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Abstract

This paper covers the principles of a novel mettwoelfficiently spatially vary the size of
tetrahedral cells of a lattice structure, basednufpnite element analysis stress results. A
dithering method, specifically error diffusion,used to represent a grayscale stress fringe with
variably spaced black dots. This enables linkagéhefspacing between lattice cell vertices to
stress level thereby providing a functional vaaatin cell density. This method is demonstrated
with a simple test case in 2D and the steps inwbfee extension to 3D are described.

Introduction

Lattice structures generally contain a large numdfecells, each made up of several
structural members. They can be used to controstiffeess of a structure or to provide tailored
impact absorption capacity, usually through pladeformation. Additive manufacturing (AM)
is more suited to the manufacture of these comptexctures than traditional manufacturing
processes. The design of these structures, howegerains a challenge. With increased
geometric complexity comes increased design comntglexand this is exacerbated when
including computational analysis methods and mattea optimization techniques in the
design process. Some approaches focus on how tilehtdre geometric complexity problem
while others focus on how to handle the analysisfipation complexities. Both of these
approaches should be unified to make a usefutéattesign tool.

Different regions of a component generally requatice support to different extents.
With a fixed lattice, this variation can only behaved by varying the structural member
dimensions. This leads to a large number of des@mables, depending on the resolution
required. In these cases, the variation in supgamnhot be tuned by adjusting the sizes of the
lattice cells and so the end result would be exgoktd be less than optimal due to the design
freedom restrictions. Some approaches combinerdiffecell structure designs together, which
is difficult, and the cells are kept the same $i4eOptimizing the size of each cell in a lattise
possible, but is computationally very expensive aw#lward to implement, and so this approach
is generally avoided. Some approaches have usderedf sized cells, not for structural
performance reasons, but only as a by-productaqiineg the lattice structure to conform to a
shape with curved faces. Instead of trimming tésisel cells to this shape, they are either swept
[2] or based upon an unstructured mesh [3]. Spatialrying the sizes of the lattice cells based
upon structural analysis in an efficient mannehéestopic of this paper.

The method in this paper uses a dithering or dwailiig method to define spatially varying
points which are subsequently connected with kttembers. The points determine the spatial



variation of the lattice cell volumes. This approagas inspired by previous work on linking
dithering to meshing techniques by [6-9].

Method

This section begins with a brief introduction tahering before moving onto specific
method details. Dithering is a procedure that cosveontinuous tone images into a binary
representation. This is useful for bi-level pristeand displays. When viewed from a certain
distance, the binary representation appears simaildre continuous representation to the human
eye. There are several dithering methods, whichbeasplit into two categories: ordered dither
and error diffusion [5]. Error diffusion was usedr fthis work as there is better contrast
performance and reduced ordered artifacts comparediered dithering. Error diffusion uses an
adaptive algorithm based on a fixed threshold tmlpce a binary representation of the original
input. Each pixel value is modified by minimizing@s caused by the thresholding at previous
pixel locations. In this way the thresholding en®diffused to adjacent pixels, hence the name
of the method. The method of error diffusion islioet in the following steps for each pixel:

1. Threshold the value of the pixel of the originalmodified image using a fixed threshold
value.

2. Calculate the absolute error between this threglblélue and the original value.

3. Diffuse this error by modifying the value of adjateixels in the original image using a
filter.

4. Repeat from step 1 until all pixels have been ssed.

The actual proportions of the error diffused toaadnt pixels is determined heuristically
and a typical filter for this in 2D is that propadsky Floyd and Steinberg [4] which is shown in
Figure 1. This filter is passed over the image myistep 3 listed above whexds the current
pixel. The fractions of the error specified in fileer boxes are added to the original image pixel
in step 4.
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Figure 1 — 2D filter proposed by Floyd and Steigjfer diffusing the binary thresholding error
to adjacent pixels, whereis the current pixel.

3D error diffusion is less common due to fewer pbo& applications. This is a simple
extension of the 2D process where the error isigiffl in 3D space to voxels around the current
voxel. Again, the proportions of the original ertordiffuse are determined heuristically and the
filter used in this case was that proposed by Ll Stucki [5], which is shown in Figure 2.
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Figure 2 — 3D filter proposed by Lou and Stuckididfusing the binary thresholding error to
adjacent voxels in the current and adjacent sliwegyex is the current voxel.

For this work, the above error diffusion methodsraveised to define lattice cells
constructed from cylindrical members. This metheddemonstrated first with the simple 2D
cantilever plate problem shown in Figure 3a ushegRloyd-Steinberg filter and is then extended

to a 3D problem using the Lou-Stucki filter. Thesfistage is to conduct a finite element analysis
(FEA) of the problem. This is used to calculate stress or some other measure of the part’s
performance and the results can be plotted as ageras shown in Figure 3b. The handling of

multiple problem load cases can be achieved by @unt stress results from the individual

analyses by taking the maximum for each pixel actbe load cases. This correlates to taking
the minimum grayscale level value for each pixdlisTgrayscale image is then subjected to an
error diffusion algorithm as was explained earlidrich generates the binary representation of
variably spaced black dots on a white backgrouravshin Figure 4. There are several issues

that have to be addressed to make this methodlusefu
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How to map the stress values to the grayscalednmgge?

How to reduce the effect of local boundary conditstress concentrations?

How to provide some local control over generatedengpacing, i.e. min/max spacing?
How to control the quantity of generated nodes?
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Figure 3 — a) Cantilever plate 2D test case proldathb) grayscale stress fringe result from
FEA where darker grey = higher stress.



Figure 5 — alContrast modification to reduce skewing effecttoéss concentrations at bound
condition application nod, and b) Error diffused result for resized im:

The second and thirdf these issuc are related to the first issuRegarding issue twi
due to the nature of the FE method, it is usuatherdegrees of freedom of individual node
be constrained and for loads to be applied to iddad nodes. This results in unrealistic val
being calculated for these ns which skews a linear mapping of stress valuegrayscale
values. This can be accommodated by modifying thppimg of the stress to grayscale value:
using a simple image processing technique as shoFigure 5a.n this stage, the contrast
the image isadjusted to reduce the upper limit of the stredgevéhat is mapped to a graysc
value of zero (black).

Issue threeis more involved and requires a quantitative linktween the use
requirements and the dithering method. The maxiranthminimun sizesof the lattice cells ca
be affected by application requirement or becadiseamufacturing constraintFor example, in
the case of the selective laser melting (SLM),ghaxess will only currently sesupport up to a
certain maximm overhang horizontal distandt would also not be desirable for the lattcell
sizesto be too small as there are minimum feature limitations due to the powder size ¢
laser beam diameter, and issues regarding powaeovied from dense lattice regions. T
resulting sizes of the lattice cells are dependanthe dithering method, specifically the size



the input image and the giscale values themselves within this imi The effect of thes
parameters othe resulting lattice cell sizes was investig. Both issue two and three relate
the first issue in that all are modifications te thnapping between the analysis resulid the
dithered results. This paper focuses on how to sadjoe mapping to ensure certain
requirements are satisfied.

Regarding issue four, the overall quantity of thenerated dithered points can
controlled by simply modifying the size of theiginal image as this resolution determines
resolution of the resulting dithered image. A reztlisize dithered result in shownFigure 5b.

Experiments

Some Bnple test image samples were generated of varngsglution and grayscalevel
as shown in Figure @.he grayscale ranges from 0 to 255, but an uppet &if 250 was used ¢
in a pure white region, no dithered points wouldpbesentIn total there wer28 samples and
each of these constagrayscale level imagewas subjected to the 2D error diffusion mett
using the Floydsteinberg filter The resultingdithered points were connected using
constrained Blaunay triangulation meshing techni and the areas of these eleme
calculated. Figure g8hows the average element size for each sampleglagainst the samg
edge lengthwith fitted curves and their respective coefiintge calculated using MATLAI.
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Figure 6 —Test samples used to investigate effect of imageluéon and grayscavalue on the
dithered result.
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Figure 7 — a) Effect of sample resolution on therage element size for each grayscale value,
and b) Effect of grayscale value on the averagmete size for each sample size.

Discussion

The resulting relationships shown in Figure 7 aseful for determining the suitable
image size and grayscale value. For example, wh#te image size required for an average
element size of 1mMmin high stress (black) regions? This is a minimatement size
requirement in the regions of grayscale value ah@ so using the power law relationship fitted
to the plotted results (equation 1) this was cal®d to be approximately 70 x 70 pixels.

y = 5515.9x~202

1)

where y is the average element area fnamd x is the sample edge length (pixels). So an
average minimum element size can be predicted ukiegelationship, but this modification of
the image size also affects the maximum elememt $ior the 70 x 70 pixel image size, the
maximum average element size was calculated usjugtien 2 to be approximately 60rim

y = 568605x %149

(2)



If this size is too big then the only way to act@ie desired requirement is to modify the
grayscale value of this region. This can be achiaw@ng grayscale darkening where the value
of the level is changed. The magnitude of the maalibn can be determined from the fitted
relationships between the variables. For this exantpe grayscale value required to achieve a
maximum element size of 10nimwith an image size of 70 x 70 pixels is 225. Thene the
extent of the modification is -25. This value cangubtracted from the grayscale map to reduce
the range of the levels. Because the lowest valubeorange is 0, the smallest element size is
unchanged. The desired extreme element sizesenefdhe defined by modifying the image size
for the minimum size and then modifying the graysdavel for the maximum size. Clearly, this
could also be achieved in reverse. To validatettiiatapproach translated onto a larger part, the
simple test case image was modified based on thgersize and darkening requirements. The
resulting Delaunay triangular mesh is shown in Fegdiand the minimum and maximum regions
had average element sizes of 1.08mand 9.75mmh respectively, compared with targets of
1mnf and 10mrf respectively. It can be seen from the mesh thatet are some heavily
distorted elements in the low stress regions. Téislue to the meshing constraint of only
connecting up the dithered points to the boundamper points. These distortions do not affect
the quality of the FEA as these triangular elemamésreplaced by 1D beam elements at each
edge. However, for buckling or aesthetic reasohs, tonstraint can be relaxed by adding
additional elements to these regions which resalgsmore uniform mesh.
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Figure 8 — Good confirmation of resulting minimundanaximum element size targets based on
experimental sample results.

The end result of this process is a lattice stmecthat has smaller cells in regions of
higher stress where more reinforcement is requanedl larger cells in regions of lower stress
where less reinforcement is required. This is diaibafunctionally graded lattice structure that
is achieved efficiently as no iterative optimizatioycles are required. To ensure that the lattice
can withstand the loading requirements, the latscaext subjected to an optimization of the
lattice member dimensions. It is unfeasible tottessch member as a separate design variable,
and ideally only a single, or a few variables wob&required. The functional grading has been
achieved by the dithering method so a single desgagiable will ensure that the lattice is strong
and stiff enough. This will result in an efficidattice design method.



This wholelattice generatiormethod can be extended to 3D with a few modificest
Firstly, volumetric analysis results are requirethjch can be obtainifrom the FEA results |
taking slices through the volume of the 3D pathatsame resolution as tin plane dimensior.
It is important that these resolutions are the samie lattice will be distorted in a particu
dimension.Secondly, as would be expected, the 3D ' diffusion filter shown inFigure 2
should be usedThirdly, a constrained 3D Delaunay mesher is ireguthat can handle n-
convex point envelopes arconnect interior and boundary dithered po One such mesher
Tetgen by Hang Si [10Fourthly, because the dithered points are distethtitrough the volum
of the component with points not necessarily on ltbendary faces, methoc is needed to
ensure mesh connectivity between lattice and sotic-design regionsThis is an importar
consideration to ensure analyzability of twhole componentAs shown in the flowchart i
Figure 9, his can be achieved by separating the boundarydiadesolume points. The bound:
points can then be used to generate a surfacgutation mesh to be used as a constraint fo
mesheralong with the interior points. In parallel, thegncbe projected onto the solid I-design
regions of the component and used as constrainesgolid mesh. In this way, the meshes, w
brought back togethecan be ensured to be compati
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Figure 9 Flowchart showing stages required to ensure meshemtivity between the lattice
region and the adjoining solid r-design regions.

Conclusions

This paper has presented a novel method of gengratiunctionally graded lattice bas
on the results of finite element analysis. The igpaariation in the area/volume of the latt
cells is achieved using error diffusion to convetontinuous tce image into binary form. Son
simple experiments were presented that allow thesadent of the maximum and minimt
lattice cell sizedbased on determined parametric relations. It was found that the image si
was related to the lattice cell size a power relationship,A = ¢;L‘2 where A is the lattice
cell areac; andc; are the coefficients arL is the image edge length.was also found thahe
grayscale value was related to the cell size byubld exponential relationsl, A = c;e®" +
cse‘sV  where A is the lattice cell areecs, &, s and cs are the coefficients, anV is the
grayscale value. The use tfese relationships was demonstrated with a singsé cast
example.



This method is efficient as it only requires agdnFE analysis to be carried out per load
case. It does not require iterative optimizatiogoathms to vary the cell size. This creates a
spatial variation of the lattice which can be ussda basis for subsequent optimization of the
lattice member dimensions. In some more complicassgs, it may be required that multiple FE
analyses be used to improve reliability. Alternalyy an unpenalized variable density topology
optimization method could be used prior to the atitihg stage. The current method based on a
single FE analysis was demonstrated with a 2D el@arapd the modifications required for
extension to 3D explained. Further work will be datermining a parametric relationship
between the stress results and greyscale valuetanajore closely predict lattice element sizes
for particular stress levels. This will enable thethod to be applied to practical problems.
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