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Abstract

We present an augmented Lagrangian-based approach for stress-constrained topology optimization of structures subjected
to general dynamic loading. The approach renders structures that satisfy the stress constraints locally at every time step.
To solve problems with a large number of stress constraints, we normalize the penalty term of the augmented Lagrangian
function with respect to the total number of constraints (i.e., the number of elements in the mesh times the number of time
steps). Moreover, we solve the stress-constrained problem effectively by penalizing constraints associated with high stress
values more severely than those associated with low stress values. We integrate the equations of motion using the HHT-«
method and conduct the sensitivity analysis consistently with this method via the “discretize-then-differentiate” approach.
We present several numerical examples that elucidate the effectiveness of the approach to solve dynamic, stress-constrained
problems under several loading scenarios including loads that change in magnitude and/or direction and loads that change
in position as a function of time.

Keywords Local stress constraints - Topology optimization - Augmented Lagrangian - HHT-& method - Newmark-f
method - Elastodynamics

1 Introduction In fact, one could argue that the large number of stress

constraints together with other well-known challenges rela-

When considering material failure, a dynamic topology
optimization formulation should include local stress con-
straints at each time step of the dynamic analysis, so that the
material strength is not exceeded at any point of the structure
for the duration of the dynamic event. Although consistent
with the local definition of stress, a formulation of this type
requires a tremendous amount of stress constraints that need
to be handled by the optimizer, which adds complexity to
the already challenging static, stress-constrained problem.
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ted to the stress-constrained problem (i.e., stress constraint
nonlinearity and degeneracy of the solution space) may be
the reason why a stress-constrained topology formulation
for structures subjected to general dynamic loading has not
been introduced thus far. In this study, we introduce topol-
ogy optimization of structures subjected to general dynamic
loading, in the time domain, while considering local stress
constraints at every time step.

The literature on dynamic topology optimization is vast,
yet the majority of studies focus on stiffness maximization
methods or other dynamic performance measures, while
neglecting the effects of material strength. In an effort to
account for the effect of dynamic loads in design, two main
directions have been pursued for topology optimization of
elastodynamic problems under forced vibration: frequency-
domain methods and time-domain methods. Frequency-
domain methods are less computationally expensive than
time-domain methods because the latter require a time
integration scheme to solve the dynamic analysis problem.
Frequency-domain approaches are useful for periodic
loading or when modal quantities are of interest (e.g.,
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eigenfrequency optimization problems). Using frequency-
domain techniques, a study that has considered stress
constraints in dynamic topology optimization is that by
Long et al. (2019). However, our main goal is to consider
stress constraints in the time domain. The formulation intro-
duced herein could be used, for example, to design struc-
tures subjected to shock/impact loading. These types of
structures or structural components are, in general, subjec-
ted to non-periodic dynamic loading, and thus, their design
requires time-domain analysis.

Dynamic topology optimization in the time domain has
been used in several applications. For example, Min et al.
(1999) used it to minimize the mean dynamic compliance,
Turteltaub (2005) to minimize the time-averaged stress
energy of functionally graded composites, Dahl et al. (2008)
to generate band-gap structures, Le et al. (2012) to tailor
energy propagation through microstructures, Zhang and
Kang (2014) to reduce the transient response of piezoelec-
tric structures, and Zhao and Wang (2017) to minimize
either displacements at a target node or to minimize the
dynamic compliance. In those studies, the dynamic problem
is solved using traditional time integration schemes (e.g.,
the Newmark-8 method). To solve the dynamic problem in
an approximate way, other researchers have adopted model
reduction techniques, which use different modal superpo-
sition methods (e.g., Yoon 2010; Zhao and Wang 2016).
Dynamic topology optimization in the time domain has
been used for applications beyond those discussed here,
yet for the sake of brevity, the interested reader is referred
to Giraldo-Londono and Paulino (2021a) and the refer-
ences therein for a more comprehensive literature review
on the topic. Among the studies discussed here, none has
considered stress constraints in the time domain.

In this work, we introduce a framework for topology opti-
mization of structures subjected to general dynamic loading,
which considers stress constraints locally for each time
step of the dynamic analysis. To solve the dynamic, stress-
constrained problem, we adopt an augmented Lagrangian
(AL) formulation, building upon our previous work on
static, stress-constrained topology optimization (Senhora
et al. 2020; Giraldo-Londono and Paulino 2020, 2021b). In
our previous work, we employ the AL method in its tradi-
tional form (Nocedal and Wright 2006; Bertsekas 1999), yet
we normalize the penalization term of the AL function (i.e.,
all terms containing the stress constraints) with respect to
the number of constraints, which allows the method to solve
problems with a large number of constraints. As shown by
Senhora et al. (2020), the normalization scheme leads to
the solution of problems with a number of stress constraints
ranging from a few thousands to over a million or beyond.
Because the dynamic, stress-constrained problem is more
challenging than the static one, we apply suitable modifica-
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tions to the AL formulation, which enable us to solve the
new problem effectively.

To solve the dynamic, stress-constrained problem effi-
ciently, we use a gradient-based optimization algorithm
for which we require the sensitivity of the AL func-
tion. We compute the sensitivity using the adjoint vari-
able method based on the discretize-then-differentiate
approach (Jensen et al. 2014), so that the adjoint prob-
lem is constructed in terms of state and time variables that
have both been discretized a priori. Because the discretize-
then-differentiate approach is tied to a particular time inte-
gration scheme, we adopt the HHT-o method (Hilber et al.
1977) to solve the dynamic analysis problem. The HHT-
o method is a generalization of the Newmark-8 method
(Newmark 1959) and reduces to the Newmark-8 method for
o = 0. The HHT-« method is general enough and reduces
to other classical time integration schemes given a proper
choice of parameters.

The remainder of this paper is organized as follows.
Section 2 discusses the topology optimization statement
for dynamic, stress-constrained topology optimization, and
Section 3 discusses the HHT-« method used to solve
the dynamic analysis problem. We discuss the AL-
based formulation for dynamic, stress-constrained topology
optimization in Section 4, and present the discretize-
then-differentiate adjoint sensitivity analysis in Section 5.
Moreover, Section 6 contains some implementation details,
and Section 7 discusses the results of four numerical
examples, which we solve to show the effectiveness of
the approach. We finalize the paper with some concluding
remarks in Section 8. Afterwards, we provide three
appendices, where the first shows details of the design
variable update scheme, the second shows convergence
plots for some of the numerical examples, and the third
shows the nomenclature used in this study.

2 Stress-constrained formulation
for elastodynamics

We aim to solve mass minimization topology optimization
problems with local stress constraints imposed at all time
steps. In a discretized setting, our objective is to minimize
the volume fraction, f(z), of a structure subjected to dynamic
loading, such that the stresses are limited via local stress
constraints, gy; (z, w;) < 0 for all time stepsi = 0, ..., N;
and at all stress evaluation points £ = 1,...,N (e.g,
defined at the centroid of each finite element). The topology
is defined by the design variables, z € [0, l]N , while the
physical response of the system (i.e., the displacement field)
is given by the state variables, u;,, i = 0, ..., N;, which
we obtain from the solution of the discretized equations of
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motion of a continuum system. Mathematically, we state the
problem as follows:!

) Almy(y)
min ) = —
ze[0, 11V f@ AT1

S.t. gg,-(z,ui)fO, i=0,...,N;, £=1,...,N
with: Mii; + Co; + Ku; =f;, i =0,..., N, (1)

where A = {|Qy |}év:1 is the vector of element areas (2D) or
volumes (3D),

tanh(B7) + tanh(B(y¢ — 7))
tanh(B7) + tanh(B(1 — 7))’

is a volume interpolation function, defined by the threshold
projection function (Wang et al. 2011), which we use to
compute the element volume fractions as a function of the
filtered densities. Parameter 8 controls the aggressiveness
of the threshold projection and parameter 7 is the threshold
projection density. The vector y = { yg}?’zl contains the
filtered densities for all elements, and it is obtained as
y = Pz, where P is the filter matrix, which we compute as
(Zegard and Paulino 2016):

q
. Xi —Xjl2
, with w;; = max (O,l— %) R

@

my (y¢) =

P WijAj
ij = =N
S wikAk
3)

where A; is the volume (3D) or area (2D) of the j-
th finite element, ||x; — X;||> is the Eucledian distance
between the centroids of elements i and j, respectively, g
is the filter exponent, and R is the filter radius. Finally,
Mii; + Cu; + Ku; = f; is the discretized equation of
motion for elastodynamics,2 which we solve to obtain the
time-dependent displacement field necessary to evaluate the
stress constraints at each time step, i.

2.1 Mass, stiffness, and damping matrices

To solve the equation of motion, Mii; + Cu; +Ku; = f;, we
need to obtain the mass, stiffness, and damping matrices at
each optimization step. The mass and stiffness matrices are
obtained as

N N

M= iy(yom, and K=Y fip(yoke, @)
=1 =1

1Conceptually, the equation, Mii; + Cu; + Ku; = f;, in (1) is the
discrete counterpart of the equation of motion, Mii + Cua + Ku =
f. However, the actual equation of motion used in the numerical
implementation is given in (12).

2In the current formulation, we solve the equation of motion via the
HHT-« method, as we discuss in detail later.

where ZZV: | is the finite element (FE) assembly operator,
and

my = / poNI Nydx and k; = / B! DoB,dx (5)
Q Q

are the mass and stiffness matrices of element ¢, respec-
tively, in which pg and Dy are the mass density and the
material moduli matrix of the solid material, respectively;
N, is the matrix of shape functions; and By is the strain-
displacement matrix. Function

my (y¢) =€ + (1 — €)my (ye)

is the volume interpolation function modified by an Ersatz
parameter, € < 1, and function

me(ye)) =€+ (1 —e€)me(ye)

is a stiffness interpolation function, which we evaluate in
terms of the RAMP function (Stolpe and Svanberg 2001;
Bendsge and Sigmund 2003) as follows:

my (y¢)
1+ poll —my (yo)]’

me(ye) = (6)
where pg is the RAMP penalization parameter. The Ersatz
parameter is used to prevent numerical instabilities arising
when y; — 0.

To account for energy losses, we consider proportional
damping (for the sake of simplicity and in the absence of
additional information) such that the damping matrix, C,
is obtained as a linear combination of the mass and the
stiffness matrices, as follows:

C=aM+ 6K, (N
where o, and B, are the Rayleigh damping coefficients.
2.2 Stress constraint definition

The stress constraints gy; in (1) are based on the polynomial
vanishing constraint introduced by Giraldo-Londofio and
Paulino (2020). Specifically, the stress constraints are

evaluated as

g (z,0) = mp(y)Au(AL +1) <0,
i=0,....,N,, £=1,...,N, (8)

where

A¢i = 04;/0lim — 1 )
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is a failure function based on the von Mises strength
criterion,® where

oy =05 Voo (10)

is the von Mises stress at the centroid of element £ and
at time step i; oy = [Jf{,o*fé,afé]T is the vector of
Cauchy stresses (in Voigt notation) evaluated at the centroid

of element ¢ and at time step i;

~1/20
Vo=|-12 1 0
0 0 3

is a matrix of constant coefficients; and ojin, is the material
stress limit in uniaxial tension. The vector of Cauchy
stresses at time step i is computed as

oy = DoBeuy;, (11

where uy; is the displacement vector of element £ at time
step i.

The von Mises stresses given in (10) are computed using
the elastic properties of solid material (because o¢; are
computed using Dg) rather than using elastic properties
that have been interpolated for intermediate density values.
Given that the von Mises stresses are computed using
properties of the solid material and the stress constraints,
gei(z,1;), in (1) are a variation of the traditional vanishing
constraints (Cheng and Jiang 1992), the solution space
associated with the optimization statement (1) is unrelaxed.
This is unlike typical approaches based, e.g., on the &-
relaxation approach (Cheng and Guo 1997) or the gp-
relaxation approach (Bruggi 2008), in which the feasible
solution space is relaxed.

3 The HHT-« method

Similarly to Giraldo-Londofio and Paulino (2021a), this
study solves the dynamic analysis problem via the HHT-«
method (Hilber et al. 1977). This method is a generalization
of the classical Newmark-8 (Newmark 1959), and reduces
to the Newmark method for « = 0. The HHT-o method
contains numerical damping controlled by a parameter,
o, which helps attenuate the response controlled by
high-frequency modes, while leaving that controlled by

3 Although different strength criteria including von Mises, Tresca,
Drucker-Prager, and Mohr—Coulomb can be considered by means of
the unified strength function by Giraldo-Londoifio and Paulino (2020),
here we only consider the von Mises strength criterion (von Mises
1913) to keep the focus of the study on the dynamic problem.
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low-frequency modes essentially unaffected. The HHT-«
method uses the parameter « to modify the equation of
motion (EOM) by introducing a numerical lag to damping
forces, restoring forces, and external forces, as follows:

Mii; + (1 — 2)Cw; + aCu;_; + (1 — o)Ku; + oKu;
=l-af+oafi_1, i=1,..., N, (12)

The modified EOM is solved together with the Newmark-3
finite difference (FD) relationships,

. 1 . ,
W=+ Angi_y + AP |:<§ - 5) Uy + ﬂuij|

U = w + Ar[(1— )il + pil] . (13)

We replace relationships (13) into the modified EOM (12)
and rewrite it in residual form, as follows:

R; = Mjii; +Moii; 1 +Cou; 1 +Ku; | — (1 —a)f; —af; | =0,
(14)

where

M, = M+ (1 —a)yArC+ (1 —a)BALK,
My = (1 —a)(1 —p)AtC+ (1 — ) (% — ﬁ) Ar’K, and

Co=C+ (1 —-a)ArtK. (15)

To solve the dynamic analysis problem, first we solve (14)
for ii; and use it to update u; and w; using (13). Fori = 0,
we use the initial conditions, ug and 1y and compute the
initial acceleration vector as iig = M~ (fy — Ciy — Kup).

4 AL-based method tailored
to elastodynamics

To solve the dynamic, stress-constrained problem, we adopt
a slightly modified version of the AL-based approach by
Giraldo-Londofio and Paulino (2020, 2021b), in which
the penalty term of the AL function is normalized with
respect to the number of constraints. For the static, stress-
constrained problem, the number of constraints (for a
single load case) is chosen as the number of elements, N
(different choices are possible). However, given that the
dynamic, stress-constrained problem imposes one constraint
per element and per time step, we need to modify the
term used to normalize the penalty of the AL function. For
the dynamic, stress-constrained problem, we normalize the
penalty term of the AL function using the factor, N V;, so
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that we solve the following optimization problem at each
step, k, of the AL method:*

min J(k)(z, up,...,uy,)=f(z)
ze[0, 11V
| NN li(k)
(k) 4] 2
S Z D | M hei 2 w) + = hei (2 00)* |
i=0 ¢=1
(16)
where
NG
hei(z,w;) = max | g (z, w;), —% , (17
t
k+1 k k
)L/(a.+ ) — kgi) + ,u,(ﬁ)hg,-(z(k), u;), and (18)
k+1 . k
Méi-‘r ) = min (aéilh(gi), Mmax) . (19)

Parameters Agf) are Lagrange multiplier estimators at the
k-th step of the augmented Lagrangian method and are
updated as shown in (18) (Nocedal and Wright 2006).

Moreover, parameters “Z{) are the quadratic penalty terms,

which we update as shown in (19). The initial values, )»2)

and ;LE:.), are selected by the user.’

As shown in (19), we update the quadratic penalty terms
using parameters o«p; > 1 and impose an upper limit,
Mmax, to avoid ill-conditioning. We introduce the following
expression to compute the update parameters:

ol +1
o =24 [ 24—, 20
li (UZ-—}—Z) ( )

where @ > 1 is a constant term and
og; = mEg(¥)oy; /Olim 1)

is the relaxed von Mises stress of element ¢ at time step i.
We define the expression to compute «y; such that ay; — &
when 6, — 0, and ay; — 2& when G, — 00, which is
intended to penalize constraints associated with high stress
values more severely than those associated with low stress

4Note that hy; (z, u;)? means [/ (z, w;)]?.
5The values of 12), ;Lé}), and umax need to be found via an initial

calibration process. We have noticed that Ag) = 0 is a suitable choice,

and thus, the calibration process is typically conducted to find /;LZ) and

max- As a general guideline, /’“2) should not be too small because
it slows down convergence and [tmax should not be too large because
it leads to numerical instability. Once appropriate values for ME,!) and
max have been found, our experience indicates that they can be used to
solve different problems independently of the domain geometry, mesh

size, and number of time steps.

values. The relaxed von Mises stresses given in (21) are used
to update the quadratic penalty terms in (19) and to plot the
von Mises stress maps in Section 7. However, these relaxed
stresses are not used to evaluate the stress constraints.
Instead, the stress constraints are evaluated based on the
apparent local von Mises stresses computed using the elastic
parameters of the solid material, as shown in (10)—(11),
which we employ to preserve the shape of the feasible
solution space.

We highlight two main differences between the AL
function in (16) and that used by Giraldo-Londofo and
Paulino (2020, 2021b). First, the new AL function uses
a different normalization term (i.e., NN;) to account for
the increasing number of constraints. Second, the new
function considers one quadratic penalty term, Mz(zl;)’ for each
constraint, in contrast to the single quadratic penalty term,
M(k), used by Giraldo-Londofio and Paulino (2020, 2021b).
We found that these changes are necessary to improve the
robustness of the approach to solve the dynamic topology
optimization problem. The use of one quadratic penalty
term per constraint is particularly important because it
allows penalizing constraints independently, which is useful
for time steps in which the stress limit is not exceeded in
any element. Next we provide a couple of remarks.

Remark 1 The literature on stress-constrained topology
optimization typically handles the stress constraints using
aggregation techniques, so that the local constraints are
aggregated into one global or a few regional constraints
(e.g., see Le et al. 2010; Lee et al. 2012; Luo et al. 2013; De
Leon et al. 2015; Holmberg et al. 2013a; Xia et al. 2018).
These clustering techniques aim to approximate the maxi-
mum stress in the design domain using a smooth approx-
imation of the maximum function, such as the p-norm
function (Park 1995) or the K S function (Kreisselmeier and
Steinhauser 1979). The quality of the approximation using
either of these functions depends on the parameters that
define them (e.g., they depend on the value of p if the p-
norm function is used). Thus, the quality of the solutions
obtained using these aggregation approaches will depend
on the parameters of the approximation. More importantly,
the solution to which one arrives when using aggregation
approaches is not the same as the solution of the original
optimization problem with local stress constraints (the two
problem statements are different).

Remark 2 The AL method is fundamentally different from
stress aggregation approaches because it does not require
the use of a surrogate inequality based on a smooth
approximation of the maximum function. Instead, the AL
method solves the original optimization problem with local
constraints as a sequence of minimization problems, i.e.,
the AL sub-problems (16), whose solution is expected
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to converge to that of the original optimization problem
with local constraints. Moreover, it has been found that
the AL method exhibits global convergence properties
even for problems with degenerated constraints (Izmailov
et al. 2012; Andreani et al. 2012). Such global conver-
gence attributes cannot be guaranteed by stress aggregation
approaches.

5 Discretize-then-differentiate: adjoint
sensitivity analysis

Sensitivity analysis is a fundamental part of any topol-
ogy optimization formulation solved using gradient-based
algorithms. Given that topology optimization problems usu-
ally involve thousands or even millions of design variables,
it is of the utmost importance that the sensitivity anal-
ysis is conducted efficiently. In an effort to reduce the
computational cost, we adopt the adjoint method for sen-
sitivity analysis. Employing the adjoint method, sensitivity
analysis in dynamic topology optimization has tradition-
ally been conducted using either of two main approaches.
The first, which is known as the differentiate-then-discretize
approach, uses discretized state variables and considers time
as a continuous variable, leading to an adjoint system in the
form of a terminal boundary value problem, which is then
discretized in time and solved using a time integration tech-
nique similar to that used to solve the primal problem. The
differentiate-then-discretize approach is the most widely
used in dynamic topology optimization (e.g., refer to Arora
and Cardoso 1992; Turteltaub 2005; Nomura et al. 2007;
Dahl et al. 2008; Elesin et al. 2012; Mello et al. 2012; Zhang
and Kang 2014; Zhao and Wang 2016, 2017).

The second, known as the discretize-then-differentiate
approach, applies the adjoint method to the discretized
problem (both in space and time), so it is tied to a specific
time integration scheme. Consequently, the discretize-
then-differentiate approach tends to be more cumbersome
than the differentiate-then discretize approach. However,
Jensen et al. (2014) demonstrated that the differentiate-
then-discretize approach leads to consistency errors (i.e.,
differences between the computed sensitivities and the exact
sensitivities of the numerical model), which may cause
problems for large time steps. In pursuit of a consistent
sensitivity analysis, the present work adopts the discretize-
then-differentiate approach (Le et al. 2012; Jensen et al.
2014; Nakshatrala and Tortorelli 2016) consistently with the
HHT-o method discussed previously. Because the HHT-«
method is general, it can be simplified to other classical
numerical integration schemes (e.g., trapezoidal, explicit
central differences, average constant acceleration), and thus,
the sensitivities derived here can work for other classical
methods.

@ Springer

Using the discretize-then-differentiate approach, we
obtain the sensitivity of the AL function as
AWLCIE W (ORIUA Y (ORF

— + . ) 22
dz, 0Z¢ ; w; 0z, 22)

To eliminate the terms du; /dz, from the expression above,
we use the residual term (14) together with the initial
condition

Ro = Miig + Ciap + Kug — fp =0 23)

and the Newmark-8 FD relationships (13), which we rewrite
in residual form as follows:

) 1 .. ..
P, = —u; +u_| + Ari;_1 + A’ [(E - ﬁ) u;—] +ﬁlli]

:0, izl,...,N[
Qi = -0 + iy + A1 [(1 — p)ilj—; + yii;]
=0, i=1,...,N,. (24)

We introduce adjoint variables, &;, m;, and v; for
i = 0,...N;, resembling pseudo-displacement, pseudo-
velocity, and pseudo-acceleration fields, respectively, and
rewrite (22) as

d® gyl Noggm gy,
dz, N 9Ze izo ou; .818

Ni . Neo /o P e . P
(JRL dR[ 31][ dR,’ dug ()R,' ()ll[ )
+> &l + i e e T
Z §i |: 9z g (8u( 9z, 0wy 9z, iy 93z,
duy i oP; oJug n oP; il
011[ 0Ze ouy  0ze oy 0z,

+Z"l {

N - . ..
+Z’ 3Qz+ <3Q, _6uz+89;_6ug+89;_6ug> .
=0 3[1( 3[1(

0Z¢ 0z 9ze

(25)

The terms P; and Q; have no explicit dependence on
the design variables, so 3P L = 0 and ° 0Q’ = 0. Moreover,
since the initial conditions are mdependent of the design
variables, we also have that ‘Z‘O = 0 and IZ‘O = 0. These
simplifications allow us rewrite (25) more conveniently as

whag® %ENR

dze 0z¢ :
<£§&+£T3Rl Tg% v{%)i‘;’
S ) B
30 (TR B T
193 )] (LRI LLAN S R

i=1 (=1
(26)
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If we define &;, n;, and v; such that all terms containing
ou;/9ze, 0U;/dze, and 0u; /dz, vanish from (26), then the
sensitivity of the AL function simplifies to

dJ®  9g® i TBR

dz, 0Z¢

27)

To achieve this simplified form, we define the adjoint
problem, such that

TaRo T8R1 7 0P 7 0Q1

—_— — =0 28
5055 T8 B0 ™M Ba, TV By (28)
fori =0 and
N,
d IR oP 0Q, 9J®
T 4 T 4 T 14
¢t .2 =0,
; <$1Z ou; Tt ou; Tt ou; + ou;
al oRy ) ) 0Qy
T T o7
=0, and 29
;(EZaul‘f‘ﬂeal‘F e ) an (29)
N,
Z ETBR[ Tan_l_ Tan _o
B o, ¢ B,

fori =1,..., N;.
To solve the adjoint system (28)—(29), we use (14), (23),
and (24) to obtain:

oJ® 5
”’Nt - 811]\] S 0’ MIEN, = _'BAt I’l’Nr o yAtle
t
(30)
fori = Ny,
o J®
Kot = 3u + K& +p;, vie1 = Co; + Atp; + v,
1
Mi§;_ | = Mo§; — Ar? [ﬂll«i—1 + (5 - ﬁ) IM}
— Atyvici+ 1 —y)vi] (€1)

fori=1,...,N,—1,and

1
M§, = Mo§, — <§ - ,3) AfPpy — (1= y)Aty, (32)

fori = 0.

To solve the adjoint problem, we require the value of
BJ(k)/Bui, i = 1,...,N;, which we obtain from the
expression of J®(z ug, ..., uy,) in (16). That is,

aJ® 1 al (k) (k) 0hyi
¢ 9, ] e 33
ou; NN,;[ e T e he ou; (33)
where
)\(k)
0 if goi < ——4_ and
ohg | ! Mék) (34)
owi | 9oy '
' ﬁ, otherwise.
311,‘

The non-zero expression for dhy; /du; can be computed in

an element-wise manner as

ahg 1 0o}
L= iip(y)BAy + H— 2 35)

allgi Olim 8“@1

where uy; is the displacement vector of element £ at time

step i and

doy; _ Ao\’ doy;
duy; duy; 00y
The use of the volume interpolation function, my (y), and

the stiffness interpolation function, m g (y), requires that we
rewrite (27) using the chain rule:

V .
= (DB, ~ 24, (36)

Li

as® X (aE, dJ®
‘ 37)

dZe Z 3Ze dE(

LV dJ<k>>
=1

where V = my(y) and E = nig(y) are vectors containing
the volume and stiffness interpolation function values for all
elements, respectively, and

dJj® J(k) N 9R.
= Z lT '’ and
dE, 0E,
dJ®  9® +§:$T8Ri .
dv, — Ve —~ LoV
We write (37) more compactly as
dJ®  JEAJD gV dI®
= — + ——, (39)
dz oz dE 0z 0V
where
oE A%
=P J,(y) and — =P’ J,, (y). (40)
9z 0z
with Jp,, = diagmz(y1),...,mg(yn)) and J,, =
diag(m, (y1), ..., m5 (yn)).

To obtain the terms dR; /0 E, and dR;/dV, in (38), we
use (23) for i = 0 and obtain

oR; K . .

9E, = B—Ee(uo + Brug) = Ke(ugo + Brugy) and

oR; oM .. .

3, = W(UO + a00) = my(iigo + a,Ug). (41)

Likewise, we use (14) fori = 1, ..., N; and obtain

oR; K . .
0E, ~ IE, [(1 —a)(u; + Briy) + a(uj—y + Brii—1)]

= k¢ [(1 — ) (ugi + Bring) + (g i1 + Britgi—1)] and
oR; oM
= 1-—
IV, 3V [uz + o ((

= my [iig + o (1 — )iy + ot i—1)]. 42)

a)u; + o]
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We use double subscripts (£i) or (£,i — 1) in (41) and (42)
to refer to element-wise quantities (i.e., vectors of elemental
displacements, velocities, or accelerations).

Finally, we use the AL function in (16) to obtain
39J® /aE, and 8J% /9 V, in (37) and obtain:

aJ® (k) dhy;
9E, NN,ZO:;[ e h aE, "
9% & ), 70
- A& O ] 43
IV, AT1 NN, ZZ[ e | “3)

=0 =1

where the first term of 8.J®) /3 V, comes from the definition
of f(z) in (1). Because hy; has no explicit dependence on
Vi (see (17)), then dhe; /0Vy = 0. However, hy; depends
explicitly on E;, as shown in (1), and (17). Thus, we use
(17), with gy (z, w;) = E¢Ay; (A%i—i—l) from (1);, and obtain
dhy;i /0 Ey as follows:

P
. 1 . _—l
ohy; _ 0, if gg < 7 and 44)
0E, 5 . My
Agi(Ay; +1), otherwise.

6 Some implementation details

The implementation of the dynamic, stress-constrained to-
pology optimization formulation introduced previously

[Inmallze k=1, )\h, })]

; i

|| Use MMA to minimize the AL function
q J®(z,u, ..., up,)
v
Update )\<k)
[Aéﬁ““ A+ P u»]
kE+—k+1
Update u,k>
Ngcﬂ) = min (04&‘,“2?)7 .ulnax)

No

Yes

/Optimized topology/

follows the schematic flowchart shown in Fig. 1. The first
step is to read all necessary input data, including the finite
element discretization and boundary conditions, initial val-
ues for )»g) and ug), initial density distribution, AR para-
meters for the optimizer, and convergence tolerances. Using
the provided input data, the next step is to use the method
of moving asymptotes (MMA) to find an approximate
minimizer of the k-th AL sub-problem (16). A flowchart
describing the main steps required to find the approxi-
mate minimizer of the k-th AL sub-problem is shown on
the right-hand side of Fig. 1. Once the approximate min-
imizer, z(k), has been obtained, the next step is to update

the Lagrange multiplier estimators, )»(IEH), and the quadratic
penalty terms, M( +D) , as shown in (18) and (19), respec-
tively. This process is repeated until some convergence
criteria are satisfied. We determine that the solution has con-

verged if Lsum(jzt — z]) < Tol and [|F]le — 1 <
TolsS, where Tol and TolS are prescribed tolerances, or if

k has reached a maximum number of iterations, MaxIter.

6.1 Solution of the AL sub-problems

We use MMA to solve the AL sub-problems (see flowchart
on the right-hand side of Fig. 1), for which we need to eva-
luate the sensitivity 8J%) /9z of the AL function. The
Algorithm 1 contains a pseudo-code with the main steps
required to evaluate J® and §J% /dz in order to update

[ Set: i —1, ng) L Z(k—l)]

4
——>[Compute weight, f (ZEM)]
v

[ Run dynamic FEA to obtain uy, ..., uy, J

v

Evaluate stress constraints ]

and compute J®(z,ug, ..., uy,)
i1 +1 +

[ Sensitivity analysis]

¥

[ Run MMA to obtain zl(.f_)l ]

No

/ output z® « 2 /

Fig.1 Schematic flowchart of the AL-based framework introduced to solve dynamic, stress-constrained topology optimization problems
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the design variables, and thus, solve each AL sub-problem.
We solve the AL sub-problems in an approximate way by
running a small number, MMA_Tter, of MMA iterations.
Running a few MMA iterations per AL sub-problem proved
effective in solving quasi-static stress-constrained topology
optimization problems (Senhora et al. 2020; Giraldo-
Londofio and Paulino 2020, 2021b) and has also proven
effective to solve the problem in the dynamic setting. To

facilitate the implementation of the dynamic, stress-cons-
trained formulation introduced herein, the interested reader
is referred to Giraldo-Londofio and Paulino (2021a) for a
Matlab implementation of the HHT-o method (line 4 of
Algorithm 1) and that of the adjoint problem (line 10 of
Algorithm 1), and to Giraldo-Londofio and Paulino (2021b)
for a Matlab implementation of the AL-based formulation
in the quasi-static setting.

Algorithm 1 Solution of the k-th AL sub-problem (16).

1:Seti =1 and zik) =zk=D
2:for i=1toMMA_Iter do

Using uo, . .

Compute /¢ (z, u;) as shown in (17)
Evaluate the AL function, J *) (z,ug, ..
Solve the adjoint problem (30)—(32) to find &, ..

10: Use adjoint variables &, . . .

AN

.y EN,
, &y, to find dJ®/dE; and dJ® /dV; as shown in (38)

Evaluate objective function, f(sz)) = ATmy(y)/(AT1), as shown in (1), withy = le(k)
Use the HHT-« method, as discussed in Section 3, to obtain u, . .

~’uNr

., uy,, compute the von Mises stresses, o;;, as shown in (10)-(11)
Evaluate the stress constraints, g¢; (z, w;) = m g (y¢) Agi (A%i + 1), with Ay; as given in (9)

., uy,), as shown in (16)

11:  Use the values of dJ® /dE; and dJ® /dV; to computed J*) /dz, as shown in (39)
12: Use dJ® /dz to find zl(,i)l with the MMA version discussed in Section 6.2 and in Appendix A

13: if (sum(|zf

i+1
14 : Exit loop
15: end if
16 : end if

. k (k)
17 : Set z® <« 1z
18: Return z®

—z¥)/N < Tol and max(6”) — 1 < Tols) then

6.2 Specialized MMA version

We update the design variables using a version of the
method of moving asymptotes (MMA) (Svanberg 1987)
especially designed to solve the AL optimization problem.
We use this simplification because each AL sub-problem is
in practice, an unconstrained optimization problem. At each
AL step, k, we approximate the AL sub-problem (16) with
the approach discussed in Appendix A.

7 Results and discussion

This section presents several numerical examples to eluci-
date the ability of the AL-based framework to solve dyna-
mic, stress-constrained topology optimization problems.
Specifically, we solve four two-dimensional design prob-
lems that explore different dynamic loading scenarios,
including loads that are fixed at a point and vary in magni-
tude and/or direction, and loads that are fixed in magnitude

and move in space. To solve all problems, we use the set of
default input parameters shown in Table 1.6

7.1 L-bracket design under a rotating load

This example deals with the design of an L-bracket subjec-
ted to a load of magnitude P that rotates at a prescribed
angular frequency, w, as depicted in Fig. 2 (left). We design
the L-bracket assuming that the load rotates three times and,
to avoid large dynamic amplification effects, we use a load
f () which we ramp linearly from f(f) = O att = 0 to
f@) = P att = n/2w) (i.e., at the first quarter cycle),
as shown in Fig. 2 (right). The L-bracket is one of the
typical benchmark problems found in the stress constraints
literature (e.g., see Pereira et al. 2004; Bruggi 2008; Paris

6The numerical results presented in this section were obtained using
a Matlab implementation of the proposed formulation running on a
computer with an 17-4930k CPU at 3.40 GHz and 256 GB of RAM
running on a 64-bit operating system.
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Table 1 Input parameters used to solve all examples

Table 2 Input parameters for the L-bracket

Initial Lagrange multiplier estimators, AE) 0

(1)

Initial penalty factors, u; 10
Maximum penalty factor, ftmax 200,000
Penalty factor update parameter, & 1.05
RAMP penalization factor, pg 6
Nonlinear filter exponent, ¢ 3

Ersatz parameter, € 1076
MMA iterations per AL step, MMA_Iter 10
Initial threshold projection penalization factor, A 1
Maximum threshold projection penalization factor, B;ax 12
Threshold projection density, 7 0.5
Initial guess, z® 0.5
Convergence tolerance on design variables, Tol 0.00075
Convergence tolerance on stress constraints, To1S 0.007
Maximum number of AL steps, MaxIter 100

TParameter f starts at 1 and increases by 2 every two AL steps and up

to the maximum value, Bmax

et al. 2009, 2010; Amstutz and Novotny 2010; Le et al.
2010; Guo et al. 2011; Bruggi and Duysinx 2012; Holmberg
et al. 2013a, b; Emmendoerfer Jr and Fancello 2014,
2016). To facilitate reproduction of the results, Table 2
displays all additional input parameters used for the
design.

Using a regular mesh with 29,584 Q4 elements generated
with PolyMesher (Talischi et al. 2012a), we obtain the
results shown in Fig. 3 for various values of w. The top
figures display the optimized topologies of the L-bracket
and the bottom ones the envelope of von Mises stress during
the entire loading time. The envelope of von Mises stress
for each element is computed as the maximum von Mises
stress of that element for all time steps. As shown by the
stress maps, the AL-based framework renders optimized

i 7 7 i 7 ke e 7 i

N

3L/5

f)/p

2L/5

| o5 | 3L/5
<€ 1€

Y
>

0.7

[

0.25

L-bracket length, L 1m
L-bracket thickness, g 1 m

Applied load, P 1.5 x 10N
Load distribution length, d 0.06 m
Young’s modulus of solid material, Eq 70 GPa
Poisson’s ratio of solid material, vy 0.3

Mass density of solid material, pg 2700 kg/m3
Stress limit, ojim, 100 MPa
Simulation time, Tiax 6 /w
Number of time steps, N; 75

Rayleigh damping parameters, «, and S, [10, 1 x 1073]
Filter radius and filter exponent, R and ¢ 0.05mand 3

topologies that satisfy the stress constraints locally at every
point of the design domain and for every time step of the
dynamic analysis. The results also show that the optimized
designs depend on the value of w, leading to structures
with larger volume fractions as w increases. The increase in
volume fraction as w increases is expected because inertial
forces become more dominant as the load changes direction
at a faster rate, which leads to increased von Mises stress
as compared to a static-like situation. One can also observe
that the complexity of the lateral bracing system of the
L-bracket increases when w > 1007 rad/s. The increase
in complexity is expected to happen in order to prevent
excessive horizontal deflections when the dynamic effects
become relevant. To verify that the input parameters from
Table 1 are suitable to solve the stress-constrained problem
independently of the number of constraints, we solved the
L-bracket problem for @ = 5z rad/s with N; = 750 and
N; = 7500, which corresponds to NN, = 20.2 x 100
and NN, = 202 x 100 stress constraints, respectively, and
obtained consistent results in both cases.

L L L L L

0 0.5 1 1.5 2 2.
wt/2m

ot
w

Fig.2 L-bracket subjected to a load, f (), rotating at a prescribed angular velocity, . To avoid excessive dynamic amplification effects, we ramp

f(t) linearly fromOatr =0to P att = 7n/(2w)
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Fig.3 Optimized topologies w =57 w =501 w = 1007 w = 1507

(top) and von Mises stress

envelopes (bottom) of the

L-bracket for various

frequencies, w (rad/s). The

values of f* correspond to the

optimized volume fractions,

f(z*), for each design
1
0.8
0.6
0.4
0.2
0

To visualize the evolution of von Mises stress during
the loading history, Fig. 4 depicts the deformed shapes of
the optimized topologies form Fig. 3 at various instances
in time. As shown by these results, different members of

instances in time. For example, for T = 0.25T,x and
T = 0.75Tmax, the overall tendency is for both the bottom
chord and the region near the re-entrant corner of the
bracket to reach the stress limit, and for T = 0.50Tmax

the optimized designs reach the stress limit at different —and T = Tpax, the general tendency is for the diagonal
Frequency t = 0.25T t = 0.50 t = 0.75 o t = Thoax
(rad/s)
w = dm
w = 507
w = 1007
w = 1507

Fig.4 Snapshots of von Mises stress maps at various instances in time for the designs from Fig. 3
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members at the upper part of the bracket to reach the
stress limit. The bottom chord and the members attached
to the re-entrant corner become highly stressed when the
bracket deforms mainly vertically and the diagonal member
a the upper part becomes highly stressed when the bracket
deforms horizontally. This means that optimized designs
are effective to restrict the movement of the bracket in all
directions, which is consistent with the rotating load acting
on the bracket.

To have a more complete view of the dynamic behavior
of the optimized L-brackets, we display the time history
of horizontal displacements at one of the nodes where the
load is applied as well as the time history of maximum and
minimum von Mises stresses in the entire design domain.”

7To obtain the von Mises stresses shown in Fig. 5 (right) and in similar
figures hereafter, we only select the elements with density greater than
or equal to 0.5.
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As shown by the results in Fig. 5 (left), the dynamic effects
become more notorious as w increases. The results in Fig. 5
(right) verify that the formulation indeed satisfies the stress
constraints throughout the entire duration of the dynamic
loading.

7.2 Double corbel design under dynamic vehicular
loads

In this example, we design a double corbel whose geometry
and boundary conditions are depicted in Fig. 6. The corbel
is subjected to two dynamic loads, fi () and f>(¢), which
are intended to simulate dynamic vehicular loads, L(t), in
addition to the dead weight of the deck supported by the
corbel, D(¢). For simplicity, we assume that the vehicular
loads are given by a sinusoidal function and apply the dead
load linearly between t+ = 0 and ¢t = 7/(2w), similarly to
the way load f (¢) was imposed in the previous example. We
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% wthﬁ
Case 1: fi(t) = D(t) + L(t) and fo(t) = D(t) + L(t) (in phase)
4 T Case 2: f1(t) = D(t) — L(t) and fy(t) = D(t)+ L(t) (out of phase)

L

Fig.6 Double corbel subjected to dynamic loads, f(¢) and f>(¢) (left), and their explicit time history (right)

consider two loading scenarios, one in which the loads are
in phase (i.e., fi(t) = f2(t) = D(t) + L(t)) and one in
which the loads are out of phase (i.e., fi(t) = D(t) — L(¢)
and f>(t) = D(t) + L(z)). We include the second loading
scenario to investigate the effect of the rotation induced to
the structure by the out-of-phase loads.

To facilitate reproduction of the results, Table 3 provides
relevant input parameters related to the corbel geometry,
loading, material properties, among others. As shown in
the table, we use material properties for steel, which is
because the purpose of this example is to find the optimized
distribution of reinforcement within the corbel. Finally,

Table 3 Input parameters for the double corbel

Dimension, L 0.30 m
Dimension, H 0.35m
Dimension, i 0.15m
Dimension, ¢ 0.20 m
Dimension, B 0.25 m
Corbel thickness, kg 0.30 m

Load magnitude, Py 2.5x 10°N
Load eccentricity, s 0.20 m

Load distribution length, d 0.05 m
Young’s modulus of solid material, Eq 200 GPa
Poisson’s ratio of solid material, vy 0.3

Mass density of solid material, pg 7800 kg/m>
Stress limit, oy, 420 MPa
Simulation time, Tpyax 6 /w
Number of time steps, N; 75

Rayleigh damping parameters, ;- and §, [5, 1 x 1073)
Filter radius and filter exponent, R and g 0.03 m and 3

although the corbel geometry is symmetric, one cannot
guarantee to obtain symmetric topologies, and thus, we
enforce symmetry to the space of density fields with respect
to the vertical axis (Giraldo-Londofio and Paulino 2021b).

We design the corbel using a mesh composed of 30,000
polygonal finite elements generated with PolyMesher
and obtain optimized topologies for various values of w.
Figure 7 displays two sets of results: one for in-phase
loading (top) and one for out-of-phase loading (bottom).
The results show that the tension members (i.e., the steel
reinforcement) are more inclined when the loads are out of
phase than when the loads are in phase. That is because
the in-phase loading produces more horizontal stresses than
out-of-phase loading, leading to more horizontal members
developing in the in-phase loading scenario.

The results of Fig. 7 also show that the optimized topol-
ogy of the corbel is not sensitive to the loading frequency,
except for the case in which the frequency is highest (i.e.,
for @ = 5007 rad/s). For that loading frequency, the trian-
gular region on the upper part of the design under in-phase
loading shrinks as compared to designs obtained for lower
frequencies. Similarly, when @ = 5007 rad/s, the design
under out-of-phase loading develops a cross member at the
center of the corbel, which helps to prevent the increasing
rotational effects generated as w increases. Note that, inde-
pendently of the type of loading used, the optimized designs
of the corbel are unlike traditional corbel designs, which
consists mainly of horizontal stirrups. Thus, the designs
obtained in this study can serve as a guideline for corbel
designs with optimized performance.

The stress maps shown in Fig. 7 are envelopes obtained
for the entire loading history. To gain better understanding
of the dynamic behavior of the two types of design, Fig. 8
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Fig.7 Double corbel topologies
and von Mises stress envelopes
obtained for various values of @
(rad/s). The top set of results
correspond to the case when
f1(t) and f>(¢) are in phase and
the bottom set of results to the
case when f1(¢) and f>(¢) are
out of phase. The values of f*
correspond to the optimized
volume fractions, f(z*), for
each design

Fig.8 Snapshots showing the
evolution of the von Mises stress
maps at various instances in
time for the corbels designed for
o = 500 rad/s. The top set of
results corresponds to the case
in which fi(¢) and f>(¢) are in
phase and the bottom set to the
case in which f1(¢) and f>(¢)
are out of phase
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Fig. 9 Dynamic response —— In-phase loading —— Out-of-phase loading
comparison for the optimized %10-3
designs of Fig. 7: (a) = 5x =0 o 1.2
rad/s, (b) @ = 1007 rad/s, (c) = g I i i o Nl S 2 el -
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Fig. 10 Pillow bracket domain and boundary conditions. An eccentric shaft rotating at a given angular frequency (left) is represented by a rotating
load, f(t), distributed in a nonuniform way over the contact area of the rod (right).We ramp f(¢) linearly from f(r) = 0att =0 f(t) = P at

t=m/Qw)
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Table 4 Input parameters for the pillow bracket

Pillow bracket width, L 0.1m
Pillow bracket thickness, /¢ 0.05 m
Applied load, P 2x 10*N
Contact angle, 6 30°
Young’s modulus of solid material, Eq 70 GPa
Poisson’s ratio of solid material, vg 0.3

Mass density of solid material, pg 2700 kg/m3
Stress limit, oim 250 MPa
Simulation time, Tiax 6 /w
Number of time steps, N; 75
Rayleigh damping parameters, o, and S, [10, 1 x 1073]

Filter radius and filter exponent, R and ¢ 1.5 x 1073 m and 3

displays the von Mises stress maps for the in-phase design
and the out-of-phase design obtained for w = 500m rad/s
at various instances in time. As observed from these results,
the stress maps for the design under in-phase loading are
symmetric over time. However, the stress maps for the out-
of-phase loading are not symmetric and different regions of
the structure reach the stress limit at different instances in
time.

To compare the dynamic response between the two types
of designs, Fig. 9 displays the time history of vertical
displacements at the location where f>(¢) is applied as well
as the time history of maximum and minimum von Mises
stress in the entire design domain. As the results clearly
demonstrate, the vertical displacements of the designs under
in-phase loading are significantly smaller than those under
out-of-phase loading. The larger displacements observed for
the out-of-phase designs are expected due to the rocking
effect induced by this type of loading, which is not present
in the in-phase designs due to their symmetric displacement
field (cf. Fig. 8). Although the out-of-phase designs deflect
more than the in-phase designs, the von Mises stress
histories show that both designs satisfy the stress constraints
during the entire loading history.

Fig. 11 Pillow bracket
topologies (top) and von Mises
stress envelopes (bottom)
obtained for various angular
frequencies: (a) @ = 5 rad/s,

7.3 Pillow bracket design under a rotating
distributed load

This example considers the design of a pillow bracket
subjected to a distributed force f () that rotates at a given
angular frequency, w, as shown in Fig. 10. This design aims
to represent the loading scenario of Fig. 10 (left), in which
an eccentric shaft rotates at a given angular frequency,
leading to a nonuniform load distribution that changes in
position along the inner circle of the bracket. All designs
presented in this example assume that the load rotates three
times and, as in the first example, the load is increased
linearly between f(f) = Oatt = 0 and f(f) = P at
t = w/(w). All input parameters related to this example,
including dimensions, loading, and material properties, are
displayed in Table 4.

To obtain all designs in this example, we use
PolyMesher to discretize the design domain using 30,000
polygonal elements and impose symmetry to the space
of admissible density fields via a projection approach
(Giraldo-Londofio and Paulino 2021b). Figure 11 displays
several optimized designs that we obtain for various values
of the angular frequency, w. As shown by these results, it is
clear that the optimizer renders designs with a large amount
of holes distributed between the inner and the outer circle of
the bracket and four slender members connecting the opti-
mized bracket to the support. The presence of the holes can
be explained from the von Mises stress envelopes, which
show low stress values close to the regions where the holes
are located.

Figure 12 shows the von Mises stress maps at various
instances in time for each of the designs displayed in Fig. 10.
The results show that the elements at the outer and inner
part of the circular region as well as the slender elements
connecting to the support are, in general, highly stressed
during most of load duration, which suggests that the stress
limit is reached at almost all time steps. To verify this
hypothesis, we plot the dynamic response of the bracket as
a function of time, as shown in Fig. 13. The figure displays

(b) @ = 507 rad/s, (¢)

w = 1005 rad/s, and (d)

w = 2005 rad/s. The values of
f* correspond to the optimized
volume fractions, f(z*), for
each design
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Fig. 12 Snapshots displaying
the evolution of the von Mises
stress maps for the designs
shown in Fig. 11

Fig. 13 Dynamic response of
the pillow bracket designs of
Fig. 11: (a) w = 57 rad/s,

(b) w = 507 rad/s, (¢)

w = 100 rad/s, and (d)

o = 200m rad/s. The figures on
the left display the time history
of vertical displacement at the
lowermost point of the inner
circle of the bracket and those
on the right display the time
history of minimum and
maximum von Mises stresses for
each of the optimized designs
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both the vertical displacements at the lowermost node of
the inner circular region of the bracket and the history of
maximum and minimum von Mises stress, and as clearly
seen, the stress limit for this example is reached at almost
every time step.

7.4 Wheel design under rotating loads

The final example aims to design a wheel subjected to
normal and shear tractions that rotate at a prescribed angular
velocity, @ = 50m rad/s, to simulate the contact forces
exerted by the ground to the wheel while it moves at a
constant speed. The geometry of the wheel and the applied
loads are shown in Fig. 14. The loading setup is meant
to approximate the contact forces on the wheel yet, for
simplicity, we neglect the inertial forces (design-dependent
loads) that would act on a rotating wheel. The magnitude of
the loads and additional input parameters needed to solve
this example are provided in Table 5.

We obtain several optimized designs considering pattern
repetition on a discretized domain meshed with 30,000
polygonal finite elements. We consider pattern repetition
because it allows obtaining several optimized designs from
which we can choose. We enforce the pattern repetition
through the filter operator, P, as discussed by Talischi et al.
(2012b) and by Giraldo-Londofo and Paulino (2021b). The
optimized topologies and von Mises stress envelopes for
different number of pattern repetitions, N, are shown in
Fig. 15. The results show that, independently of the number
of pattern repetitions, the stress constraints are satisfied
at all points for the entire load duration. One peculiar

Fig. 14 Wheel domain and boundary conditions. The wheel is
subjected to normal and shear tractions that are meant to represent the
contact forces exerted by the ground on a wheel moving at a constant
speed. The normal traction is of magnitude f(¢#) and distributed
non-uniformly according to a sine function. The shear traction is of
magnitude T = uf(¢), where u = 0.5 is a friction coefficient, and it is
also distributed non-uniformly according to a sine function. To prevent
excessive dynamic amplification effects, we ramp both loads linearly
from 0 at ¢ = 0 to their full magnitude at t = 7 /(2w)

@ Springer

Table 5 Input parameters for the wheel

Outer radius, Rg 0.225 m
Thickness, hg 0.02 m
Normal load, P 12 x 10* N
Shear load, T 6 x 10* N
Contact angle, 6y 15°
Young’s modulus of solid material, Eq 70 GPa
Poisson’s ratio of solid material, vy 0.3

Mass density of solid material, pg 2700 kg/m3
Stress limit, oy, 550 MPa
Simulation time, Tiax 0.08 s
Number of time steps, N; 60
Rayleigh damping parameters, o, and B, [0.5, 1 x 107°]

Filter radius and filter exponent, R and ¢

1.2 x 1072 mand 3

characteristic of all these designs is the highly redundant
topology observed close to the rim of the wheel, which
distribute the stresses around the wheel more uniformly
and transmit the loads to the spokes, which then transmit
the loads to the support (i.e., the axle). The redundancy
observed in these designs is likely produced by the dynamic
loads that change in position, thus resembling a many-load-
case design scenario.

Although all designs from Fig. 15 satisfy the stress
constraints locally, their dynamic performance could be
different depending on the number of pattern repetitions,
N,. To verify this hypothesis, Fig. 16 displays the dynamic
response (both displacements and stresses) for each of the
designs as a function of time. Figures 16a—d (left) show the
time history of vertical displacements at a point on the rim
of the wheel at an angle of 0° measured from the horizontal
line and Figs. 16a—d (right) shows the time history of
maximum and minimum von Mises stress for elements
with density greater than 0.5. As shown by the results,
the displacements tend to become smaller as N, increases,
which indicates that the designs become stiffer for larger
values of Nj,. The results also show that, depending on
the design, the stress limit is reached at a few peak points
or at almost all points during the duration of the dynamic
load. Based on these observations, we conclude that better
designs can be achieved when a large number of repeated
patterns are used (e.g., N, = 8 for the results shown
here) because the wheel tends to deform less and all stress
constraints are satisfied.

8 Concluding remarks

We have introduced an AL-based formulation for topology
optimization with local stress constraints of structures
subjected to general dynamic loading. Given that the AL
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Fig. 15 Optimized topologies
(top) and von Mises stress
envelopes (bottom) of the wheel
considering different numbers of
pattern repetitions, N,,. The
values of f* correspond to the
optimized volume fractions,
f(z*), for each design

Fig. 16 Dynamic response of
the wheel designs of Fig. 15: (a)
Np,=3,(b) N, =4,(c)

N, =5,and (d) N, = 8. The
figures on the left display the
time history of vertical
displacement at outermost point
of the wheel located at and angle
6 = 0° from the horizontal line,
and those on the right display
the time history of minimum and
maximum von Mises stresses for
each of the optimized designs
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method solves the original problem with local constraints
as a sequence of optimization sub-problems, the approach
adopted in this study naturally leads to designs that satisfy
stress constraints locally at all time steps. We enable the
method to solve problems with a large number of constraints
by normalizing the penalty term of the AL function (i.e.,
the term containing all constraints) by the total number of
constraints, N N;, in which N is the number of elements
in the FE mesh and N; is the number of time steps of the
dynamic analysis. We use this method to solve a variety
of dynamic, stress-constrained problems with various mesh
sizes without modifying the initial parameters of the AL
function (i.e., the initial Lagrange multiplier estimators, )»2)
and the initial quadratic penalty terms, uéll.)).

To solve the AL sub-problems efficiently, we employ
gradient-based algorithms and compute the sensitivities
of the AL function using the discretize-then-differentiate
adjoint variable method, in which the adjoint problem is de-
fined based on the discretized optimization statement (both
in space and time). Since the discretize-then-differentiate
approach is tied up to a specific time integrator, we solve
the dynamic analysis problem using the HHT-o method,
which is a generalization of the Newmark-8 method and can
simplify to other classical time integration schemes given an
appropriate choice of numerical parameters.

We solve several design problems to demonstrate the
capabilities of the AL-based approach to solve problems
with various geometries and loading conditions. As
the results demonstrate, the approach employed in this
study renders optimized designs that satisfy the stress
constraints, within the prescribed tolerance, at every
time step. To the authors’ knowledge, this is the first
study in the literature that satisfactorily solves stress-
constrained topology optimization problems for general
dynamic loading.

Appendix A: AL-tailored MMA version

We update the design variables using a version of the
method of moving asymptotes (MMA) (Svanberg 1987)
especially designed to solve AL optimization problems. We
use this simplification because each AL sub-problem is an
unconstrained optimization problem. At each AL step, k, we
approximate the AL sub-problem (16) with the following
minimization problem:

7 (k) () - Pék) qék)
2e10 Y JO@=r+3%" oo T L®
’ =1 ¢ ¢ ¢ ¢

st ) <ze < B, £=1,....N, (45)
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where Lgk) and U, Z(k) are the lower and upper asymptotes,
respectively, and

(k) (k) i Pék) ‘lék)
r® = g™y — + . (46)
AR A R

0J 0J 0
) ® (2
=w® - max ( —,0) 4+ 7| |+ —— |,
py =W —z) [ X(;m ) iy U@(k)—L,(f)}
47)
and
aJ aJ %
) ® ;02 .
=0 =12 —min (25, 0) 47 |2 4 —T |
w =G ) [ m(azg >+t'8zg Ul(k)LEk)i|
(48)

Moreover, &ék) = max|z ,aék)] and Eék) = min[Zy, ﬁék)]

are the lower and upper bounds for each MMA sub-
problem, respectively, in which a,f,k) = O.9L((Zk) + O.lzék)
and ﬂém = 0.9Uék) + O.]zék), and Z, and 7, are obtained as
Z, = max[0, 70— move] and zy = min[1, 70 4 move],
where move is a prescribed move limit (Svanberg 1987).
Additional details including the definition of Lék), U Z(k), can
be found in Giraldo-Londofio and Paulino (2021b).

The MMA sub-problem (45) can be solved analytically
and its solution is given by

zf = max{@, min[B", B}, (49)

where

k k

By . (50)

The interested reader is referred to Giraldo-Londofio and
Paulino (2021b) for the numerical implementation of the
AL-tailored MMA design variable update scheme.

Appendix B: Convergence plots for selected
problems

Figure 17 presents the convergence plots for both volume
fraction, f(z®), and maximum von Mises stress, max(a"),
for some of the results reported in Section 7.
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Fig. 17 Convergence plots for 0.60 3.5 0.40 2.5
representative problems: (a) IR ®
L-bracket design with = 0.55 3 é S 0.35 ;
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Appendix C: Nomenclature Mmax Maximum quadratic penalty factor
oy von Mises stress at the centroid of
N Number of elements in the finite element £ at time step i
element mesh oy Relaxed von Mises stress at the
N; Number of time steps centroid of element £ at time step i
Tax Maximum simulation time Olim Material stress limit in uniaxial tension
Po RAMP penalization parameter B Parameter used to control the aggressive-
R Filter radius ness of the threshold projection function
q Nonlinear filter exponent n Threshold density value used in the
J® (z,ug, ...,uy,) Augmented Lagrangian function at threshold projection function
the k-th sub-problem At Time increment
f(z) Volume fraction of the structure € Ersatz stiffness parameter
20i(Z,0;) Stress constraint of element £ at o, and B, Rayleigh damping parameters
time step i )Lg) Lagrange multiplier estimator of element
hyi (z, ;) Equality constraint for element £ at time step i for the k-th AL
£ at time step i used for the AL sub-problem
method with inequality constraints pcgf) Quadratic penalty factor of element ¢ at
Eo Young’s modulus of solid material time step i for the k-th AL sub-problem
o, B,y Parameters used in the HHT- Vo Poisson’s ratio of solid material
method £0 Mass density of solid material
o Parameter used to deflﬂi the update v, von Mises matrix for plane stress
of the penalty factors /Lﬁi) Dy Material moduli matrix of solid material
o Parameter used to update the penalty B, Strain displacement matrix at the
factor, /Lgf), of element £ at time centroid of element £
step i z Vector of design variables
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y="Pz Vector of filtered densities Bruggi M (2008) On an alternative approach to stress constraints
V= ’7~1V(Y) Vector of element volume fractions relaxation in topology optimization. Struct Multidiscip Optim
E =nmg(y) Vector of element stiffness parameters 36(2):125-141 o o
K Global stiff tri Bruggi M, Duysinx P (2012) Topology optimization for minimum
.0 al st ne§S matrix weight with compliance and stress constraints. Struct Multidiscip
ke Stiffness matrix of element £ Optim 46(3):369-384
M Global mass matrix Cheng GD Quo X (1997) g-relaxed approach in structural topology
C Global dampine matrix optimization. Struct Optim 13(4):258-266 o ‘
R ping Cheng GD, Jiang Z (1992) Study on topology optimization with stress
my Mass matrix of element £ constraints. Eng Optim 20(2):129-148
u; Global displacement vector at time Dahl J, Jensen JS, Sigmund O (2008) Topology optimization for
step i transient wave propagation problems in one dimension. Struct
) . Multidiscip Optim 36(6):585-595
Wei l?lsp lacen.lent vector of element £ at De Leon DM, Alexandersen J, Fonseca JS, Sigmund O (2015) Stress-
time step 1 constrained topology optimization for compliant mechanism
f; Global load vector at time step i design. Struct Multidiscip Optim 52(5):929-943
P Filter matrix Elesin Y, Lazarov BS, Jensen JS, Sigmund O (2012) Design of robust
. N and efficient photonic switches using topology optimization.
A = {Q} =1 Vector of element areas (2D) or element Photon Nanostruct Fund Appl 10(1):153-165
volumes (3D) Emmendoerfer Jr H, Fancello EA (2014) A level set approach for
P Wi, Vi joint vectors at time step i used in topology optimization with local stress constraints. Int umer
i M Adjoint t tt tep d pology op h local Int J N

the discretized-then-differentiate adjoint
variable method
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