shows the behavior of Ψ(Hr (φ)) for different values of q. If q = 1 a linear relation between Ψ (i.e. stress
significance) and area fraction Hr (φ) is obtained. Conversely, if q → 0, the stress of the point is completely considered
as soon as a small area fraction of the sample point neighborhood is covered by material 1. Note that the stress at xr
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Fig. 3. Sample point xr and its neighborhood Ωr being intercepted by the border ∂Ω . In this case, xr ∉ Ω , but the stress constraint may become
active because Ω ∩ Ωr ≠ ∅, that is, Hr (φ) ≠ 0.

becomes significant whenever Ω ∩ Ωr ≠ ∅, no matter if xr is strictly contained in Ω . Fig. 3 shows a sample point xr
whose corresponding constraint gr might become active even though this point is outside Ω .

It is important to remark that regardless the point xr is inside or outside the body, the corresponding stress σ r is
always calculated by Eq. (18) and the stress constraint by Eq. (15). The variable that turns this stress significant or not
is the area fraction Hr (φ).

On the basis of all these considerations, the minimization problem is reformulated as follows:

Problem P3:

min
φ

mφ(u) =


D


ρ(φ) +

µ

2
C(φ)ε(u) · ε(u)


d D,

subject to:


aφ(u, v) = lφ(v), ∀v ∈ V,

gr (u, φ) ≤ 0, r = 1, . . . , Nr
(19)

where gr (u, φ) is given by (15) and Nr is the total number of sample points xr in D.

2.5. Augmented Lagrangian-based formulation

In augmented Lagrangian approach [45,46], the constraints are included into the objective function by means of a
penalization comprised by linear and quadratic terms. It is then defined a sequence {αk

r }, k = 1, 2, . . . converging to
the Lagrange multipliers αr that satisfy the necessary optimality conditions of P3. The problem then takes the new
form:

Problem P4: for given values of penalization factor ck and Lagrange multipliers αk
r , solve the minimization

min
φ

J k(φ) =


D


ρ(φ) +

µ

2
C(φ)ε(u) · ε(u)


d D +

Nr
r=1


αk

r hr (u, φ) +
ck

2
[hr (u, φ)]2


, (20)

subject to: aφ(u, v) = lφ(v), ∀v ∈ V, (21)

where u is the solution of (21) and hr (u, φ) is a function of the r th stress constraint given by [45,46]:

hr (u, φ) = max


gr (u, φ); −
αk

r

ck


. (22)

Once the minimum is achieved (or after a conveniently specified number of iterations), verify the condition:αk
r gk

r

 < ε, (23)

where ε is a small tolerance. If (23) is not satisfied, update the Lagrange multipliers and penalization factor:

αk+1
r = max


αk

r + ck gk
r ; 0


,

ck+1
= βck, β > 1, 0 < ck < cmax, ∀k ∈ N .

(24)

Let k = k + 1 and restart the process.
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3. Optimization by moving the level set

Many works in the literature employ the conventional level set method to the front propagation. This method
consists of modifying φ by taking advantage of the level set equation [36,42,47]

∂φ(x(t), t)

∂t
− vn(x(t))∥∇φ(x(t), t)∥ = 0, (25)

where vn is the velocity normal to the boundary ∂Ω , that is, for all x(t) with φ(x(t)) = 0. The conventional numerical
solution of (25) has a well known drawback for the present application which is the need of reinitialization of φ after
a certain number of time steps [22,23]. This reshaping of φ (generally as a signed distance function) is particularly
harmful at the end of the minimization process since the undesired boundary movements caused by reinitialization
hinder complete convergence.

Another drawback attributed to level set minimization approaches guided by Hamilton–Jacobi evolutions is that it
precludes the creation of new holes, which is an important feature in a true topological optimization method.

In order to overcome the difficulties mentioned above, the level set evolution technique proposed in Yamada
et al. [40] will be used in the present work. To this aim, the topology optimization problem is modified by adding
a regularization term1:

min
φ

JR(φ) = J (φ) +


D

1
2
τ |∇φ|

2 d D, (26)

where JR(φ) is the regularized objective functional and τ > 0 is a diffusion coefficient that controls the effect of the
regularization. Actually, this term works like a perimeter regularization that is commonly used to guarantee existence
of solutions and to impose geometric constraints. Yamada et al. [40] relates the derivative of the cost function (26) to
the time evolution of the level set function φ as follows:

∂φ

∂t
= −

d JR(φ)

dφ
, (27)

where t is a pseudo-time variable. In this way, the evolution of φ will stop when the first order optimality condition of
the minimization problem (26) is satisfied. The gradient of JR(φ) is given by

d JR(φ)

dφ
=

d J (φ)

dφ
− τ∆φ, (28)

where ∆ denotes the Laplacian operator. Details to obtain the above expression are presented in the Appendix.
Substituting (28) into (27), the resulting time evolution equation with boundary and initial conditions is summarized

as follows:

∂φ

∂t
= τ∆φ −

d J (φ)

dφ
, in D

φ(t = 0) = φ0 in D ∪ ∂ D
∂φ

∂n
= 0, on ∂ D\∂ DN

φ = 1, on ∂ DN .

(29)

The first line of (29) is a reaction–diffusion equation, also known as Allen–Cahn equation. The term τ∆φ represents
the diffusion while the derivative of the cost function d J (φ)/dφ is the reaction term that accounts for the change of
the shape and topology. It should be noted that boundary ∂ DN is kept fixed during the evolution of φ.

Furthermore, the level set function is constrained to satisfy the following conditions:

−1 ≤ φ(x) < 0, ∀x ∈ D\(Ω ∪ ∂Ω),

φ(x) = 0, ∀x ∈ ∂Ω ,

0 < φ(x) ≤ 1, ∀x ∈ Ω\∂Ω .

(30)

1 In Yamada et al. [40] this term is called fictitious interface energy.
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The evolution of φ by means of (27) is strongly related to the steepest descent method. In order to justify this
statement, let us consider a perturbation of φ in the direction δφ to obtain the mapping

φt = φ + tδφ. (31)

Function φt defines the perturbed configuration Ωt and t ∈ R+ represents the step size in the direction δφ. The Taylor
expansion of the regularized objective function is

JR(φ + tδφ) = JR(φ) + t
d JR(φ)

dφ
[δφ] + ϑ(t2),

and consequently, from (31) and (27), we can write that

∂φt

∂t
= δφ = −

d JR(φ)

dφ
. (32)

The derivative of JR(φ) in the direction δφ provided by (32) is then

d JR(φ)

dφ
[δφ] =


D

d JR(φ)

dφ
δφd D =


D

d JR(φ)

dφ


−

d JR(φ)

dφ


d D

= −


D


d JR(φ)

dφ

2

d D ≤ 0. (33)

Thus, for a small enough t > 0, and being φ an element different from that satisfies the optimality condition, the value
of JR decreases:

JR(φ + tδφ) = JR(φ) − t


D


d JR(φ)

dφ

2

d D < JR(φ). (34)

This concludes that (29) should drive the function φ for a feasible local solution of the structural topology optimization
problem.

3.1. Sensitivity analysis

This section is devoted to calculate the reaction term d J (φ)/dφ used in the evolution equation (29). It is worth
emphasizing that J (φ) includes already the penalization terms (via augmented Lagrangian) corresponding to stress
constraints. However its total derivative d J (φ)/dφ = d J (u(φ), φ)/dφ must take into account the satisfaction of the
state equation (21). To this aim, the well known adjoint method was used, that may be formally derived by introducing
a Lagrangian function £ defined as the sum of function J (u, φ) and the state constraint, considering the fields φ, u
and λ as independent variables:

£(φ, u, λ) = J (u, φ) + aφ(u, λ) − lφ(λ)

=


D


ρ(φ) +

µ

2
C(φ)ε(u) · ε(u)


d D +

Nr
r=1


αr hr (u, φ)

+
c

2
[hr (u, φ)]2


+ aφ(u, λ) − lφ(λ). (35)

The total variation of £ with respect to φ, u and λ is then

δ£(φ, u, λ) =
∂£

∂φ
[δφ] +

∂£

∂u
[δu] +

∂£

∂λ
[δλ], (36)

where δφ, δu and δλ are admissible variations of the respective arguments. Consider now the set (φ, u, λ) such that
the following conditions are satisfied:

∂£

∂λ
(φ, u, λ)[δλ] = 0 ∀δλ ∈ V and

∂£

∂u
(φ, u, λ) [δu] = 0 ∀δu ∈ V . (37)
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The solution of (37)1 retrieves the state equation (21):

∂£

∂λ
[δλ] = aφ(u, δλ) − lφ(δλ) = 0 ∀δλ ∈ V . (38)

The second condition (37)2 gives what is commonly known as adjoint equation, whose solution provides the adjoint
field λ:

∂£

∂u
[δu] =

∂ J (u,φ)

∂u
[δu] + aφ(δu, λ) = 0 ∀δu ∈ V (39)

or, equivalently,


D

C(φ) [µε(u) + ε(λ)] · ε(δu)d D = −

Nr
r=1

[αr + chr (u, φ)] Cr Ar (u, φ) · εr (δu) ∀δu ∈ V . (40)

Here Ar (u, φ) is a tensor that contains the derivatives of the stress constraints with respect to the stress invariants I1,
J2 and J3, given by

Ar (u, φ) =
∂hr (u, φ)

∂ I1
I +

∂hr (u, φ)

∂ J2
PT sr (u) +

∂hr (u, φ)

∂ J3
PT sr (u)sr (u), (41)

where

sr (u) = Pσ r (u), P = II −
1
3

I ⊗ I, (42)

is the tensor of deviatoric stresses. More information about the calculation of tensor Ar (u, φ) is provided in [35].
Finally, the partial derivative of £(φ, u, λ) with respect to φ is

∂£

∂φ
[δφ] =


D


(ρ1 − ρ2) + p(C1 − C2)H(φ)p−1

µ

2
ε(u) + ε(λ)


· ε(u)

 ∂ H(φ)

∂φ
[δφ] d D

+

Nr
r=1


[αr + chr (u, φ)]

∂hr (u, φ)

∂φ
[δφ]


∀u, λ ∈ V . (43)

Since hr (u, φ) = max

gr (u, φ); −

αr
c


, two possible expressions are achievable for its derivative:

1. If hr (u, φ) = gr (u, φ), then

∂hr (u, φ)

∂φ
[δφ] =

σ vM
r

σadm

∂Ψ(Hr (φ))

∂ Hr (φ)

∂ Hr (φ)

∂φ
[δφ] , (44)

∂ Hr (φ)

∂φ
[δφ] =

1
ar


D

Ir (x)
∂ H(φ)

∂φ
[δφ] d D, (45)

and thus,

∂hr (u, φ)

∂φ
[δφ] =


D

Ir (x)

ar

σ vM
r

σadm

∂Ψ(Hr (φ))

∂ Hr (φ)

∂ H(φ)

∂φ
[δφ] d D. (46)

2. If hr (u, φ) = −
αr
c , then

∂hr (u, φ)

∂φ
[δφ] = 0. (47)
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Let us call upon the identity2

∂ H(φ)

∂φ
[δφ] = δ(φ)δφ,

where δ(φ) is the Dirac function.
To end this issue, let us assume that the set (φ, u, λ) satisfies the state and adjoint equations (37). In this case, the

total variation of the Lagrangian function δ£ reduces to its partial derivative with respect to φ (see Eq. (36)). Moreover,
it is easy to see by simple substitution, that this partial derivative corresponds to the required total derivative d J (φ)/dφ

(see e.g. [22]):

δ£(φ, u, λ) =
∂£

∂φ
[δφ] =

d J (φ)

dφ
[δφ] =


d J (φ)

dφ
, δφ


=


D

V (φ)δ(φ)δφd D. (48)

Since δφ is any test function, it is possible to state formally that the derivative of the objective function is given by the
field

d J (φ)

dφ
= V (φ)δ(φ), (49)

where

V (φ) =



(ρ1 − ρ2) + p(C1 − C2)H(φ)p−1
µ

2
ε(u) + ε(λ)


· ε(u)

+

Nr
r=1


[αr + cgr (u, φ)]

Ir (x)

ar

σ vM
r

σadm

∂Ψ(Hr (φ))

∂ Hr (φ)


, if gr (u, φ) ≥ −

αr

c
,

(ρ1 − ρ2) + p(C1 − C2)H(φ)p−1
µ

2
ε(u) + ε(λ)


· ε(u), if gr (u, φ) < −

αr

c
,

(50)

is a (velocity of evolution) field defined over D. Two important terms distinguish V (φ) given by (50) from its
analogous expression in [35]. The first one is the compliance term due to coefficient µ. The other is the Heaviside
function that is always present in the second term of the right side of (50) due to the exponent p > 1 in expression (12).
Thus, the Heaviside function controls the inclusion/exclusion of this term, depending on whether the point is inside
or outside the material region. As a consequence, the “islands” of material (or as written in [28], the pathological
structures with small stiffness) from the design space that arise during the optimization process are eliminated.

3.2. Treatment and regularization on the reaction term (velocity field)

As shown in (34), the regularized objective function decreases if perturbed in a direction opposite to its gradient,
given by Eq. (28), also the right-hand side of the reaction–diffusion problem (29). In other words, the numerical time
integration of (29) provides finite updates of φ that decrease the objective function for small enough time steps. It is
worth emphasizing that it is the reaction term of the gradient (28) who in fact contains the information for feasible
topology changes, defining the velocity V (φ) in (49) and (50).

Borrowing analogous ideas found in mathematical programming, the updating direction V (φ), while keeping its
descent properties, can be modified to improve the minimization sequence.

The first proposed modification is to extend the reaction term d J (φ)/dφ to the whole domain, eliminating the
Dirac function in (49) and assuming the equality

d J

dφ
= V (φ). (51)

In this way the reaction term is allowed to take any value (including zero) on D and consequently to generate changes
in the level set function that lead to nucleation of new holes in the interior of the domain.

2 Verify the distinction in notation between the variation δφ and the Dirac function δ(φ).



72 H. Emmendoerfer Jr., E.A. Fancello / Comput. Methods Appl. Mech. Engrg. 305 (2016) 62–88

The second proposed improvement was already pointed out in [35] and it is related to the severe variations in
the amplitude of V (φ) as a consequence of local stress constraints naturally appearing because of arbitrary moving
geometries. This characteristic has the undesirable effect of locking the boundary: only very limited portions of the
boundary move, while all the rest remains unchanged. To avoid this effect, we employ the following scaling of V (φ):

Vlog(φ) =


ln(V (φ) + 1),

− ln(−V (φ) + 1),

if V (φ) ≥ 0,

if V (φ) < 0.
(52)

The last improvement of the field V (φ) refers to smoothing operators. Here we use the smoothing scheme proposed
in [48]. A new velocity V̄ (φ) ∈ H1(D) more regular than Vlog(φ) is obtained by solving the variational problem

D


κ∇ V̄ (φ) · ∇ X + V̄ (φ)X


d D =


D

X Vlog(φ)d D, ∀X ∈ H1(D) (53)

where κ > 0 is a small smoothing-regularization parameter. Thus, V̄ (φ) intrinsically takes more regularity due to the
classical regularity theory for elliptic equations.

Finally, the velocity V̄ (φ) is normalized by

v(φ) = C
V̄ (φ)

max(
V̄ (φ)

) , (54)

where C is a weight factor. Therefore, the reaction–diffusion equation solved is:

∂φ

∂t
= τ∆φ − v(φ) in D

φ(t = 0) = φ0 in D ∪ ∂ D

∇φ · n =
∂φ

∂n
= 0 on ∂ D\∂ DN

φ = 1 on ∂ DN

(55)

where v(φ) is given by (54).

4. Discretization and numerical implementation

In this section, the optimization algorithm is presented and some implementation aspects are discussed. The state
equation (8) and the adjoint equation (40) are solved by the finite element method (FEM). Although the proposed
framework for introducing local stress constraints could be used in 2D and 3D problems, only 2D numerical examples
under plane stress state were tested at the present stage. A single mesh is used to discretize the level set function and
to the analysis of finite elements, which uses a quadrilateral bilinear element.

The approximation of the material area fraction within each element was computed using the code available in [43],
where an exact Heaviside function is used to relate the level set function to element densities.

To solve the system of time evolutionary equation (55), we employ a scheme similar to [40] and [41]. For the
time discretization the implicit scheme is used and the domain D is discretized based on FEM. Thus the discretized
evolution equation is given by:


1
∆t

T1 + τT2


Φt+1= T1


1
∆t

Φt − v


, in D

φ(t) = 1, on ∂ DN ,

(56)

where

T1 =


e


De

e
N T e

N d D, (57)

T2 =


e


De

∇
e
N T

∇
e
N d D. (58)
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Here, ∆t is the time increment, e is the number of elements,


e represents the union set of elements, N is the
interpolation function and v is the velocity array (discrete version of v(φ)). Therefore, the updated level set field Φt+1
can be obtained by solving Eq. (56).

Similarly, problem (53) was also solved using FEM and the array V̄ (discrete version of V̄ (φ)) is obtained from
the linear equation system

(T1 + κT2) V̄ = T1 Vlog. (59)

In numerical practice a value of κ between 1 and 2 times (∆x)2 is used, with ∆x being the minimum grid size. High
values of κ may smooth too much the reaction term field (this means that the function might miss important relevant
information somewhere) leading the algorithm to an undesirable local minimum.

As already pointed out, the evolution of the level set function based on the numerical solution of the
Hamilton–Jacobi equation has the known drawback of degrading the smoothness of Φ and forcing its reinitialization
using a signed distance function. Note that the explicit first order upwind scheme to solve the Hamilton–Jacobi
equation uses the numerical approximation of ∇Φ demanding good quality of this function near the boundaries.
The present approach, on the other hand, has two advantages on this issue. Firstly, it incorporates a useful diffusion
(regularization) operator τT2 in and secondly, no approximate derivatives of Φ are needed within the algorithm.
Despite these observations, a sensitivity analysis on the value of the updating Φt+1 to the different possible treatments
of the array v (Section 3.2) is still lacking.

4.1. Optimization algorithm

It was shown in the previous sections that the minimization problem P4 is solved by the pseudo-time evolution
problem (55) and corresponding discrete version (56). The algorithm is then summarized in the succeeding text:

External loop:

1. Initialize the level set function φ0 (Ω0 ⊂ D).
2. Define k = 1, ck > 0, αk

r ∈ R.
3. Perform the internal loop to minimize function J k(φ, αk

r , ck) obtaining φk .
4. Update ck and αk

r using (24).
5. k = k + 1. Return to step 3.

The step 3 of the external loop, called internal loop, consists of the minimization of objective function J k for
fixed given values of ck and αk

r . However, as indicated in [46], the minimization in 3 may be performed partially or,
equivalently, substituted by a sufficient descent condition. For practical purposes this means that a fixed number of
minimization iterations, say Niter , must be accomplished prior to the Lagrange multipliers updating in 4. Then, the
iterative procedure for a sufficient decrease of J k(φ, αk

r , ck) is the following:

Internal loop: for j = 1 to j ≤ Niter :

1. Obtain the discretized fields u j and λ j by solving, respectively, the state equation (21) and adjoint equation (40).
2. Compute the field v j (u j , λ j ) based on Eq. (54).
3. Update φ using (56) choosing ∆t j such that J (φ j+1) ≤ J (φ j ).
4. If

J (φ j+1) − J (φ j )
 ≤ ε, then stop the iterative process; otherwise continue.

5. j = j + 1. Go to step 1.

4.2. Sample points stress evaluation

In the present implementation the same choices of [35] were made for the stress sample points xr , making them
coincide with the nodes of the finite element mesh. This distribution of sample points is consistent with the objective
of enforcing the stress constraint all over the domain, following the resolution of the stress field provided by the finite
element mesh. The corresponding neighborhood Ωr is square with a length of a finite element size (Fig. 4) providing
a complete covering of D.
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Fig. 4. Example of a sample point xr (coinciding with a node of the finite element mesh) and its neighborhood Ωr .

The discontinuous strain field provided by bilinear quadrilateral elements is recovered at a sample point xr by the
classical average scheme

εr (xr ) =

Ne
e=1

Be(xr )Ue

Ne
, (60)

where Ne is the number of elements e attached to node xr , Be(xr ) is the array of shape function derivatives of element
e, and Ue is the array of nodal displacements of element e. The stress at this node is then computed by (18) and the
stress constraint by (15).

5. Numerical results

Several numerical tests were performed to explore the features of the proposed optimization scheme. All the
examples use the following parameters: densities ρ1 = 1 and ρ2 = 10−3, Young’s modulus E1 = 1 and E2 = 10−3

and Poisson’s ratio ν = 0.3. The exponent q that enhances the stress at a sample point takes the value q = 0.5. The
Lagrange multipliers vector α is initialized with a vector of zeros and updated as the rule (see expression (24)1). The
number of sample points Nr coincide with the number of nodes in the mesh. The mass ratio is referred as the ratio
between the final mass and total mass. Moreover, the value of compliance W of the structure (given in graphs and
tables) is defined as

W =


D

C(φ)ε(u) · ε(u)d D. (61)

Concerning to Niter , we heuristically chose Niter = 20 fixed iterations for the internal optimization loop in
most cases, unless indicated otherwise. In the convergence diagrams, each iteration corresponds to a single solution
of the evolution equation (56). After some numerical tests regarding efficiency, it was chosen a convenient time step
of ∆t ≤ 0.25. It is worth mentioning that differently from the Hamilton–Jacobi evolution procedure where due to
the CFL condition many time increments ∆t were needed, the present updating was performed with a single ∆t time
step. Numerical experiments showed that, for the tested mesh sizes, the latter approach performed faster despite the
need of an additional equation-system solution at each iteration.

A relevant operational issue is related to the boundary conditions of φ. Since the level set function gradient has
been included into the objective function and thus providing a perimeter penalization, the algorithm “prefers” designs
attached to the boundaries. This observation was also reported in [4]. As a suggestion to avoid this preference, the
value of φ of those nodes attached to the boundary ∂ D\(ΓD ∪ ΓN ) whose associated elements have unitary density is
set to φ = −ε, where ε is a small value. In this work ε was set to 10−3.

5.1. L-problem

This example is the classic benchmark problem of topology optimization considering stress constraints. Fig. 5
shows the model clamped at its top boundary and submitted to a force P = 1 N applied at the middle of the right
side. The length is L = 1 m and the yield stress σadm = 42 Pa. Domain D was discretized with 160 elements along
the longest sides in both horizontal and vertical directions giving a total of 16,384 quadrilateral finite elements and
16,705 nodes. Therefore, there exist Nr = 16,705 sample points for the stress evaluation. The optimization was run
using the following parameters: c = 0.15 (cmax = 30c), β = 1.1, µ = 0.0015, C = 0.25, p = 1.001, κ = 2(∆x)2
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Fig. 5. L-problem: model.

a b c

d e f

g h i

Fig. 6. L-problem: (a) initial level set domain; Intermediate results at: (b) iteration 5; (c) iteration 10; (d) iteration 20; (e) iteration 50; (f) iteration
100; (g) iteration 150; (h) iteration 600; and (i) iteration 1000.

and τ = 7 × 10−6. The optimization procedure was stopped after 60 updates of external loop, though in some cases
the convergence has been reached with less iterations.

Fig. 6(a) shows the initial level set domain and Fig. 6(b)–(i) show the intermediate results during the optimization
process. The final design and its stress constraint distribution are presented in Fig. 7(a) and (b), respectively.
Fig. 8 shows the level set function corresponding to the final design bounded between −1 and 1 according to its
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a b

Fig. 7. L-problem: (a) final design at iteration 1200; and (b) stress constraint distribution with maxD(gr ) = 6.1 × 10−3. The mass ratio is 0.4643.

Fig. 8. L-problem: level set function of the final design.

Fig. 9. L-problem: convergence history for the mass ratio, the compliance W and the regularization term.

definition (30). Fig. 9 represents the convergence history for the mass ratio, the compliance W and the regularization
term. It must be noted that the compliance value shown in Fig. 9 is not multiplied by the scale factor µ/2.

The same problem with the same parameters is again solved starting from the solid initial configuration (no holes)
shown in Fig. 10. In the minimization sequence it is observed that the optimization algorithm identifies and eliminates
firstly the stress concentration in the corner, after which it begins to nucleate holes in the design domain. The final
design and its respective stress constraint function is shown in Fig. 11(a) and (b), respectively. The graphics for the
convergence of the mass ratio, the compliance W and the regularization term are shown in Fig. 11(c), (d) and (e),
respectively. The stable behavior of the optimization process can be verified in Fig. 12. In this figure we can observe
the penalty terms (linear and quadratic) of the stress penalization terms (Eq. (20)) converging to zero as expected. Also,
for the objective function is shown the convergence for each iteration and for each update of the Lagrange multipliers



H. Emmendoerfer Jr., E.A. Fancello / Comput. Methods Appl. Mech. Engrg. 305 (2016) 62–88 77

a b c

d e f

g h i

Fig. 10. L-problem: (a) initial level set domain; Intermediate results at: (b) iteration 40; (c) iteration 80; (d) iteration 110; (e) iteration 120;
(f) iteration 140; (g) iteration 200; (h) iteration 600; and (i) iteration 1000.

Table 1
L-problem: Summary of results for the obtained final designs.

Final design τ Mass ratio W maxD(gr )

Fig. 7(a) 7 × 10−5 0.4643 216.91 6.1 × 10−3

Fig. 11(a) 7 × 10−6 0.5066 205.78 6.8 × 10−5

Fig. 13(b) 5 × 10−5 0.5894 185.36 1.5 × 10−3

Fig. 13(d) 1 × 10−5 0.5124 210.53 3.7 × 10−3

Fig. 13(f) 7 × 10−5 0.5130 212.92 7.1 × 10−4

(external loop). Note that the oscillations observed in the graph of objective function versus iterations are mostly due
to the augmented Lagrangian actualization steps, where each of the stress Lagrange multipliers are updated.

Finally, we analyze the effect of the regularization parameter τ . In order to verify the capability of our optimization
algorithm provide a local feasible solution for arbitrary initializations (that is, with or without holes), we changed
again the initial level set function (see Fig. 13(a)). Three cases were tested where τ is set to 5 × 10−5, 1 × 10−5 and
7 × 10−6, respectively. The corresponding final designs and the constraint distribution for each of the three cases are
shown in Fig. 13. Table 1 summarizes the indicators of the final mass ratio, the compliance W and the maximum value
of the stress constraint (maxD(gr )) for each final design obtained in this example.
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a b

c d e

Fig. 11. L-problem: (a) final design at iteration 1200; (b) stress constraint distribution with maxD(gr ) = 6.8 × 10−5; (c) convergence history for
the mass ratio (final mass ratio is 0.5066); (d) compliance W convergence (final compliance value is 205.78); and (e) regularization term.

Fig. 12. L-problem: convergence history for the penalty terms and the objective function. For the objective function is shown the convergence for
each iteration and for each update of the Lagrange multipliers (external loop).

It is worth noting that all optimal structures obtained at the end of the optimization process satisfy the constraints
imposed on the problem in a reasonable way. Also, the final designs can be very different depending on the initial
configuration. However, the stress concentration has been detected and eliminated by a rounding radius in the corner.

An analysis of the stress state of an optimal design could be useful to a deeper understanding of the problem at
hand. Let us consider the case shown in Fig. 11. The first issue to be highlighted is that the optimal feasible design
is quite robust with few bars, occurrence possible related to the regularization terms included within the formulation.
Secondly, these few structural members are submitted not only to axial efforts but also to bending. This is clearly seen
on the failure stress distribution where a stress gradient is found along the cross section of the members. This final
design and stress distribution is closely comparable to that obtained in e.g. Figure 13 of [2] where a similar approach
to handle local stresses but a SIMP approach was used. We noted, however, that present proposition found the optimal
design with a better boundary definition. Note that in the present case the “ersatz” material is contained in a narrow
band of the size of a single element.
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Fig. 13. L-problem: (a) initial level set domain; (b) obtained design for τ = 5 × 10−5 (mass ratio = 0.5894); (c) stress constraint distribution
of (b) with maxD(gr ) = 1.5 × 10−3; (d) obtained design for τ = 1 × 10−5 (mass ratio = 0.5124); (e) stress constraint distribution of (d)
with maxD(gr ) = 3.7 × 10−3; (f) obtained design for τ = 7 × 10−6 (mass ratio = 0.5130); and (g) stress constraint distribution of (f) with
maxD(gr ) = 7.07 × 10−4.

Moreover, it is useful to note that in the way the problem is set, i.e. volume minimization subject to stress
constraints, the feasible domain may be empty if the external load is sufficiently large. This would not happen if
objective and constraint are switched to a stress minimization with volume constraint, as is also the case of the
classical compliance problem.

5.2. Cantilever beam problem

This example deals with a cantilever beam problem. Domain D is a rectangle with a distributed vertical force
P = 1 N applied at center of the right side and clamped at left side, as shown in Fig. 14 where L = 1 m. A mesh of
100 × 50 is used to discretize the fixed design domain, that means, Nr = 5151 sample points for the stress evaluation.
The yield stress is σadm = 19 Pa. The optimization was run using the following parameters: c = 0.8 (cmax = 10c),
β = 1.1, µ = 0.01, C = 0.25, p = 1.1, κ = 2(∆x)2 and τ = 3 × 10−5.
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Fig. 14. Cantilever beam problem: model.
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Fig. 15. Cantilever beam problem: (a) initial level set domain; Intermediate results at: (b) iteration 40; (c) iteration 45; (d) iteration 50; (e) iteration
55; (f) iteration 60; (g) iteration 150; (h) iteration 300; and (i) iteration 400.

ba

Fig. 16. Cantilever beam problem: (a) final design at iteration 600; and (b) stress constraint distribution with maxD(gr ) = −1.8 × 10−2. The mass
ratio is 0.3107 and the compliance value W is 118.35.

Fig. 15 presents the intermediate results during the optimization process from an initial level set domain filled
with solid material. The final design is shown in Fig. 16(a) after 30 external updates (external loop). In Fig. 16(b) is
shown the distribution of (nodal) stress constraints. The maximum value achieved for the constraints is maxD(gr ) =

−1.8 × 10−2.
We now investigate the effect that different penalization exponent p values have upon the optimal solutions for

problems with stress constraint. The initial level set function is shown in Fig. 17(a). Here we used 26 updates of exter-
nal loop and Niter = 30 for each subproblem (internal loop). The remaining parameters are the same. We examine
three cases where the penalization exponent p is set to 1.001, 1.5 and 3, respectively. Fig. 17 shows the final config-
uration and its respective stress constraint distribution for each case. Some numerical data are reported in Table 2 for
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Fig. 17. Cantilever beam problem: (a) initial level set domain; (b) final design for p = 1.001; (c) stress constraint distribution for p = 1.001; (d)
final design for p = 1.5; (e) stress constraint distribution for p = 1.5; (f) final design for p = 3; and (g) stress constraint distribution for p = 3.

Table 2
Cantilever beam problem: summary of the results shown in Fig. 17.

k µ τ p Mass ratio W maxD(gr )

2(∆x)2 0.01 3 × 10−5 1.001 0.2937 120.49 1.46 × 10−4

2(∆x)2 0.01 3 × 10−5 1.5 0.3291 112.96 4.7 × 10−3

2(∆x)2 0.01 3 × 10−5 3 0.3966 96.81 1.30 × 10−3

comparison. Higher values of p provide lower values to the compliance of the design. On the other hand, the mass
ratio also increases as p increases. This fact may be explained due to the increase of consideration of the “intermedi-
ate” elements in the structure as p increases (in the case of stress constraint problems). Fig. 18 shows the convergence
history for the mass ratio and objective function, the compliance and the regularization term for the case p = 3.

The cantilever beam problem is often used in the literature for topology optimization problems with compliance.
We used the approaches developed in the present work (regularization schemes and evolution equation) for the
compliance problem. Fig. 19(a) shows the (typical) final design obtained with mass constraint set to 40% of the total
mass. Fig. 19(b) shows the stress constraint distribution presenting high stress concentration at the clamp. Although
the final design for compliance problem has provided a lower compliance value than for stress constraint problem
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Fig. 18. Cantilever beam problem: convergence history for the mass ratio and objective function, the compliance and the regularization term for
the final design shown in Fig. 17(f), where p = 3.

a b

Fig. 19. Cantilever beam problem: (a) final design for the compliance problem; and (b) stress constraint distribution with maxD(gr ) = 0.9. The
mass constraint was set to 40% of the total mass. The compliance of the final design is 76.8. The initial configuration has the material domain filled
with material.

(see Fig. 19 and Table 2 for the case p = 3 that have practically the same mass ratio), it has not satisfied the more
common engineering requirement, that is, support loads without failure. Moreover, the final designs are significantly
different (compare Figs. 17(f) and 19).

5.3. Crack problem

In this example we verify the proposed approach for a plate emulating a fracture mode I. A force P = 1 N is
applied to open the fracture therefore producing high stresses at the fracture tip. The main objective of this example is
to verify if the proposed approach is able to achieve a feasible design and a local minimum for the mass. We assume
a yield stress of the material equal to σadm = 23 Pa. It will be considered two models with different geometric sizes
and load locations.

The first model consists in a square plate of length L = 1 m and fracture length L/2, as shown in Fig. 20. This same
example was tested in [35] and, for comparison purposes, we used the same initial level set domain (see Fig. 21(a)).
Only the right symmetric part of the plate was discretized. Two mesh sizes were compared to verify the influence of
the finite element mesh size on the final design. The first one was partitioned with a mesh of 100 × 50 elements and
5151 nodes (equal to the number of stress sample points Nr ) and another one with 180×90 elements and 16,471 nodes
(equal to the number of Nr ). The following parameters were used to both meshes: β = 1.1, µ = 0.004, C = 0.25
and p = 1.001; the remaining parameters are shown in Table 3 for each mesh. The minimization was stopped after 30
updates of external loop. Fig. 21 shows the optimal configurations with its respective stress constraint distribution for
each mesh size. It is possible to observe that the dependence on the finite element mesh size is small. To achieve this
feature, the penalization factor and the parameters related to the element size were appropriately changed. Comparing
with [35] the designs obtained in this paper are more slender, that is, a smaller mass ratio. This occurred because of the
allowance of holes nucleation within the present approach, which allows better stress distribution. The mass ratio, the
compliance W and the maximum value of the stress constraint (maxD(gr )) for each mesh also are shown in Table 3.

The second model consists in a plate of length 2L × L where L = 1 m and fracture length L/2, as shown in
Fig. 22. Note that now the force is applied on a different location compared to model 1. Considering symmetry, a
mesh of 100 × 100 elements is used to discretize the right half of the plate (Nr = 10, 201). We used the following
parameters: c = 0.8 (cmax = 20c), β = 1.1, µ = 0.004, C = 0.25, p = 1.001, κ = 1(∆x)2 and τ = 2 × 10−5.
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Fig. 20. Crack problem: model 1.

Table 3
Crack problem (model 1): parameters of the results shown in Fig. 21.

Mesh k τ c cmax Mass ratio W maxD(gr )

100 × 50 1(∆x)2 3 × 10−5 0.8 10c 0.2340 113.49 −0.0159
180 × 90 2(∆x)2 1 × 10−5 0.25 20c 0.2277 117.36 −0.0171

The optimization algorithm was stopped after 35 updates of external loop. In this case, the optimization process was
tested for two initial configurations. Fig. 23 shows the optimal configurations as well as the distribution of the stress
constraint values for each initial level set domain. Although the designs are different, the compliance and mass ratio
have close values. Once again, the final design eliminates the stress singularity and a feasible design is achieved.
Fig. 24 shows the 3D level set function for the optimal designs of Fig. 23(b) and (e). Fig. 25 shows the convergence
history for the mass ratio and objective function, the compliance and the regularization term for the final configuration
shown in Fig. 23(e).

6. Concluding remarks

The structural topology optimization problem of mass minimization under local stress constraints was addressed.
An augmented Lagrangian technique associated with the stress constraint proposed in [35] was again used to transform
a minimization problem with multiple constraints into a sequence of unconstrained minimization problems. The
level set evolution, differently from the classical approach based on Hamilton–Jacobi equation, was controlled by
a reaction–diffusion problem as proposed in [40]. Some conclusions are highlighted:

1. The optimization algorithm was clearly successful to identify high stresses and to create minimizing sequences
arriving to local optimum feasible designs.

2. Numerical experiences showed that the use of the reaction–diffusion evolutionary equation (55) conferred the
algorithm with good numerical behavior, allowing for quite stable optimization sequences. As already pointed out,
the elimination of reinitialization operations was certainly an important feature contributing to this fact. Moreover,
the algorithm uses fewer parameters than those needed for Hamilton–Jacobi based evolutions.

3. Although the velocity field V is, by means of Eq. (48), meaningful on the boundary, its extension to the complete
domain D was verified to turn the algorithm capable of nucleating holes in appropriate regions, which in the present
case are those with lower stresses and, consequently, the stress constraints are inactive. Thus, we did not observe
significant oscillations in the objective function when a hole is inserted during the optimization process.

4. The reaction–diffusion equation used in this work was clearly inspired in that used in Yamada et al. [40] for
compliance problem. Yamada et al. [40] verified that the initial level set domain has low influence on the final
design. For present stress constrained problems this low-dependency was not confirmed. We hypothesize that
this is due to the great number of local minima characterizing stress constrained optimization problems. Since the



84 H. Emmendoerfer Jr., E.A. Fancello / Comput. Methods Appl. Mech. Engrg. 305 (2016) 62–88

a

b c

d e

Fig. 21. Crack problem (model 1): results for different meshes; (a) initial level set domain; (b) final design for 100×50 mesh; (c) stress constraints
distribution for 100 × 50 mesh; (d) final design for 180 × 90 mesh; and (e) stress constraints distribution for 180 × 90 mesh.

Fig. 22. Crack problem: model 2.

proposed algorithm does not guarantee to find a global optimum, the final designs still show significant dependence
on the initial configuration.
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a b c

d e f

Fig. 23. Crack problem (model 2): (a) initial configuration; (b) final design (mass ratio is 0.34 and compliance W is 59.73); (c) stress constraint
distribution with maxD(gr ) = −6.6×10−4; (d) initial configuration; (e) final design (mass ratio is 0.33 and compliance W is 57.16); and (f) stress
constraint distribution with maxD(gr ) = −3.14 × 10−4.

Fig. 24. Crack problem (model 2): (a) 3D level set function for Fig. 23(b); and (b) 3D level set function for Fig. 23(e).

Fig. 25. Crack problem (model 2): convergence history for the mass ratio and objective function, the compliance and the regularization term for
the final configuration shown in Fig. 23(e).

5. The velocity regularization techniques (logarithmic scaling and reaction term regularization) described in
Section 3.2 and remarked in [35], were again crucial in the present work to avoid premature locking of the boundary
movement.
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Appendix. Derivative of the regularized objective functional JR(φ)

Let δφ be a direction of the admissible variations of φ. The derivative of JR(φ) (expression (26)) in the direction
δφ can be written as

d JR(φ)

dφ
[δφ] =

d J (φ)

dφ
[δφ] +

d

dφ


D

1
2
τ |∇φ|

2 d D


[δφ]. (A.1)

The derivative d J (φ)/dφ is calculated in Section 3.1. Since |∇φ|
2

= ∇φ · ∇φ, the derivative of the regularization
term can be rewritten as

d

dφ


D

1
2
τ |∇φ|

2 d D


[δφ] =


D

τ∇φ · ∇ (δφ) d D. (A.2)

Using the equality

∇φ · ∇δφ = div(∇φ δφ) − ∆φ δφ, (A.3)

(where ∆ represents the Laplacian operator) and Divergence Theorem, we have

d

dφ


D

1
2
τ |∇φ|

2 d D


[δφ] =


∂ D�∂ DN

τδφ ∇φ · nd∂ D +


∂ DN

τδφ ∇φ · nd∂ D −


D

τ∆φ δφd D. (A.4)

Assuming the boundary conditions
∇φ · n =

∂φ

∂n
= 0 on ∂ D�∂ DN ,

δφ = 0 on ∂ DN ,
(A.5)

Eq. (A.4) is simply given by

d

dφ


D

1
2
τ |∇φ|

2 d D


[δφ] = −


D

τ∆φ δφd D. (A.6)

Substituting (A.6) into (A.1), the distributional form is obtained as

d JR(φ)

dφ
[δφ] =

d J (φ)

dφ
[δφ] −


D

τ∆φ δφd D, (A.7)

or in the differential form as

d JR(φ)

dφ
=

d J (φ)

dφ
− τ∆φ. (A.8)
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