TOWARD STRESS-ALIGNED LATTICE DESIGN
By

Qiren Gao

A THESIS
Submitted to
Michigan State University

in partial fulfillment of the requirements
for the degree of

Mechanical Engineering—Master of Science

2021



ABSTRACT
TOWARD STRESS-ALIGNED LATTICE DESIGN
By
Qiren Gao

A novel approach to designing lattice structures is presented in which lattice members are
aligned with the principal stress directions, and the lattice spacing and member sizing are
optimized simultaneously to obtain an optimized design. By allowing both the lattice layout and
the member sizes to vary during a multi-level design optimization process, this approach allows
a greater flexibility in searching the design space and finding potentially higher performing
designs than standard topology or triangularization methods. Example applications amply

illustrate the capability of this approach to produce high quality designs.
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1. INTRODUCTION

Lattice structures are common in nature because they provide a light-weight but stiff structure.
For example, the micro-structure of bone [1], animal protein structures [2], the structure in plant
cells [3], and many other naturally occurring structures have lattice-type properties. Historically,
manufacturing small-scale lattice structures was difficult, but additive manufacturing (AM)
allows complex lattice structure designs to be produced at various and even at multiple scales. In
addition to structural and material-focused applications, lattice structure designs are also well
suited to multi-physics applications such as thermal [4]-[7], acoustic damping [8], [9], vibration

and band gap [10], [11], magnetic fields [12] and more.

Design concepts that use periodic cellular lattices are the most common ways of designing a
lattice structure [13]-[15]. For periodic cellular lattice structures, various studies have focused on
optimizing the size of the unit lattice cell [16], [17]; mechanical properties for different unit

lattice cells [18], [19]; and sandwich lattice structures [20], [21].

Recent studies have investigated combining topology optimization (TO) and lattice structure
design. Some of these studies used the idea of periodic cellular lattice design, but the relative
densities for the lattice cells were varied based on the results from topology optimization [22],

[23]. The resulting structures are called graded lattice structures.

Daynes [24] investigated the concept of aligning the lattice members with the isostatic stress
lines. The isostatic stress lines are also called the stress (or strain) trajectories and are related to

the load paths [25], [26]. This concept has also been applied using strain trajectories [27].



Additional studies involving the alignment of lattice members to the stress (or strain) trajectories

have been performed [28].

The current work introduces a novel approach to generating lattice structures in which every
lattice member is aligned with one of the principal stress directions, and the lattice spacing and
member sizing are optimized simultaneously using a bi-level optimization algorithm to obtain an
optimal design. By allowing both the lattice layout and the member sizes to vary during a multi-
level design optimization process, this approach allows for greater flexibility in the design space

and potentially higher performing designs.



2. BI-LEVEL LATTICE OPTIMIZATION

The primary objective of this study is to generate the stiffest possible lattice structure using a
prescribed amount of material. Both the lattice layout (spacing and orientation) and the cross-
sectional radius of each lattice member play a role in achieving this goal [24]. Moreover, these
two sets of design properties are strongly coupled. The optimal set of lattice member radii will be
different for each lattice layout, which makes it challenging to search on both sets of properties
at the same time. For these reasons, a bi-level optimization strategy [29], which is gaining

increasing attention in the optimization field, was used in this study.

2.1. ASSUMPTIONS AND FUNDAMENTAL DESIGN CRITERIA

This work was inspired by the previous study [16], which is about finding the optimal sizing for
a unit lattice cell that form the infill as a replacement of the solid material with different design
domains and boundary conditions. The major study focus for the stress-aligned lattice design is
to optimize the orientation and sizing for every single lattice member to its most efficient status

in terms of stiffness.

Several assumptions are made regarding the lattice model:

e Lattice members are considered to be straight beams with a uniform and circular cross-
section, and the cross-sectional radius for different members can vary,

e Buckling for beams under compression is ignored,

e Lattice members are connecting to others at a point solid joint, in other words, the entire
lattice structure is considered to be a frame structure,

e The material is assumed to be homogeneous and isotropic.



The primary design goal for this work is to align the axial direction of each lattice member to a
local principal stress direction, which is obtained by analyzing a model that treats the entire
design domain as a uniform solid model. Given the above assumptions, a lattice member may
experience tension, compression, torsion, bending, and shear. Aligning a lattice member to the
local principal stress direction efficiently reduces the shear stress. Such design criteria also allow
a lattice member to be loaded mainly under normal stress, which is an ideal loading situation for

a beam structure.

2.2. BI-LEVEL LATTICE DESIGN STRATEGY

The global objective for this bi-level optimization study is to minimize the structural compliance
(equivalent to maximizing the stiffness) of the structure. Parameters that control the lattice layout
will be optimized in the 15 (upper) level optimization based on the design domain geometry and
the stress field for a uniform material. The 2™ (lower) level optimization will only optimize the
radius of each lattice member based on a given lattice layout structure provided by the upper

level.

The problem statement for the bi-level lattice optimization study is stated as:

1% (upper) level optimization:

Objective:
e minimize the compliance of the lattice structure
Constraints:
e No specific constraints other than basic constraints like remaining the design

domain unchanged



Variables:
e x and y coordinate of the start point
¢ maximum and minimum allowable distance between the seed points: MaxGap,
MinGap
e radius of the merge circle: R

e spacing constant: a
2" (lower) level optimization:

Objective:
e minimize the compliance of the lattice structure
Constraints:
e total volume of the lattice structure is less than a prescribed value
Variables:
e radii of lattice members: 7;, s.t. i/ < 1; < 1"
fori = 1,2, ...total number of lattice members
where /™™ and r™%** represent the minimum and maximum allowable radius for
the it" lattice member

A flowchart that describes the workflow of the bi-level lattice structure optimization study is

shown in Figure 1.
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Figure 1. Flowchart of the bi-level lattice structure optimization study.

In this bi-level lattice structure optimization study, the multi-disciplinary design exploration tool

HEEDS MDO [30] is used to automate the entire process and to perform the first- (upper-) level

optimization. The hybrid adaptive design exploration method SHERPA is used to optimize the

layout parameters in the first- (upper-) level. The lattice layout generation algorithm was

developed in the Wolfram Mathematica language [31], [32]. This algorithm takes data vector

fields (a stress field in this study), layout parameters, and the design domain as inputs. It then

generates the nodal coordinates, connectivity, and the upper bound and lower bound for the

radius of each lattice member. The flowchart in Figure 2 shown the details regarding the bi-level

optimization. The steps marked within the dashed purple box are the procedures for the first-

(upper-) level optimization while the steps marked within the solid green box are the procedures

for the second- (lower-) level optimization.
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Figure 2. A flowchart of the bi-level lattice structure optimization study with more details. The
steps marked within the solid green box belong to the 2™ (lower) level optimization, while the
steps marked within the dashed purple box belong to the I*' (upper) level optimization. The

software used for each step is labeled beside the step block.

Within the second- (lower-) level optimization, MATLAB [33] takes the output from the lattice
layout generation algorithm as input and uses the Method of Moving Asymptotes (MMA) search
algorithm [34] to optimize the radius of each lattice member. The lattice structure needs to be re-
analyzed at each iteration for computing the compliance and the solution gradients, which are

used within MMA. Each lattice member is assumed to be a circular cylinder.



3. LATTICE LAYOUT GENERATION

3.1. STRESS FIELD GENERATION

To illustrate the stress-field-aligned lattice generation process, we will use the example problem
shown in Figure 3. The example problem is defined as a 40 mm X 20 mm rectangular plate that
has a 5 mm radius hole at its center. The plate thickness is 2 mm. The left boundary is fixed
against horizontal (x-direction) motion at all points, while the mid-point of this boundary is also
fixed against vertical motion (y-direction). The right boundary is uniformly loaded with a
positive x-direction stress. This problem is a finite version of the infinite plate with a hole

problem studied by Kirsch [35], [36].

B
/
vy

.
C
.

v
Y

(a) (b)

Figure 3. The design domain for the example problem is a solid 2D plate with a circular hole in
the center. The left boundary is fixed in the x-direction. The right boundary is loaded with a

uniform stress in the x-direction.

The original infinite plate with a hole problem stated in [36] was about studying a linear elastic
solution for stresses around a hole when the plate is under uniaxial tension. According to the
results from [36], the local principal stress value of the region on a line that is perpendicular to

the uniaxial tension can be summarized as in Figure 4. The infinite long plate with a hole that has



a radius of R is loaded with uniaxial tension g, as shown in this figure. The principal stress
value at the location along the represented line where 7 is equal to R is 3 times the uniaxial
tension loading, while the stress value decreases exponentially till it reaches the same value of
the uniaxial tension o, when the value of r is increasing. This well-studied problem gives a
good intuition to the behavior of the stress field while it has a proper design difficulty given by

the hole in the middle of the design domain.

r
one diameter away % —_—
N
¢ \ e
30
— —_—
O O
e —_
R 30,
<« —_—
-«— —

=
Figure 4. The stress state of the region around the hole in the Kirsch problem. The curve of
stress (highlighted in red) represents the principal stress value along the vertical line that is

perpendicular to the uniaxial tension.

An estimate of the stress distribution within the design domain is established by analyzing the
problem as a continuum (e.g., plane stress in 2D) [32] using the finite element method (FEM)
[37]. The material is assumed to be isotropic and homogeneously distributed within the domain.
For this work, the analysis for the solid models was processed by the built-in FEA package in

Mathematica. Locally, the most efficient orientation of an orthotropic material is one in which its



principal material directions coincide with the principal stress directions. Similarly, it assumed
here that optimally oriented lattice members will be aligned with the principal stress field
directions obtained from the continuum analysis. This corresponds to an interpretation that the
lattice local behavior is similar to that of an orthotropic material [19], [38], [39]. For the current
example problem, Figure 5 shows the first and second principal stress fields corresponding to the
given geometry and loading of the design domain, analyzed as a continuum. The size of the
arrows is proportional to the local corresponding principal stress values, which are computed at

the middle of each two-headed arrow.

!
!

]‘ ," I
N

(a) (b)
Figure 5. (a) The first and (b) second principal stress fields in the design domain of the example

problem.

For a two-dimensional problem, the stress matrix in Equation 1 yields two eigenvalues, which
correspond to the first and second principal stress while the two eigenvectors correspond to the
first and second principal stress directions. The two principal stress vector fields can be
generated from these eigenvectors, as shown in Figure 5 (a) and (b) for the current example. At
any location, the two eigenvectors (local principal stress directions) of the following stress

matrix are perpendicular to one other.
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Oxx ny]

Oxy) = [axy o

Yy Equation 1

A sharp direction change of the principal stress direction can be observed from Figure 5(a) and
Figure 5(b). This is a numerical computation issue that happened because the stress distribution
at any location in those regions is ‘flat’, which says, the value of 15¢ and 2™¢ principal stresses in
those regions are very close. The method that been used in this work to ensure the stress

trajectories are generated correctly through these regions was stated in Section 3.2.

Here, we aim to align the lattice members to the local stress field. Note that it is possible to
extend this approach to generate lattices that are aligned to other fields related to, for example,

heat transfer [6], electromagnetic [40], acoustics [8], and others.
3.2. GENERATING STRESS TRAJECTORIES

To generate lattices that are aligned to the stress field, we generate stress trajectories [25] from
the principal stress field and convert the trajectories into a lattice layout. Such trajectories can be

built by interpolating the principal stress directions throughout the design domain.

The process of stress trajectory generation begins by selecting an arbitrary point, referred to here
as the start point. Two perpendicular stress trajectories will pass through this point. In each
direction, the stress trajectory is generated by tracing the eigenvectors using Euler’s method [26],
[41] with a very small step size. The step size can be varied based on the needed accuracy. For
the current example problem, the step size is set to 0.1 mm. A similar stress trajectory generation
method is presented in [42]; the main difference lies in the stress trajectory tracing direction

computation method, as discussed below. The principal stress trajectories generated from a start

11



point are called the start lines. Figure 6 shows an example of two start lines passing through an

arbitrary start point (x, y).

—
~ -

)

Figure 6. Two start lines generated from an arbitrary start point (x,y).

The issue of a sharp change of principal stress direction was stated in Section 3.1. To resolve
such an issue, the stress trajectory generating algorithm involved using a direction check process.
As described above, a stress trajectory is generated with many small steps. The direction check
takes the direction vector generated from the previous step as contrast and chooses the closest

stress direction vector computed from the current location as the ‘direction to go’ for this step.

Seed points are generated along a start line, at a spacing that is described below. At each seed
point, a new stress trajectory is generated that passes through and is perpendicular to the start
line. Figure 7(a) shows the seed points generated on both start lines, and Figure 7(b) shows an

example of a stress trajectory that is generated from a seed point.

12
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Figure 7. (a) Seed points are generated along both start lines. The distance between seed points

is computed based on local stress values. (b) A sample stress trajectory passing through a seed

point (Xs,Ys)-

In addition to the lattice direction, the relative distance between parallel lattice members is
determined by the local stress value. The maximum and minimum allowable distances between
lattice members are assigned at the beginning of the generation process. These values are
specified by the user’s intuition or, here, controlled by the optimization software HEEDS MDO
[30], which is described in Section 2.2. The distance between lattice members is then inversely
related to the magnitude of the local stress values. The distance between seed points is thus

determined using the following relation:

a
d— dmin _ < O(xs,y5) — Oglobal min > Equation 2

dmax - dmin Oglobal max — Oglobal min

where d is the distance to the next seed point from the current seed point at (xs, y5), dpin and
dmax are the user-defined minimum and maximum allowable distances between lattice members,
O(x,,y) 18 the local principal stress value of the seed point at (X, Ys), 0g10pat min 804 Ogiopai max
are the global minimum and maximum principal stress values, respectively, in the entire design

domain, a is a spacing constant that determines how sensitive the distance d is relative to the

13



local stress value oy, . The spacing constant « is controlled by the user or by the optimization
algorithm. Examples of how the spacing constant a affects the lattice layout are shown in Figure
8. The number of the stress trajectories is proportional to the spacing constant a value. We

choose a = 1 for the example problems in this paper.

(a) (b) (©)

Figure 8. Examples of how the spacing constant « affects the lattice layout where (a) a = 0.5,

() a = 1.0, (c) a = 1.5.

By treating each stress trajectory or boundary line as a piece-wise straight line, we can compute
the intersections that form between two stress trajectories or between a stress trajectory and a
boundary. The method used here is illustrated in Figure 9. The intersection of the two lines can

be computed using equation (3), using concepts related to those found in [43].
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Figure 9. (a) Two stress trajectories forming an intersection in the highlighted section; (b) A
zoomed in view of the highlighted sections of both stress trajectories shown in (a), point (x;, ;)

is the intersection.
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where |a b| denotes the determinant of the matrix [a b .
c d c d

With the collection of stress trajectories and their intersections, we obtain the result shown in

Figure 10.
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Figure 10. Stress trajectories generated by seed points and the intersections of all trajectories

and boundaries, all based on a single start point.

3.3. DEFINE THE UNFILLED REGION

The initial set of trajectories shown in Figure 10 do not fill the entire design domain. We identify
the unfilled regions by subtracting elliptical regions at each trajectory intersection from the
design domain. The size of each ellipse is related to the local principal stress values, which also
determine the spacing of the trajectories. Figure 11(a) shows an example of one ellipse that is
generated at an intersection. In Figure 11(b), the region that is not covered by any ellipse is

considered as the unfilled region.
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(a) (b)

Figure 11. (a) Example of one stress-related ellipse region, (b) all stress-related ellipse region

generated from intersections.

The ellipses are defined as follows. Each trajectory intersection serves as the center of an ellipse.
The semi-minor axis and the semi-major axis of each stress-related ellipse are computed using

Equation 4 and Equation 5, respectively.

int
() — 0
. global max 2nd .
SMinor = Tol (dmax — Amin) + dmin Equation 4
Oglobal max — Oglobal min
o _ O.int
. global max 1st .
SMajor = Tol (dmax — dmin) + dmin Equation 5

Ogiobal max — Oglobal min

where SMinor and SMajor are the semi-minor axis and the semi-major axis of the ellipse, Tol
is a user-defined tolerance, 0g;0pqa1 min A0d Tgiopai max are the global minimum and maximum
principal stress values, d,, i, and d 4, are the minimum and maximum allowable distances
between lattice members, i and o™, are the 15¢ and 2™¢ principal stress value computed at

the intersection. The tolerance, Tol, is a positive constant that can be varied to allow more

(Tol > 1) space or less (Tol < 1) space for the subsequent process of generating additional
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stress trajectories. The default value for the variable Tol is 1. Each ellipse is rotated to align with

the first eigenvector of the local stress matrix that is computed at the intersection.

The ellipse region is smaller when the local principal stress values are closer to the global
maximum value to gives more room for design. As stated in Section 3.1, the region below the
circle has a larger stress value compared to the region that is further from the circle. The shape of
the ellipse regions shown in Figure 12 follows the stress state: the ellipses are ‘flatter’ in the
middle region where the 15¢ principal stress value is high but the 2" principal stress value is
low; the shape of the ellipses are generally larger and closer to a circle when they are further

from the hole.

Figure 12. Examples of the stress-related ellipse region generated on points that has different

local principal stress values.

3.4. RANDOM START METHOD

In this work, two methods have been investigated for filling the unfilled regions with lattice

members: random start and crystal growing. Both are iterative processes. An iteration for both
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methods starts by computing intersections of all lines (including stress trajectories and boundary
lines) to determine the unfilled region, and it ends when either no new stress trajectories are
generated or when it reaches the maximum iteration number. The definition of the maximum

iteration number depends on the method.

The random start algorithm for filling the unfilled regions with lattice members follows these

steps:

Step 1. Compute the unfilled region as described in the previous section.
Step 2. Randomly generate a user-defined number of start points in the entire design domain
Step 3. Eliminate start points in the already-filled region. If no new start points remain, then
end the process.
Step 4. If the number of allowable iterations is exceeded, then end the process.
Step 5. Randomly choose a start point from the group of candidate start points to generate
start lines and seed points, as described in Section 3.2.
Step 6. Filter the seed points as described below.
Step 7. If no seed points remain after filtering, return to Step 4.
Step 8. Generate new stress trajectories from the remaining seed points.
Step 9. Return to Step 1
The user defines the number of new start points to be randomly generated within the design
domain. After filtering out the start points located within any ellipse at the existing trajectory
intersections, the remaining start points are called the candidate start points (Figure 13). The
number of candidate start points defines the maximum allowed iterations. The definitions of start

point, start line, and seed point are the same as described in Section 3.2.

19



Figure 13. The highlighted blue region represents the unfilled region. Red points are the new

start points in the unfilled region.

During each iteration, one of the new start points is randomly chosen. New start lines (stress
trajectories) are then developed as described previously, by creating two orthogonal trajectories
and generating seed points on these start lines, as in Figure 14(a). Seed points are deleted if they
are located outside the unfilled region or if they are in close proximity to any previously
generated trajectories that are "perpendicular" to the start line on which they were generated.
Figure 14(b) illustrates the result of filtering seed points that were generated in Figure 14(a).

Stress trajectories will be generated from the remaining seed points.
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Figure 14. (a) Example of how new seed points are generated and filtered. The red lines
represent the start lines. Red points represent the seed points. (b) The remaining seed points

after filtering.

New stress trajectories are generated from the remaining seed points, which completes the
current iteration. However, if none of the seed points are kept during the filtering process, then
the process is repeated for another start point until at least one new trajectory has been generated

or the maximum iteration number is reached.

3.5. CRYSTAL GROWING METHOD

The crystal growing algorithm for filling the unfilled regions with lattice members follows these

steps:

Step 1. Compute the unfilled region as described in the previous section.

Step 2. Identify the existing stress trajectories that cross the unfilled region. These
trajectories are called the candidate start lines. If no stress trajectories meet this
criterion, then end the process.

Step 3. If the number of allowable iterations is exceeded, then end the process.
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Step 4. Randomly choose a trajectory from the group of candidate start lines to generate
seed points.

Step 5. Filter the seed points as described below.

Step 6. If no seed points remain after filtering, return to Step 4.

Step 7. Generate new stress trajectories from the remaining seed points.

Step 8. Return to Step 1
This method starts by counting the number of existing stress trajectories that are crossing the
unfilled region. These lines are shown in red in Figure 15 (all the vertical trajectories in this
case). The number of highlighted lines is the maximum number of iterations in the current

process. The boundary lines are not included as candidate start lines.

Figure 15. The highlighted blue region is the unfilled region. The red lines (vertical trajectories,

in this example) are the existing trajectories that cross the unfilled region.

One of the existing trajectories is selected randomly, and new seed points are generated on it.
The new seed points are then filtered, following the same criteria as in the random start method.

New stress trajectories are generated from the kept seed points. The current iteration ends when
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the new stress trajectories are generated. However, if none of the seed points are kept during the

filtering process, then the process is repeated for another existing trajectory.

3.6. RESULT OF TRAJECTORY FILLING

Figure 16 shows a final result from the random start method. Because both methods involve
randomized points or factors, different results may be obtained during each run. The random start
method tends to be more computationally intensive compared to the crystal growing method.
However, because the crystal growing method depends strongly on the first trajectory layout, it

may not be as reliable in adequately covering the entire design domain with trajectories.

—4

Figure 16. The design domain is completely covered by stress trajectories. Red points represent

the line intersections.

3.7. CONVERTING STRESS TRAJECTORIES INTO A LATTICE

Stress trajectories serve as a basis for lattice member orientations. Once the design domain is

completely covered by stress trajectories and the intersections between trajectories and

23



boundaries have been computed, the stress trajectories can be converted to a lattice. In this study,
each intersection point is connected to adjacent intersection points by a straight line, representing
a single straight lattice member. Figure 17 shows the result of this conversion. It is possible to
represent the span between intersection points with multiple and/or curved lattice beam

members, but these higher resolution models were not investigated here.

44

Figure 17. The suggested lattice layout from the stress trajectories. A single, straight lattice

beam member connects the trajectory intersection points.

3.8. MERGING ADJACENT LATTICE MEMBERS

The lattice layout obtained from the previous step may contain some members that are closer to
one another than is desirable. This often occurs in regions of high strain energy, but it can
happen in other regions due to the randomness of seed point selection. Close spacing of lattice
members may overly restrict the allowable radius of some members (see Figure 18(a)), which

may be undesirable in some applications (e.g., buckling). It may also produce manufacturing
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issues due to close spacing or small feature size. Therefore, a healing step is introduced to merge

lattice members that are too close.

(a) (b)

Figure 18. (a) The highlighted lattices in blue are the neighbors of the lattice in red. (b) The red

circle represents the merge circle, which contains multiple nodes.

To identify lattice members that are too close, a merge circle is generated at each lattice node
(intersection), with the node as its center. The radius of the circle is either specified by the user
or treated as a design variable during the optimization process described below. Since the lattices
tend to be closer to one another in regions of high strain energy, the merging process described
below is carried out in order from the node that has the highest local stress value to the node that

has the lowest value.

All lattice nodes within a merge circle will be merged either to a newly computed point or to an
existing node, based on the following priority criteria. Nodes that define the design domain
boundary are given highest priority, and these node locations always remain unchanged, though
other nodes may be merged with them. In the current example, the highest priority nodes include
the 4 corner nodes that define the rectangular outer boundary shape and the original nodes that
define the circle cutout. These nodes with the top merge priority remain unchanged so that the

shape of the design domain will not be changed. All other nodes on the design domain
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boundaries are assigned medium merge priority, and all interior lattice nodes are considered to
be low merge priority nodes. Within a merge circle, nodes with lower priority will be relocated
to the position of a node with higher merge priority. If all nodes share the same merge priority
level, they are merged to a new node whose coordinates are a weighted average of the nodes
being merged. The weighting is based on the local stress, as shown in Equation 6 and Equation
7:

n

COOTy oy = z w; X coor; wherei=1.2,..,n Equation 6
i=1

Gcoori/o_global max

n
i=1 acoori/aglobal max

w; = Equation 7

where coo071;,,, 1s the coordinate set of the new node, n is the number of nodes inside the merge
circle, w; is the weight of the i*" node in the merge circle, coor; is the coordinate set of the (‘"
node, 0,0, 1s the local stress value of the i*" node, and Oglobal max 1 the maximum stress value

in the entire design domain.

Figure 19 shows the results of merging the example lattice using different sizes of merge circles.
The reason for skipping the result of applying merge circle with a radius of 0.5 mm is because
this result has little difference compared to the result given by using 0.4 mm as the radius of the

merge circle due to the spacing between lattice for the current lattice layout.

26



I ey e

R
|

T

T
] ,
,‘ ﬂ—v‘\j |

I

I

A
/ B

I
\

T
|
L

|
]
B

(b)

(a)

(d)

Figure 19. Applying the lattice merging technique to the original lattice (a) produces the new

(©)

layout lattice layouts. In (b) the radius of the merge circle is 0.3 mm, in (c) the radius of the

merge circle is 0.4 mm, and in (d) the radius of the merge circle is 0.6 mm.

The result that is shown in Figure 19(c) has the best performance among the others. Therefore,

, the radius of the merge circle

we pick this result in this step and continue. In a general situation

level optimization process.

is considered to be an optimization variable within the bi
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4. LATTICE CROSS-SECTIONAL RADII OPTIMIZATION

With the lattice layout determined as described above, the cross-sectional radii for the lattice
members are optimized using the MMA algorithm [34]. In this study, the MMA algorithm
implementation within MATLAB [33] is used. As described in section 2.2, the lattice cross-
sectional radii optimization is the second- (lower-) level optimization within the bi-level

optimization process. The objective, constraints, and design variables are stated below:
2" (lower) level optimization:
Objective:

e minimize the compliance of the lattice structure

Constraints:

e total volume of the lattice structure is less than a prescribed value

Variables:

o radii of lattice members: 7;, s.t. /™" < r; < 1Y

fori = 1,2, ...total number of lattice members

where /™" and r/*** represent the minimum and maximum allowable radius for

the it" lattice member

Each lattice design candidate is analyzed using a linear static finite element model, also
implemented within MATLAB. This model produces the nodal displacements, element strains
and stresses, and the deformation gradients for each set of radii proposed by the optimization
algorithm. The cross-sectional shape of each lattice member is assumed to be circular. A radius

of 0.1 mm was assigned as the cross-sectional radius for all lattice members to the 3D lattice
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model before optimization (Figure 20(a)). For the layout shown in Figure 19(b), the sizing-

optimized lattice structure for the current example is shown in Figure 20(b).

I
T

(@) (b)

Figure 20. (a) The 3D lattice model for the case when all lattice members have the same radius.

(b) The optimized result for the lattice structure (Figure 19(b)) in the example problem.

For this example problem, the radii for the boundary lattice members have a lower bound of

0.1 mm to ensure the boundary skin does not get eliminated. The need for a boundary skin layer
is problem dependent. The radii for other interior lattice members have a lower bound of

0.001 mm, allowing these lattice members to effectively be eliminated during the optimization
process while avoiding numerical errors. This minimum value for the radii can depend on the

problem goals and/or the resolution of the manufacturing process.

4.1. COMPARISON TO A LATTICE OF ARBITRARY TRIANGULAR LAYOUT

Triangular layouts are commonly found in both 2D and 3D lattice structure design [44], [45]. A
comparison between the proposed Stress-Aligned Lattice (SAL) model and an arbitrary
Triangular Layout Lattice (TLL) model, as an application of the cross-sectional radii

optimization process, will be conducted in this sub-section.
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Figure 21 shows the lattice layout of a TLL model. The lattice layout for this TLL model is
generated by a built-in linear triangle mesh generation algorithm in Mathematica, with a goal of
having a number of lattice elements very similar to that in the SAL model. The resulting TLL
model has 518 interior lattice elements compared to 516 interior lattice elements in the SAL

model. Interior lattice elements are those that do not form the geometric boundaries.

Figure 21. The lattice layout of the TLL model.

Before optimization, a radius of 0.1 mm was assigned as the cross-sectional radius for all lattice

members of both models. In this case, the SAL model had a volume of 31.188 mm?3 and a

compliance of 3.7590 %, while the TLL model had the same total volume and a compliance of

6.6108 %, which is 75.9% higher than the SAL model's value. This illustrates the role that

lattice member alignment to the load paths can have on the efficiency of a structure.

Figure 22 illustrates the results after cross-sectional optimization for the SAL model and the TLL
model. We chose 130 mm3 to be the target volume for the optimization, which is approximately

50% of the volume of the design domain with a 2 mm thickness. The volume constraint is active
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for both optimized designs from the SAL model and TLL model. The compliance of the SAL

model after optimization is 0.5386 =™ The compliance of the TLL model after optimization is

0.6232 =%, which is 15.7% higher than the SAL model's value.

(a) (b)

Figure 22. (a) The stress-aligned lattice structure after running the cross-sectional area

optimization, which has 0.5386 =2 as the compliance value. (b) The arbitrary triangle lattice
structure afier running the cross-sectional area optimization, which has 0.6232 =% as the

compliance value.

As shown in Figure 22, the lattices on the top and the bottom boundaries for the TLL model were
generally larger than those in the SAL model. This means the interior lattice members for the

SAL model are playing a larger role in providing support of the structure.



S. RESULTS AND DISCUSSION

We illustrate the performance of the stress-aligned lattice (SAL) design approach on four
different problems. In each case, the results are compared with those of topology optimization
(TO). The three-dimensional TO results were obtained using ANSYS Workbench version 2019
[46]. The problems considered are: a plate with a hole under axial loading (PWH-Axial), a plate
with a hole loaded as a cantilever beam (PWH-Cantilever), a plate with three-holes under axial
loading, and a bridge problem. Both the SAL and TO design approaches solved these problems
without assigning symmetric boundary condition to demonstrate their true performance. Each
problem was solved for three different target volumes. In other words, in the second- (lower-)
level optimization process for each problem, the lattice cross-sectional radii were optimized
according to three different percentages of the maximum volume as the target total volume:
20%, 30%, and 40%. Each result is expressed in terms of a stiffness ratio, which is computed
using Equation 8:

Csolia 1/Ssolid _ Siattice

Stif fness Ratio = = = Equation 8
Clattice 1/Slattice Ssolid 1

where Cs,;;4 denotes the compliance of the original solid model that was computed using FEA,
Ciattice denotes the compliance of the optimized lattice model, under the specified loads for that
problem, S;,:+ice denotes the stiffness of the optimized lattice model, and S;,,;;4 denotes the
stiffness of the original solid model. Hence, the larger stiffness ratio value represents a stiffer of

the lattice model. We now show results of SAL on a number of case studies.
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5.1. PLATE WITH A HOLE UNDER AXIAL LOADING

This is the same problem as described in Section 3. Figure 23 to Figure 25 shown the results of
both the SAL method and the TO method with the different target volumes. These results show
that the SAL algorithm is placing more lattice members and material along the primary load
paths, and these results compare favorably with the TO designs qualitatively. Recall that the SAL
algorithm behaves in a stochastic manner (see Sections 3.4 and 3.5), so a perfectly symmetrical

lattice layout is not guaranteed.

(a) (b)

Figure 23. The final result of the PWH-Axial problem with 20% target volume, generated with
(a) the proposed SAL method and (b) the TO method using ANSYS Workbench version 2019. The

stiffness ratio for (a) is 0.213 and for (b) is 0.178.
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Figure 24. The final result of the PWH-Axial problem with 30% target volume, generated with
(a) the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.329 and for (b) is

0.284.

1

i
—

(a) (b)

Figure 25. The final result of the PWH-Axial problem with 40% target volume, generated with
(a) the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.441 and for (b) is

0.408.

Figure 26 compares the stiffness ratios for the PWH-Axial optimized designs using both SAL
and TO. The SAL and TO results compare favorably, though the difference between the two is
slightly larger than expected. After significant investigation, the differences between these two
design approaches can be attributed to several factors. The TO results are somewhat sensitive to

the resolution of the mesh used in the underlying model. The model used to generate the results
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in Figure 23 contains 32592 elements, with a mesh size of 0.3 mm. A finer mesh may result in a
lower stiffness ratio, since decreasing the mesh size from 0.5 mm to 0.3 mm reduced the
compliance by approximately 25%. Note that there are other differences between the two
modeling approaches. The SAL model uses one-dimensional beam elements, while the TO
results were obtained with three-dimensional solid elements. The beam element model has
known errors at joints due to overlaps and gaps between the connected beam members. Finally,
the cross-sectional shape of members in the SAL approach is circular, while members arising

from the TO method can have any arbitrary cross-sectional shape.

Given all of the differences listed above, the reason for comparing the SAL results to those of the
TO approach is not to demonstrate one or the other as superior, but rather to provide a
comparison and validation of the current approach with known techniques. The differences

between these two approaches over a wide range of problems deserves future study.
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Figure 26. Stiffness ratio values versus Volume Fraction for the PWH-Axial problem. The green

dashed line with circle markers represents the stiffness ratio values for the lattice models while

the blue solid line with square markers represents the values for the TO models.
5.2. PLATE WITH THREE HOLES UNDER AXIAL LOADING

To test the approach on a problem with greater complexity of geometry and stress trajectories,
we consider a plate of dimensions 50 X 30 X 2 mm3 with three 5 mm radius holes. The holes
are located at (0,6 mm), (—7 mm, —6 mm), and (7 mm, —6 mm). The geometry and loading
are illustrated in Figure 27(a), and the first principal stress field is shown in Figure 27(b). The
design optimization results for the SAL method and the TO method are shown in Figure 28 to

Figure 30.
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(a) (b)

Figure 27. (a) Geometry and loading for a plate with three holes under axial load, and (b) the I*'

principal stress field.

(a) (b)

Figure 28. Optimized designs for the three-hole problem with 20% target volume generated with

(a) the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.205 and for (b) is

0.206.
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(a) (b)

Figure 29. Optimized designs for the three-hole problem with 30% target volume generated with
(a) the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.249 and for (b) is

0.351.

(a) (b)

Figure 30. Optimized designs for the three-hole problem with 40% target volume generated with

(a) the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.333 and for (b) is

0.492.

Figure 31 compares the stiffness ratios for the SAL method and the TO method. As discussed
above, the differences in these results can be attributed to the many differences between the two
models, but the two sets of results are qualitatively very similar in terms of capturing the primary

load paths. In this problem, the greater flexibility of the TO geometry to wrap around the circles
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and to vary the cross-sectional beam shapes may provide a significant advantage compared to the
circular cylinder lattice members in the SAL approach. A number of much better (lower
compliance) designs were obtained with SAL than those shown in Figure 28 to Figure 30, but
these are not presented here because the beam elements slightly penetrated the edge of one or
more of the holes. This interference check was not part of the automated optimization process; it
is anticipated that adding these checks would allow the optimizer to find better SAL solutions

than those shown here, though likely still not as good as those found with TO.
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Figure 31. Stiffness ratio values versus Volume Fraction for the three-hole plate problem. The
green dashed line with circle markers represents the stiffness ratio values for the lattice models

while the blue solid line with square markers represents the values for the TO models.
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5.3. PLATE WITH A HOLE UNDER BENDING

This problem has an identical geometry as the original example problem, with a

40 x 20 x 2 mm?3 design domain, and a hole in the center of the domain with radius 5 mm. All
DOFs of the left boundary are fixed, and a vertical load is applied to the lower right corner of the
domain. The problem geometry and the first principal stress field are shown in Figure 32. Results

from both the SAL method and the TO method are shown in Figure 33 to Figure 35.

The material layout and stiffness ratios for the SAL and the TO designs are very consistent for
the volume fractions of 30% and 40%, but the designs are somewhat different for the volume

fraction of 20%.

(@) (b)

Figure 32. (a) The problem setup for the PWH-cantilever problem and (b) the st principal

stress direction field.
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(a) (b)
Figure 33. Optimized designs for the PWH-cantilever problem with a 20% target volume

generated with (a) the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.290

and for (b) is 0.238.

(a) (b)

Figure 34. Optimized designs for the PWH-cantilever problem with a 30% target volume
generated with (a) the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.430

and for (b) is 0.416.
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(a) (b)

Figure 35. Optimized designs for the PWH-cantilever problem with a 40% target volume

generated with (a) the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.537

and for (b) is 0.560.
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Figure 36. Stiffness ratio values versus Volume Fraction for the PWH-Cantilever problem. The
green dashed line with circle markers represents the stiffness ratio values for the lattice models

while the blue solid line with square markers represents the values for the TO models.
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5.4. BRIDGE PROBLEM

A classic bridge optimization problem is selected as the final example problem. The design
domain for this problem is a 80 X 20 X 2 mm?3 cuboid. The boundary conditions and loading for
this problem are shown in Figure 37(a). All DOFs at the lower left corner are fixed while only y-
DOF is fixed at the lower right corner, a vertical load is applied at the middle of the top

boundary. The 15t principal stress field for this problem is shown in Figure 37(b).

(@) (b)

Figure 37. (a) Problem definition for the bridge problem and (b) the I*' principal stress field.

Figure 38 to Figure 40 contain the optimized designs of the SAL and TO methods for volume
fractions of 20%, 30%, and 40%. The SAL and TO results compare favorably from a qualitative

perspective.

(a) (b)

Figure 38. Optimized designs for the bridge problem with 20% target volume generated with (a)

the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.589 and for (b) is 0.226.
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(a) (b)

Figure 39. Optimized designs for the bridge problem with 30% target volume generated with (a)

the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.763 and for (b) is 0.374.

(2) (b)

Figure 40. Optimized designs for the bridge problem with 40% target volume generated with (a)

the SAL method and (b) the TO method. The stiffness ratio for (a) is 0.947 and for (b) is 0.510.

Figure 41 compares the stiffness ratios for the SAL method and the TO method. In this problem,
the SAL designs have lower compliance than the TO designs. In Figure 38 to Figure 40 it is clear
that the SAL designs have thick lattice members near the point where the load is applied. As
discussed previously, beam models do not account for material gaps or overlaps at joints. Thus,
the overlapping lattices at regions vicinity of the point load and point fix boundary provide extra
amount of stiffness beyond physical limitation due to geometric of representation of beam
models. The SAL designs require some post-processing (not performed here) to provide an
accurate representation of the joint geometry and structural performance. However, the similarity
of material arrangement of the SAL designs compared to the TO designs still proves the great

performance of the SAL method.
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Figure 41. Stiffness ratio values versus Volume Fraction for the bridge problem. The green
dashed line with circle markers represents the stiffness ratio values for the lattice models while

the blue solid line with square markers represents the values for the TO models.
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6. CONCLUSIONS

The novel lattice design optimization method presented here has produced light-weight structural
designs by aligning the lattice members with the primary load paths defined by the principal
stress fields. By simultaneously performing layout and sizing optimization using a bi-level
design optimization approach on a number of proof-of-principle structural design problems, the
design space has been explored more effectively and higher performing designs have been
obtained by the proposed method. This approach can be applied to multi-physics problems

involving thermal conduction [47] and other field problems with only minor modification.
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7. FUTURE WORK

Future studies are needed in several areas, the critical one is to extend the adaptability for the
stress-aligned lattice design method from a 2D to 3D environment. The current method has a
limitation in connecting the stress trajectories efficiently when the 3"¢ principal stress is
involved in a 3D problem. This issue may be able to be resolved by only generating the 15¢
principal stress trajectories and connect the nearby trajectories by short straight lines to form a
local triangular or tetrahedron layout. Such approaches ensure the lattice to be generated along
the most critical stress direction while the local triangular or tetrahedron layout enhances the

structural stiffness.

The compliance computation accuracy for the final lattice model should be increased. As stated
in section 5, the final lattice model has each lattice member connected to others directly as a
node-to-node structure, also, some lattice members are overlapping around the region that has a
high local stress value. Such issues can be resolved by adding a solid sphere joint on every node
to smoothen the nodal connection, then output the model as a single solid 3D model and apply
FEA to such a solid model to compute the compliance value. A compliance value computed in

this way should better describe the performance of the stress-aligned lattice design.

The initial (baseline) values for the lattice cross-sectional radii could be generated at the end
stage of the lattice layout generation process based on the lattice members’ local stress state. This
approach might increase the efficiency for the 2™ (lower) level optimization which optimizes the
lattice radii compared to the current method, in which one small value, that is 0.1 mm, is

assumed as the initial value for all lattice radii.
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