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S1. Implementation details

This section presents the details of the implementation used to obtain the numerical results
displayed in Section 8 of the main manuscript. The values of the numerical parameters used
in the implementation are displayed in Table S1. We update the AL multipliers every 5 iterations
using Eq. (S1.1):

A§k+1) = maX()\Ek) + pgs, 0) (S1.1)

in which )\Ek) is the AL multiplier associated to constraint g; at iteration (k), and u is the AL
penalization parameter. Furthermore, we define a measure of “change” according to Eq. (S1.2) of
the design variables that help us quantify the stagnation of the optimization

change = mean (‘z(k'H) — 2z D (51.2)

in which z is the vector of design variables. We define a value of tolerance represented by T'ol,
and we run 200 iterations of the optimization, after that, when the “change” reaches 0.2 Tol, we
restart the value of \ back to its initial value, and restart the iteration counter (k) back to zero,
as proposed by [S1]. We perform this restart procedure 4 times. After we reach the final restart, if
the “change” is below the T'ol for two consecutive iterations we update the AL multipliers, /\Z(.k)
following Eq. (S1.1), and multiply the AL penalization parameter p by a factor of 2, in order to
accelerate convergence towards a feasible solution. At this point, if the “change” is below the T'0l,
we also multiply the value of the Heaviside parameter, 3, by 1.25, with a minimal interval of 20
iterations between increments, until it reaches the maximum value of 15 to achieve a solution
closer to 0/1, i.e. minimize the intermediate values of density caused by the filter. We stop the
optimization if the maximum stress is below the stress limit with a tolerance of 1%, and /3 reaches
its maximum value of 15, and the “change” is below the tolerance (7'0l) indicated in Table S1 .
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Table S1. Values of the numerical parameters used in the optimization.

Parameter Description Value
D SIMP penalization factor 4
B Heaviside parameter 3
A© Initial AL multiplier 0
Iz Initial AL penalization 1
Tol Optimization tolerance  0.0001
move Optimization move limit 0.1

S2. Optimization Algorithm

We developed an adaptive gradient descent-based approach that is efficient, and simple to
implement. Notice that we handle the constraints of the optimization problem with the
Augmented Lagrangian method, and, therefore, we are left with an unconstrained optimization
problem. Algorithm 1 describes the main steps of the proposed algorithm.

Algorithm 1 Adaptive Gradient Descent

1: procedure MODIFIED_GRADIENT_DESCENT(z, f, df /dz, fod1, fold2, Zmin, Zmaz, ¢, move,
normg)

20 if (folar — fola2)(f — fola1) <O then
3: o+ max(0.25a, 1079)
4: else
5: a <+ min( 1.25a, 1)
6: end if
7: my < move (Zmaz — Zmin)
a df

: d —
8 £ normg dz
9: z < max(max(min(min(z — df,z 4+ ms), Zmaxz ), 2 — Mr), Zmin)

10: fold2 < fold1
1 foar < f
12: end procedure

In Algorithm 1, z are the design variables, f is the value of the objective function, df /dz is
the gradient of the objective function in respect to the design variables, f,q1 and fyqo are the
values of the objective function in the last two iterations, z;,;,, and zmaz are the lower and upper
bound of the design variables respectively, a is an adaptive parameter that damps oscillation
by controlling the size of the step taken by the optimizer, move is move limit, and normg is a
normalizing parameter for the gradient. The value of this normalizing parameter is set to normg =
H (df /dz)o H2 /move, in which (df /dz)o is the gradient at the first iteration of the optimization. For
some problems, it might be beneficial to update the value of normg every 25 iterations or so to
accelerate convergence.

S3. Convergence of the Optimization Algorithm

The convergence of the optimization algorithm is displayed in Figs. S1, S2, and S3, in which we
show the volume (objective function), and the maximum stress of the structure as a function of
the optimization iterations. The peaks (downward peaks in the volume, and upper peaks in the

maximum stress) are caused by the restart of the AL method penalty terms ()\gk) and ,u(k)) as
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described in Section S1 of this supplementary material (for more details see [S1]). Notice that,
disregarding the aforementioned peaks the convergence is fairly smooth. The plots also display
the number of optimization iterations necessary for each example, which ranges from 983 to 1523
iterations.
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Figure S1. Optimization convergence plots, displaying the volume (objective function) in blue, and maximum stress on
the structure (constraints) in red, for the Double L-bracket considering the two loads varying with the same angle (case
1 presented in Section 5(a) of the main manuscript) for different ranges of admissible angle (6,.), corresponding to the
results displayed in Fig. 12 of the main manuscript.

S4. Critical Stress Sensitivity Analysis

In this section, we present the sensitivity analysis of the expressions derived in Section 5 of
the main manuscript for the worst-case multiple load directions formulation with respect to
the design variables. The sensitivity information is necessary because the topology optimization
problem is solved using gradient-based optimization algorithms [S2]. We will also provide proof
of the differentiability of the worst-case stress analytical expressions presented previously. To
compute the sensitivity information, we will use the chain rule starting by differentiating the AL
function:

dJ*) aJ<k> OM (z 0 M 0gi _dM(z) =), k), 49
dz; (9M az] ZZ: dgi 0z dz +;()‘i +p Qz)@ (54.1)

We will now focus on the derivative of the critical stress constraints because their formulation is
one of the main contributions of this work:

dgi _ 9gi | Ogi 05
de 82]' 8&;’ 8zj

(S4.2)

10000000 V 208 4 0014 Buo-BuysiandAieiosieforeds:



(@) (b)

06 0 =0 fr = 30 12
<
Q
X
@
o
w
w
0

0 lterations 1144 43
----- Stress Limit
© (e) 0
0.6 0r = 90 O =120 0r = 150 12

Figure S2. Optimization convergence plots, displaying the volume (objective function) in blue, and maximum stress on the
structure (constraints) in red, for the Double L-bracket considering one load varying in direction with angle 61 combined
with a simultaneous fixed load (case 2 presented in Section 5(b) of the main manuscript), corresponding to the results
displayed in Fig. 13 of the main manuscript.

The partial derivative of the constraint with respect to the design variable is simple to compute,
and it can be written as:

Opi
aZj

0g; e
95— ppt ™ (03 /o — 1) + 1(05 form — 1)]

5o, (S4.3)

Next, if we expand the second term with the derivation of the constraint in respect to the von
Mises stress, we obtain:

dg; 957 _ P}
do} 0z; T Olim

v 8&;’ 0 Oc)s
|:2(O—J /Ulim - 1) + 1] B(O'C)‘ (82 ) )
i i

(S4.4)

where the term (o.); represent the stress components of each sub-case, in which the index ¢
represent the associated stress component, and the index ¢ represent the associated constraint. For
each different case displayed in Section 5 of the main manuscript, we have a different expression
for 957 /9(cc);, therefore, Sections S5(a), (b), and (c), will present the derivation of this term for
each of the cases 1, 2, and 3. The derivation of the term d(o);/0z; is analogous for all cases, and,
because of this, its derivation will be presented in Section S5(d).

(a) Sensitivity of case 1: Planar load varying in an arbitrary range

In this Section, we will display the sensitivity for case 1 (Section 5(a) of the main manuscript). We
decompose the derivative of ¥ using the chain rule as:
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Figure S3. Optimization convergence plots, displaying the volume (objective function) in blue, and maximum stress on
the structure (constraints) in red, for the Double L-bracket considering two loads varying independently in direction (case 3
presented in Section 5(c) of the main manuscript), corresponding to the results displayed in Fig. 14 of the main manuscript.

a5 o5 | o0 oo
(o)~ 3(oe); T 90* 8(o0); (54.5)

However, notice that (957 /80*)(80* /d(a¢);) = 0, because if §* = —0, or * = 6, then 6* does not
depend on zj, and if 0* = 057, then 6™ is a critical point of the expression for the von Mises stress,
and, consequently, 857 /00" = 0 by the definition of 05,,. Therefore, we only need to compute:

doy 1 . *
m_%;lp sin(260™)

Oty
3(0e);

Otzx
d(oe);

Otyy

+ 0.5(1 + cos(6™)) d(oc);

+0.5(1 — cos(6™))

(S4.6)

(b) Sensitivity of case 2: Planar load varying in direction plus a fixed load

This Section presents the derivation of the sensitivity of case 2 (Section 5(b) of the main
manuscript), a planar load varying 360° degrees in direction plus a fixed load. We decompose
the derivative of 5" using the chain rule:

45 95Y  95Y our
d(oe); ~ B(oe) T dur 3(oe); (547)

Similar to the previous case, we have thatds; /0u* =0, because u* is a critical point of the
expression for the von Mises stress by definition. Therefore, the sensitivity for this case reduces
to:
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8?2% - 257 [(u*1)2 + 1]2 {[(U*)4 —2 (") + 1} 88(331 +4 (u*)z%
+ [(u*)4 +2(w)? + 1] 38(231' 4 [(u*)?, _ (u*)] aa(tai%i 54.8)
e o )

(c) Sensitivity of case 3: Multiple Planar loads varying independently

This Section presents the derivation of the sensitivity of case 3 (Section 5(c) of the main
manuscript), in which we have multiple loads varying independently in direction. In order
to simplify the expression, we will split the computation of the sensitivity, and consider the
sensitivity of £1, {2 and {12 separately. The expressions for {1 and {2 are identical to the expression
for a single load varying in direction for which the sensitivity has already been computed in
Section S5(a). Therefore, we refrain from repeating it here, and we will focus on the sensitivity of
£12. We have that:

déi2 82 | 0612 Ou* 12 V"
d(oe)i _ 0e); T our 8(oe) T Bt doe)s (54.9)

Similar to previous cases, u* and v* are critical points of the expression for £12, and, consequently,
0€12/0u” =0 and 0¢12/0v* = 0. The remaining term reads:

dé1a = 8&2' = [cos (u*) + cos (v*)} Osaq + [cos (U*) — Cos (u*)] Osyy +

d(oe);  9O(oe); Aoe); d(oe); (54.10)
. * . * OSay . * . * OSyx '
[sm (u ) — sin (v )] 8(0'(:;1‘ + [sm (u ) + sin (v )] 8(011)1‘
The full expression of the sensitivity for this case is:
ds? 1 0¢, 06> 3P ]
i + S4.11
doe); 257 [a(ac)i 3(o0); | Dloe); (54.11)

where the expressions for 981 and ~252_ are the same as the expression for the sensitivity of
9(oe) A(oe)i

case 1 (Section S5(a)). '

(d) Sensitivity of the Stress Components

In this section, we will compute the sensitivity of the quadratic stress terms (e.g. Jtzz/0 0o,
Otyy/0oc and Jtgzy/0oc for case 1). The sensitivity of the quadratic stress terms follows a
basic formula for all the cases displayed in this work. Therefore, the sensitivity for an arbitrary
quadratic stress term is derived here. Let 77, be the quadratic stress terms generated by 1, =
0aVoy, e.g. incase 1, Ty =tyy = 02 Voy. Then we have that:

Ty Ooq oy
doe. ~ Ooe Ooc

in which o is a stress component. Now we focus on the derivation of the stress component in
respect to the design variable, written as:

Vo, + 04V (54.12)

d(oc)i _ 0(0c)i OUpm
BZ]‘ - 8Ulm 82]'

(S4.13)

where the index c of the variable o, represents the stress component associated with that variable,
and the outermost index ¢ of (o¢); represents the constraint associated with the i-th stress
constraint. Furthermore, the first index [ of the term Uj,,, represents the displacement generated
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by the load basis vector Fj, while the second index m represents the degrees of freedom of

Ulm

the displacement vector. The term is computed using the adjoint method. In the adjoint

method, we differentiate the equilibrium equations associated with our problem considering all
the load basis vectors:

d 0Ky, Uy,
32]‘ (KnlUlm an) - aZj Ulm + Knl 8zj

Because the above Eq. is equal to zero, we can multiply it by a factor £, and add it to our sensitivity
equation (Eq. 54.1), without altering its value. For simplicity, we only show the relevant terms of

—0 (S4.14)

Eq. (54.1), i.e. we ignore the terms related to the objective function and the partial derivative ggz ,
J
s load
and focus only on the terms related to aﬁ’; 93, . So, we have:
do} 0z;
0JM) 850 I8y )\ Ogi 050 8(0e)i U 0K, o,
957 0z ;(Az 9D 550 @oe)s O 0z T\ Tas, Ot KuiTy
(54.15)
If we collect the terms containing aazlm :
J

0J® a5y | e 0g; 05Y 0(oe); oU oK.
7i _ Z()\Ek) +uMgy) Ji 9% : (0c); + &nm Ky l@ +Enm77fl Uim
J J

— - =
do; 0z ~ :

(S4.16)
We can then set the value of factor &, so that the term in brackets becomes zero. In order to do
that we have to solve the Eq.:

Je k dg; 95V
Knl&nm:*Z(/\g )Jru(k)gi) i i

i=1

Q

(0' c )z

= S4.17
0c? (Ooc); OUpy, ( )
Therefore, we have to solve the system K,,; of linear equations for m right-hand sides, where m
is the number of load basis vectors, which depends on the load case of interest. Once we have
calculated &,m, we can compute this part of the sensitivity as:

aJ*) o5y
95V 0z

0K,
82’]‘

Uim (54.18)

= £nm

S5. Minimization of compliance with multiple load directions

This section presents a brief description of how to extend the formulation for compliance
minimization. The compliance minimization optimization statement is presented in Eq. (55.1):

min C(z,0)=UTK(z)U
z

s.t. gy (z) <0 (S5.1)

0<2.<1, e=1,...,N¢
with: K(z)U=F(0)

in which, C(z) is the compliance, and gy (z) is the volume constraint. Similar to the stress
constraint formulation, the load direction in the compliance formulation also depends on a
variable 6. However, instead of stress constraints, which limit the worst-case stress for any load
direction possible, now we minimize the worst-case compliance for any load direction possible.
Here, we will derive the formulation for the equivalent of the previously described case 1 of load
variation (Section 4(a) of the main manuscript), in which we have a single load that can vary 360°
in direction. The other load cases can be derived following the same approach. The derivations

H
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for the worst-case compliance start in the same way as the stress, by decomposing the load into
linearly independent components:

F(0) =F 4 cos(f) + Fy sin(6) (55.2)

we then replace this expression for the loads in the equilibrium equation:
U=K 'F(9) = (K*le) cos(0) + (K*le) sin(0) (S5.3)
By defining U, = (K_lFx) and Uy = (K_le) , we can compute the compliance as:

T
C(z,0) = [(Uz) cos(0) + (Uy) sin(@)] K(z) [(UI) cos(6) + (Uy) sin(e)] (S5.4)
To simplify the expression in Eq. $5.4 we define the quadratic compliance terms t; = UL K(z) Uy,
tyy = UgK(z)Uy, and ¢4y = ULK(z) Uy, which we then substitute in Eq. (S5.4):
C(2,0) = tyz cos>(0) + tyy sin?(0) + 2tzy cos(8) sin(h) (85.5)

We simplify this equation even further using trigonometric identities:

C(2,0) =ty 5in (20) + 0.5 [ (taz — tyy) €05 (20) + L + 1y (S5.6)

and we finally obtain the optimization problem for the worst-case compliance:

max C(z,0) =tzysin(26)+0.5 [(tm; — tyy) cos (26) + taex + tyy]

with: K(z)Ug =F, (S5.7)
K(z)U, =F,

which is exactly the same as the one in Eq. (5.9) of the main manuscript, for which the solution is:

1
- 5 tan Y (2tay, tos — tyy ) (S5.8)
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