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Abstract

Additive Manufacturing (AM) processes are well known for their ability to fabri-
cate parts with complex geometries. Lattice structures leverage this ability to create
parts with high strength-to-weight ratio and other desirable structural qualities. This
research presents a parameterized modeling tool using common Finite Element Anal-
ysis (FEA) and scripting software with which aggregated lattice structures can be
analyzed, given different geometric properties and loading conditions. A full facto-
rial Design of Experiments is run to explore the effects of various parameters on the
strength of lattice structures. Experimental compressive strength results from three
Fused Deposition Modeling (FDM)-produced Polylactic Acid (PLA) lattices are dis-

cussed and compared to predictions from the Finite Element simulations.
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ANALYSIS OF ADDITIVELY MANUFACTURED LATTICE STRUCTURES BY
FINITE ELEMENT METHODS

I. Introduction

1.1 Chapter Overview

Cellular structures are the building blocks of life. Cellular structures can be seen
in bones, trees, and other organic architectures as an intelligent way to minimize
weight while maintaining necessary strength. Man-made, periodic cellular structures
commonly referred to as lattice structures can be just as useful. Numerous exam-
ples of lattice frameworks can be seen in bridges, towers, and other large structures
such as the Eiffel Tower. On a smaller scale, lattices are becoming more prevalent
in aerospace, automotive, and biomedical applications [4]. These structures have
many useful properties, such as high strength to weight ratio, good thermal transfer
opportunities, and good energy absorption [4].

Interest in lattice structures has blossomed with the refinement of additive man-
ufacturing (AM) techniques capable of producing more intricate designs. Additive
manufacturing processes use a layer-by-layer assembly process that allows designers
the ability to create complex designs that would be impossible to produce through
conventional subtractive manufacturing processes. Vast improvements in technology
have welcomed a corresponding improvement in this design freedom. This paper will
explore and refine complex designs known as lattice structures meant for assembly
using AM.

This chapter will provide an overview of the research objectives, motivation, rel-



evant background information, and methodology used to accomplish the research.

1.2 Objective

This research is meant to gain a better understanding of lattice structures, their
structural properties, and their manufacturability using the Fused Deposition Model-
ing (FDM) AM process. The following main objectives were developed to accomplish

these goals:

e Develop a parametric modeling tool for lattice structures using Finite Element

Analysis (FEA)

e Characterize the effects of critical design parameters on the performance of lattice

structures under compression loading

e Correlate predicted unit cell behavior to experimental compression of additively

manufactured lattice structures

1.3 Motivation

A simple to use Finite Element Model (FEM) for lattice structures is useful to
predict the behavior of a lattice structure without using the time and resources to test
samples experimentally. A parameterized tool for analyzing unit cells with different
geometrical properties for given initial conditions will help engineers and designers
choose an appropriately strong lattice for their purposes. Some commercial software
programs today such as nTopology and Altair Optistruct use their own built-in Finite
Element (FE) tool for lattice manipulation, but are typically proprietary. Using a
mature FEA program such as ANSYS allows the user to export results and lends
more transparency to the process. Additionally, a dedicated FE software program will

have more analysis options. The need for an accurate and validated tool for rapid



creation and analysis of additively manufactured lattice structures is the primary
motivation for this effort. This need ties directly to a main objective, the creation
and validation of a tool to model, analyze, and iterate lattice structures using a

mature FEA program.

1.4 Background

Lattice structures are also commonly referred to as “periodic cellular structures”,
as they completely fill a 3D space with a repeating geometry. The smallest geometric
entity that can uniformly repeat and fill a volume without gaps is referred to as the
unit cell. Unit cells come in various shapes, including cubic, hexahedral, tetrahedral,
and hexagonal. Others are defined by functional surfaces. Lattice structures are
commonly used as internal support in parts, decreasing weight while maintaining a
required stiffness. They have also been used for vibration dampening and thermal
transfer. Various methods of assembly have been used to manufacture lattice struc-
tures and will be discussed more in Chapter 2. AM processes have broadened the
interest in lattice structures, due to their ease of manufacturability and ability to

make more complex designs.

(a) (b)

Figure 1.1. Three unit cell geometries studied in this research. (a) “Body Centered Cu-
bic [BCC]” or “Vertex Centroid” (b) Auxetic “Re-entrant” (c) “Octet truss” (internal
struts highlighted red for clarity)



1.5 Assumptions

Certain key assumptions were made in this research. A linear FEM approach
was utilized. Struts were modeled as beam elements, which have no physical volume.
Rather, they mathematically represent cross section properties on a 1 dimensional
line through 3 dimensional space. Joints at strut intersections are considered rigid, as
opposed to pin jointed or other connection methods. 3D printed material is assumed
to be isotropic. This is not true, but for the most part effects will be small since
testing will take place in the build direction. Only cubic unit cells were examined
in this study. This was done in order to reuse the same code for three different
unit cell geometries. The auxetic re-entrant unit cell can be defined with a different
length in each dimension, however a non-cubic rectangular prism aggregation scheme
would require cell-specific code that would complicate the full factorial Design of
Experiments (DOE) setup for the other two cells. Other shapes were considered and

can be examined in the future.

1.6 Methodology

The first step in accomplishing the research objectives was development of a tool
to write and execute a FEA script for three different lattice structure geometries,
which are shown in Figure [[.Il The coding process and design choices made will
be discussed in Chapter 3. The abilities to define a parameterized geometry and
iteratively perform FEA are key attributes that will also be reviewed.

A full factorial DOE study varied key parameters for each lattice topology to find
the top performing lattices in a compression loading scenario. Results from this study
show strength trends for unit cell type, relative density, and strut shape. Several other
smaller studies examined additional areas of interest, such as the effects of keypoint

offset error, strut deletion percentage, and auxetic re-entrant cell strut angle, which



will be explained in the next two chapters.
Finally, selected top performing lattices were printed via FDM and were compres-
sion tested for comparison with the finite element model. Results of the experimental

tests and the FEM are discussed, along with areas for improvement and future work.

1.7 Thesis Overview

Chapter I: States the objective of this thesis, establishes the motivation, and briefly

discusses the background and methodology

Chapter II: Discusses the theory presented in relevant literature related to lattice

structural properties, additive manufacturing, and finite element modeling

Chapter III: Lists modeling and testing methodology used for this research

Chapter IV: Presents and discusses the results of FEA and experimental testing

Chapter V: Summarizes the results, draws conclusions, and discusses recommen-

dations for future research



II. Background

2.1 Chapter Overview

This chapter will discuss the current state of research in cellular lattice structures
and additive manufacturing (AM) technology. An extensive literature search was
performed to examine current trends and areas of examination of additively manu-

factured lattice structures. Relevant findings are presented in this chapter.

2.2 Cellular and Lattice Structures

2.2.1 Background

Cellular solid materials consist of foams, meshes, and lattices. Many cellular ma-
terials like foams are stochastic, meaning without order. Lattices are a structured
type of cellular material with an intentional, repetitious geometry. Cellular materials
are known for their unique properties including stiffness, strength, thermal conduc-
tivity and diffusivity, energy absorption, and electrical resistivity. These materials
can be open or closed cell; stochastic or ordered; ceramic, polymer, or metal. Ashby

[1] gives three underlying principles that affect cellular material properties:
1. The properties of the solid material
2. The topology (connectivity) and shape of the cell edges and faces
3. The relative density p,.; of the foam

He describes the relative density of the foam as the ratio of the foam density to the
foam material’s solid density. Relative density can also be considered the volume

fraction.



Cellular lattice structures have long been studied as a way to maximize strength
while minimizing weight. In 1903, Alexander Graham Bell studied a repeating, 3-
dimensional tetrahedral shape used as lightweight structural support members in
kites, as part of a larger effort to create a flying machine [5]. Since then, numerous
unit cell geometries that completely fill a 3D volume have been devised and studied
[0, 7] . Common cell types include tetrahedral, octahedral, hexahedral (including

cubic), and honeycomb.

2.2.2 Parameters and Definitions

Unit cell geometries are usually defined by “keypoints” and “struts”. Keypoints
refer to a collection of points in 3D space, and struts refer to a collection of lines each
connecting two keypoints. Keypoints typically define the intersection of two or more
struts. (The term node is also commonly applied to points where struts intersect.
To prevent confusion with Finite Element Analysis (FEA) terminology later, points
defining strut connectivity will be called “keypoints”. “Nodes” will be used later
to define additional points along a strut.) A thickness can be applied to lines to
represent a volume, either physically or mathematically. However, not all unit cells
are defined by points and lines. Tessellated geometries (those that fill space entirely
without overlap) have also been made using infinitely periodic functional surfaces,
like the Schoen Gyroid [6]. Its surface geometry is defined by a three dimensional
trigonometric function.

Unit cells have many parameters that can be modified to produce different ge-
ometries. As previously mentioned, a variety of unit cell shapes can be chosen to fill
a given volume. Within a given unit cell shape, number of struts and arrangement
of struts can be modified. Consider a simple cubic unit cell with 9 keypoints, one at

each corner and one at the centroid of the cube. Several different geometries can be



realized by changing the connected keypoints. Eight lines, each a connection from
a corner to the center is a basic Body-Centered Cubic (BCC) unit cell (Figure
or ) Adding the vertical edge struts gives a variant called BCCZ. Solely using
the edge connections gives a simple box unit cell. Some organizations have developed
unit cell databases to organize and store different shapes [7].

Three other related parameters are the unit cell size, strut diameter, and relative
density. By thickening the struts, the relative density will increase. Increasing the
unit cell size while maintaining a constant strut diameter will decrease the relative
density. Several sources indicate that cell density has one of the strongest correlations

to overall lattice strength [I].

2.3 Bending vs. Stretching Dominated Structures

Ashby characterizes cellular structures into three types: bending-dominated, stretching-
dominated, and over-constrained [I]. Figure [2.1{shows examples of each. A large ma-
jority of foams and lattice structures are considered bending-dominated, which means
their primary failure mechanism is the bending of the struts. In a stretch-dominated
lattice, the struts under loading carry tension or compression. Slender structures,
due to their low second moment of area, are much stiffer in tension or compression
than in bending, and therefore stretch-dominated structures are more efficient load
bearers in tension or compression. A third type is over-constrained, which has some
degree of self-stress even in an unloaded state due its strut connectivity. However,
struts are again mostly in tension or compression and therefore over-constrained cells
can be considered stretch-dominated. Maxwell’s Stability Criterion can be used to

determine which of these three types a structure is.

M=0b-3j+6 (2.1)



Where
M = Maxwell’s Stability Criterion

b = number of struts
j = number of joints (keypoints)
Eq. is Maxwell’s Stability Criterion for three dimensions. If M < 0, the lattice
is bending dominated. If M >= 0, the lattice is stretch-dominated, and designated

”over-constrained” if M > 0.

# ' 1

{¢1) () ()

T T ‘

Figure 2.1. 2D examples of the three lattice classifications: (a) Bending-dominated,
(b) Stretching-dominated, and (c) Over-constrained. [1]

Ashby [I] presents several scaling laws to describe lattice mechanical properties.
Equation shows the relationship between relative elastic modulus and relative den-
sity for bending-dominated structures. Equation shows the relative strength to
relative density relationship for plastic strut failure of bending-dominated structures.
For stretching-dominated structures, Equation shows the modulus to density re-
lationship, and Equation shows the strength to density relationship for plastic
strut failure. This study focuses on the elastic modulus and stiffness of the lattice

structures and will utilize equations and [2.4]



Ps
Where
EES = F, = Relative elastic modulus
p% = pre. = Relative density
E = Elastic modulus of lattice
E, = Elastic modulus of solid material
5\ 1.5
%8 o 0.3(ﬁ> (2.3)
oy Ps
Where
Z—’;’ = 0,¢ = relative strength

o, = plateau stress of lattice (Fig.

o, = yield strength of solid material

(i) (2.4)

5|
l

@%1<ﬁ> (2.5)

oy 3 E

Examined in Ashby’s study is how the relative elastic modulus FE,; of a stretching-
dominated structure scales linearly with p,.;, whereas E,.; of a bending dominated
structure scales with p,?. These two relations show that for a given p,. between
0 and 1, stretching dominated structures are stiffer. However, he adds that stretch-
dominated structures can still fail by buckling in which case E,.; o< p.%. If this does
occur, it is usually at low relative densities. Ashby claims that for metallic foams with
prer < 0.01, struts will buckle in a stretch-dominated structure [I]. In one study, a

2.4% relative density titanium lattice with stretch-dominated struts failed by buckling
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[8].

It should be noted that Equations to were derived by treating the cellular
structure as its own material with its own set of material properties, rather than a
collection of individual struts, to determine overall strength and stiffness. Experimen-
tally, there is evidence supporting that these scaling laws describe lattices structures
in the millimeter scale [9].

Calculation of the relative values (E,¢j, 0,¢ and p,e) assumes the same bounding
volume and cross sectional area for both the lattice structure and solid material. In
reality, the lattice has a smaller cross sectional area and material volume. Since the
area and volume are both smaller than a solid block would be, the expectation is that
force to cause yield and the structure’s stiffness are both fractions of the solid block
values. Therefore, the values E,, 0,¢, and p,q are also fractions. This ”constant
dimensions” method applies to the difference between any other lattice and solid
values, whether it be yield stress, strain, density, etc.

Ashby concludes that for structural applications, stretch-dominated structures are
most efficient and therefore the best choice. Generalized stress-strain curves for both
stretching- and bending-dominated types are shown in Figure 2.2l He notes that
bending-dominated structures are better for energy absorption applications due to
their long, flat plateau stress after yield. Stretch-dominated structures show signif-
icant post-yield softening, making them less effective at energy absorption. Yield
stress is higher for stretch-dominated lattices, due to high strut connectivity. The
eventual yielding modes consist of either plastic buckling or brittle fracture, which
significantly lower the strength of the lattice post-yield. Continued compression leads
to densification, where struts are deformed so much that they come in contact with

one another. Stress rises abruptly at this point [1].
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Figure 2.2. General stress-Strain curves for (a) bending and (b) stretching-dominated

structures in compression [I].

Many lattice geometries are open cell structures, including the three in this study.
Many open cell structures behave similarly to stochastic (randomly arranged) materi-
als under compression which tend to be bending dominated. Conversely, lattices that
behave similarly to closed cell materials under compression tend to be stretching-

dominated. However, Equation [2.1] should be used to determine which behavior a

lattice follows.

2.4 Cells to be Studied

This section will describe the three unit cell geometries selected for this study.

Properties are listed in Table [2.1]

Table 2.1. Unit cell properties

Unit Cell Keypoints | Struts | Cell Shape | M | Response
Body Centered Cubic | 9 8 cubic -13 | Bending
Auxetic Re-entrant 28 38 hexahedral | -10 | Bending
Octet-truss 14 36 cubic 0 Stretching

A generalized right-hand coordinate system is used when describing the cells and

can be seen in Figure 2.3] All three dimensions z, y, and z are normal to one of
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the cubic cell’s three parallel pairs of faces. The most important dimension is the z
dimension and is most critical to the auxetic cell because it is not fully symmetric. It
is defined as the direction parallel to the “vertical” struts of length h. The 2z direction
is the dimension in which loads are applied in the model, the build direction during
fabrication, and the crush direction during compression tests. Terms such as “top”,
“bottom”, “vertical”, all refer to the z direction. “Horizontal” therefore refers to the

2-y plane and is parallel to the ground or build plate on the 3D printer.

Figure 2.3. Coordinate system shown with the Auxetic re-entrant unit cell.

2.4.1 Body Centered Cubic (BCC) Cell

The Body Centered Cubic unit cell is a common, straightforward lattice unit cell.
Other names for it include octahedral or vertex centroid (nTopology). Per Maxwell’s
Stability Criterion (Eq. , it is a bending dominated structure. Its shares a name
with the atomic packing arrangement because of its similar keypoint arrangement.

As mentioned previously, it has 9 keypoints and 8 struts, with each strut connecting
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centroid keypoint
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Figure 2.4. The Body Centered Cubic (BCC) unit cell.

a corner keypoint to the centroid keypoint. Its relative density is relatively low
compared to other cells with the same strut diameter. The BCC cell has the unique
characteristic of fully containing all of its struts within the cubic cell boundary and

not sharing struts with adjoining cells. It does though share its eight outer keypoints.

2.4.2 Auxetic Re-entrant Cell

— keypoints

-

>

re-eﬁ{f’aﬁt--r--..._..re-__ : ,t"étruts
strut angle

Figure 2.5. Auxetic re-entrant unit cell.

Auxetic materials exhibit unique properties where they densify under compression
and expand under tension which is quantified by a negative Poisson’s Ratio. Poisson’s

ratio reflects the amount of transverse expansion experienced when subjected to axial
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compression (or contraction when in tension). For most ordinary materials, Poisson’s
ratio is a positive number because a change in one dimension produces the opposite
change in the others [10), [11].

The auxetic re-entrant cell (or auxetic re-entrant honeycomb) is a 3D structure
that has auxetic properties. Its behavior is considered anisotropic because displace-
ment in the loading and lateral directions is different [12]. Of the three cells in this
study, it is the only one not fully symmetric in all three axes; however, it symmetric
about z and y. A single unit cell is comprised of 26 keypoints and 38 struts. It shares
struts with the eight neighboring cells in the z-y plane and connects directly to two
others above and below.

The auxetic geometry is shown in Figure 2.6, Two of the three variables are
required to fully define the cell. In general, the bounding cell shape is a rectangular
prism. Given appropriate values for the re-entrant strut length L., vertical strut

length h, and re-entrant strut angle 6, the cell can be cubic, as it is in this study.

ro| =

L aur

Figure 2.6. Outermost struts of Auxetic re-entrant unit cell, showing geometry-defining
parameters.
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2.4.3 Octet-truss

B ~keypoints

Figure 2.7. The Octet-truss unit cell.

Octet-truss unit cells are some of the most efficient load carriers per weight and
have been suggested for use in structural applications [13], 14]. The cell is stretch-
dominated, loading each strut primarily in either tension or compression. They are
occasionally referred to as Face-Centered Cubic (FCC) cells, again an atomic arrange-
ment reference. They have a higher relative density than the previous two cells for
a given strut diameter. A single cell has 14 keypoints and 36 struts, with all of the

outer struts shared with adjacent cells.

2.5 Additive Manufacturing

2.5.1 History and Background

Additive manufacturing has roots back in the late 1800s, in the areas of photo
sculpture and topography [I5]. These two technologies evolved into photo-glyph
recording, selective exposure of light-sensitive polymers, in the 1950s. A method very
similar to photo-glyph recording, Stereolithography (SLA) was patented and commer-
cialized in the mid 1980s. It wasn’t until then that AM became a plausible method

of production. Since then, technology has taken massive leaps forward in terms of
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capability and accessibility. Four general methods of AM have been developed: vat
photopolymerization (e.g. SLA), powder bed fusion (e.g. Selective Laser Melting
(SLM)), material extrusion, and binder jetting [15].

Of these four categories, material extrusion is most widely known. It is associ-
ated with the ”Maker Movement”, a surge in do-it-yourself home use AM machines
and software that allow individuals the capability to design and create parts. These
printers are most commonly material extrusion/Fused Deposition Modeling (FDM)
technology, which deposits thin polymer layers of a part through use of a translat-
ing nozzle. Plastics like Polylactic Acid (PLA) and Acrylonitrile Butadiene Styrene
(ABS) are usually the materials of choice for these printers and are very capable of
producing low to medium quality parts. PLA is used in this study.

Though plastic printers are useful for lightweight prototypes, the material proper-
ties limit their use in high strength applications. Some material extrusion techniques
have attempted use of metal pastes and metal-infused filaments, but powder bed fu-
sion is still the primary method for additively manufacturing metal components [15].
Selective Laser Melting (SLM) and Electron Beam Melting (EBM) are the two most
common types of powder bed fusion. Both processes use directed energy to melt
an atomized powder bed. SLM uses a laser while EBM uses a beam of electrons.
Stainless steel, titanium, and aluminum powders have all been used. Inert gas flows
into the build chamber so that highly flammable powders like aluminum and titanium
cannot combust.

AM technology as a whole has improved drastically over the past decade. While
AM originally was and still is used to manufacture prototype parts, the increase in
precision of new AM machines has allowed some companies to manufacture production
parts, such as General Electric’s turbine engine fuel nozzle. SLM-produced parts

are rapidly assimilating into automotive, aerospace, and medical applications. The
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advantages AM processes provide over conventional subtractive methods include:

Increased flexibility of design and design changes

Increased geometric complexity

Feasibility of low quantity or unique part production

Reduced or simplified assembly

Reduced logistics footprint

Most 3D printers read .STL files to generate parts [16]. The acronym STL orig-
inated with Chuck Hull and the SLA process, but more recently additional names
have been adopted such as “standard tesselation language” and “stereolithography
triangle language.” In this format, a 3D object is broken into triangular surface el-
ements defined by their three vertices and an outward normal vector. This defines
the part as a hollow shell with no thickness. Either proprietary or third party slicing
software uses the shell to define each individual layer of the part to be built. The

printer generates build paths from the layer data and then constructs the part [16].

2.5.2 Manufacturing of Lattices

Many researchers have examined the mechanical properties of lattice structures.
Rashad et al. [4] gives an overview of different manufacturing processes and summa-
rizes the findings of several articles.

Previous studies have manufactured metal lattice structures through a variety of
conventional manufacturing methods as well as a variety of additive methods using
a variety of materials [4]. Conventional methods include investment casting [13],
deformation forming [I7], brazed snap-together assembly [§], and brazed woven and

non-woven metal textiles [I§]. Different approaches produce lattices with different
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methods of failure and mechanical properties. Some of these methods have a limited
design space, the non-woven textile approach being one example. In this method,
lattices are constructed using straight metal wires stacked across each other and
brazing them together. Arrangements of straight wires limit the geometry of the unit
cell produced. Woven metal textiles improve on this limitation by bending the wires,
but still fundamentally has a narrow design space.

Some conventional manufacturing techniques can be time consuming and waste
more material when compared to SLM. This is especially true for investment casting,
which builds a sacrificial polymer or wax truss (often by material deposition AM).
The truss is coated with ceramic slurry which hardens to produce a mold, which can
later be used to form molten metal into lattices. The sacrificial wax used to create

the mold and is later removed and discarded.

2.5.3 Applicable Research

In this section, studies involving lattices and foams produced by additive and
non-additive methods are discussed.

Ushijima et al.[19] analyzed the compressive properties of stainless steel BCC cells.
Equations for calculating the initial stiffness (elastic modulus) and plastic collapse
strength (yield strength) are presented and compared to experimental results and
FEA predictions that used both beam and solid elements. It was found that when the
ratio of strut diameter to cell size is relatively small (d/L < 0.1), the experiments and
predictions are in agreement. Above this ratio, the predictions tend to underestimate
the actual results [19)].

Deshpande [I3] reviews the octet-truss structure analytically and through Finite
Element Model (FEM), then compared to experimental data gathered from an LM25

aluminum alloy octet-truss. Good agreement is seen between all three. Stiffness
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is lower than predicted due to “bedding-in” effects at nodal regions. However, the
stiffness and strength values seen are approximately half of the theoretical maximum
values for an isotropic voided material. Strength values are shown between 3-10 times
higher than a typical metallic foam. The authors forsee uses as strong, lightweight,
and possibly multifunctional structural materials.

Dong et al.[§] manufactured Titanium (Ti6Al4V) octet-truss lattice structures
via a snap-fit and vacuum brazing that showed excellent mechanical properties. Cell
relative densities ranged from 2 to 16%. At some relative density value between
0.024 and 0.046, the initial failure mode changed from elastic buckling to inelastic
buckling. Samples with relative density of 0.046 and higher all experienced permanent
deformation at first failure.

Andrews et al.[20] looked at metallic foams to determine the minimum number
of cells needed to neglect edge effects. Stress concentrations in cells near structure
edges can affect the overall performance of a structure if the structure relies on many
edge cells that are not supported by adjacent cells. Experimental tests were done
on open and closed cell aluminum foams to find convergence on the elastic modulus
and collapse strength. Results indicated that 6 cells in the z and y dimensions for a
z-dimension compressive load were adequate to find the elastic modulus. Above eight
and five cells, for open and closed cell geometries, respectively, showed convergence of
the collapse strength. For auxetic cells with negative Poisson’s Ratios near -1, Lakes
[21] predicts a low dependence on number of cells, which is demonstrated by Yang et
al.[2].

Reviews of auxetic foams for AM demonstrated enhanced properties including
mechanical hardness, toughness, stiffness and dampening. Cell geometry is said to
be the primary factor in determining the mechanical properties [12].

Yang et al.[2] analyzed, modeled, and tested Titanium (Ti6Al4V) auxetic re-
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entrant honeycomb structures to determine their mechanical properties and Poisson’s
ratios. Equations in terms of the geometric parameters were derived to give elastic
modulus and strength predictions. Samples were manufactured using EBM. Param-
eters used are shown in Table 2.2 For samples A1l and A2, a cube of 4 unit cells per
dimension (4x4x4) was used and a 4x4x3 was used for the others. The 45 degree strut
angles gave the most negative Poisson’s Ratio, meaning they were best at condens-
ing. The FEA results and experimental data were generally in good agreement of

Table 2.2. Design parameters for compression in the z direction. From Yang et al.[2].

Design | 0 (deg) | h (mm) | L (mm) | h/L | t (mm) | Relative density (%) | ..

Al 70 5.50 4.26 1.29 | 0.8 12.77 -0.37
A2 70 4.13 3.19 1.29 | 0.8 19.96 -0.37
A3 45 7.74 3.78 2.05 0.8 23.30 -1.90
A4 45 6.46 3.15 2.05 ] 0.8 31.09 -1.90

each other, usually within one standard deviation of the experimental data. Analyt-
ical predictions on the other hand either under- or over-estimated the experimental
data. Major conclusions drawn were that the ”characteristic strut ratio” h/L and
re-entrant angle # both have significant effects on the mechanical properties and that
3 or more auxetic cells per dimension is adequate to neglect edge effects. Results

from the edge effect study can be seen in Figures [2.8 and [2.9]
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Figure 2.8. Size effect elastic modulus convergence, from Yang et al.[2].
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Figure 2.9. Size effect poisson’s ratio convergence, from Yang et al.[2].
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2.5.4 Anisotropy

It has been well documented that components made via AM have anisotropic
material properties [22], 23], 24]. The effect of build angle on material properties has
been studied by several researchers, but no clear conclusion has emerged. Meier and
Haberland [25] performed tensile tests on SLM-produced specimens with longitudinal
axes built at 0°, 45°, and 90° from the build plate. These were made from stainless
steel powder (3161, X2 CrNiMo 17 13 2). Their data showed that the 0° horizontal
specimen had the highest strength, and strength decreased linearly as angle increased
to 90° (vertical specimen). Contrary to those findings, Shifeng et al. [26] performed a
similar experiment with build angles of 0, 45, 60, 75, and 90 degrees. They discovered
that the specimens built off of the build plate (45° and higher) exhibited much higher
tensile strengths than specimens they built flat on the plate, with 45 degrees being
the highest. A third source however found that a 45° angle had the worst strength of
three specimens among 0, 45, and 90 degree orientations [27].

Shifeng et al. [26] theorize that the number of track-track melt pool boundaries
(boundaries between two successive laser paths) determines the strength. They note
that cracks propagate from these intersections, and vertical samples have fewer of
these locations per cross sectional area. Fewer boundaries means smaller probability
of cracking, and fewer cracks means higher strength. This theory however cannot
be consistently applied to all three studies, indicating other factors also influence
strength. Due to the conflicting data, this study will use the simplifying assump-
tion that the printed material has isotropic properties to analyze the overall lattice

response.
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2.6 Finite Element Analysis (FEA)

FEA is a numerical analysis method that breaks a large problem down into many
smaller ones. Formally, FEA allows one to calculate the spatial distribution of a
continuous field. A common example of a spatially distributed field is the stress
within a loaded structural member or the temperature or magnetic field distributions
through space or material. FEA determines values for the continuous distribution
at discrete points within the medium by breaking medium into many smaller finite
pieces. The individual reaction of each piece can be solved for with given boundary
and loading conditions. The sum of all the individual reactions provides insight into
the reaction of the whole [2§].

Each small piece is called an element (hence “finite element”), and elements are
defined by connection points called nodes. Various elements exist with preferred
applications for each. Elements can be one dimensional lines, two dimensional sur-
faces, or three dimensional solid entities. The segmentation process of the whole into
elements is called meshing, and the collection of elements produced is called a mesh.

Higher dimension elements inherently require a higher number of nodes to fully
define them but can provide more accurate information. While higher dimension ele-
ments can provide improved modeling capability, they can also significantly increase
computation time. For example, each node in a 3D beam element can have 6 Degrees
of Freedom (DOF) which must be solved for. In order to solve a system of equations,
there must be one equation for every independent variable. With many elements
each with several 6-DOF nodes, the number of equations can increase rapidly with
the number of elements. A more accurate model can also be attained by increasing
the number of elements used in the mesh, at the cost of computation time.

Matrices are used to compile and to solve all of these equations. Regardless of the

element type, the same fundamental equation is used in structural application.
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[KI{D} = {R} (2.6)
Where
[K] = global stiffness matrix
{D} = displacement vector
{R} = load vector

Equation 2.6 is essentially a matrix version of Hooke’s Law. The structure is
treated as a collection of small springs in static equilibrium. Each element has its
own individual stiffness matrix, all of which are incorporated in the global stiffness
matrix. Applied loads are accounted for in the load vector. [K] and {R} are typically
known, so the displacements of each node can be calculated. With knowledge of
displacements, geometry, and material properties, stress can be calculated within

each element.

— ANSYS

R17.2

Academic

MER 1 2017
13:-20:3%2

4-Cctet_lxlxl 1111.txt

Figure 2.10. ANSYS Beaml189 element used to model struts. Thickness shown is for
visualization purposes only; beam elements are lines with no physical thickness.
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In this study, 3-node, one dimensional beam elements (BEAM189 in ANSY'S [29])
are used to represent the lattice struts. It is considered a quadratic element because
it can provide a second order response. Each element has a midpoint node which
provides displacement information at the middle of each element. Beam elements
are a good choice to model struts because they are not computationally expensive
but give close approximations to solid elements in the elastic deformation region.
The beams are physically represented as one dimensional lines through 3D space.
Thickness, cross section shape, and material properties of the struts are accounted
for mathematically.

One thing to note is that one dimensional elements do not interact with each other
except at specified nodes and connection points. In the model used in this analysis,
struts can intersect but not show any deformation or stress as a result. This is a

product of the elements being one dimensional.

2.7 Summary

Background and applicable research to periodic cellular lattice materials has been
presented. Studies using Finite Element Modeling on compression testing of lat-
tice structures has been presented. Key concepts such as bending vs. stretching-
dominated structures and the expected responses of the three selected unit cell types
have been discussed. Chapter 3 will outline the methodology used in FEM construc-

tion and test conduction.
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III. Research Methodology

3.1 Chapter Overview

A scripting method using the software program MATLAB from MathWorks, Inc.
and Finite Element Analysis (FEA) program ANSYS Mechanical by ANSYS, Inc.
was used to perform the analyses in this study. A review of the program capabilities
and the thought process behind building the model will be presented in this chapter.
Criteria for experimental lattice specimen selection will be laid out. The methodology
for the experimental compression testing of 3D printed Polylactic Acid (PLA) lattice

structures will also be outlined.

3.2 MATLAB and ANSYS Collaboration

The basic idea behind a two-program modeling tool is to allow the FEA be per-
formed by a dedicated FEA program and let the iteration and data handling be done
by a multifunctional support program. The finite element program ANSYS Mechani-
cal 17.2 was utilized to analyze the lattice structures. ANSYS was used for two main
reasons. First, it has the ability to run a scripted analysis, which was necessary in
order to iterate through the many combinations of design parameters. Manually pro-
ducing the desired number of runs from a user interface would be highly inefficient
and time consuming. Second, a mature software package was desired to have good
confidence in the results.

The ability to script in the ANSYS Parametric Design Language (APDL) allowed
multiple autonomous analyses to be performed. The need to autonomously change
these APDL scripts was met by using the MATLAB 2016 Student software program
from MathWorks Inc. All design parameters are chosen by the user upfront in the

MATLAB code, from which numerous analyses can be executed with one click. From
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the literature search, it appeared that few studies utilized this software program
combination for this purpose or in this manner.

The flowchart in Figure 3.1] gives a top level view of the modeling process. Finite
Element (FE) and geometric parameters are defined in MATLAB. Strut and keypoint
connectivity is defined to create the aggregate lattice geometry. This data is sent to
ANSYS for the FEA portion of the tool. Results of the ANSYS calculations are
collected and written to files that are read by MATLAB for data analysis. MATLAB
also writes scripts for two software programs to generate the necessary 3D geometry
files for printing, which will be discussed in a coming section. These geometry files

can be generated without completing a FEA study.

- Geometry Creation & Lattice Finite ) ;
ParaTﬁf_l[&eéﬁrltmn » Modification Element Analysis —» Dat&ﬁ%'#egmn — D?rtﬂaﬂ’?‘r[il;?'s
! (MATLAB) [ANSYS) ! !
STL Creation
(nTopology or
OpenScad)

Figure 3.1. Top level flow of the modeling tool.

3.2.1 FE Model Inputs

MATLAB serves as the user interface for the tool. It is responsible for accept-
ing the user inputs for the various parameters. The user has the ability to change
geometry parameters for unit cell type, unit cell size, number of cells in z, y, and 2
dimensions, relative density, strut cross section shape, and amount of imperfection
introduced as slight deviations to keypoint locations. The re-entrant strut angle can
be changed for Auxetic unit cells. The user can also modify modeling parameters
including the type of loading boundary condition (force or displacement), number of
elements per strut, and number of load steps. A height in the z dimension can be

selected to examine a plot of the stress contour on the lattice cross section at that
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height.

The material properties of elastic modulus, Poisson’s ratio, density, and yield
strength are required for the analyses. If known, a variable elastic modulus as a
function of build angle can be input. Otherwise, a constant elastic modulus for

isotropic material is used.

3.2.2 FE Model Outputs

The model outputs several values critical to determining lattice performance. Load
per mass, with load referring to force or displacement, gives the per-weight ability of
the lattice. Force outputs give values pertaining to the structure’s strength. Displace-
ment gives values related to compliance of the structure, or its ability to endure strain
before yielding. Maximum lattice load (force/displacement), Von Mises stress in the
center-most unit cell, and computation time are also collected for each run. These
first three primary values (load, load/mass, and stress) are calculated for the exact
force or displacement at which yielding occurs. Several other outputs are accessible
and used to calculate the primary three.

ANSYS generates data files which are read back into MATLAB for processing.

This data is in .txt file format and includes:

e coordinates of undeformed nodes

e 1z, y, 2, and total sum displacements of nodes at last load step

e max stress in each element for each load step

e keypoints and their associated nodes

e clements, their associated nodes, and max stress within them at last load step
e center cell element numbers

e contour plot element numbers

These text files are read in by MATLAB and used for various plots and data man-

agement.
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Various plots are produced which are discussed later. Three contour plots show
the stress in elements at a user-specified z dimension height at yield. Interaction
plots are generated for Design of Experiments (DOE) runs to show the effect of a
combination of two variables. ANSYS outputs several wireframe images of the last

load step deformed lattice.

3.2.3 Model Operation
3.2.3.1 Geometry Generation

MATLAB is used to generate the keypoints and lines that define each lattice,
then pass them to ANSYS for analysis. Keypoints and lines for a single cell are
stored in a separate function script for each cell. When a given lattice is selected,
the appropriate function is called to pass that data to the main MATLAB script.
The main script assembles the desired aggregate lattice with user desired attributes.
Single cell properties for each cell type are given in Table [2.1]

Aggregate lattice attributes refer to the total number of keypoints, struts, unit
cells, and elements that comprise a single lattice. Keypoints and sometimes struts are
shared by multiple cells which will affect the total number of that feature. Equations
for these are presented here parameterized by the user’s inputs for number of cells in
each dimension, n,, n,, and n,. Z is defined as the vertical direction. These equations
are for ideal lattices without any struts removed.

Equations for BCC:

Nip = 2nanyn, +ngny + ngn, +nyn, +ng +ny +n, + 1 (3.1)

Nstrut = 8n$nynz (32)
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Equations for Auxetic:

Nyp = 8ngnyn, + 4ngn, + dngn, + 4nyn, + 2n, + 2n, + 2n, + 2 (3.3)

Nstrur = 20n,nyn, + 2nyn, + 6ngn, + 6nyn, +ny +ny +n, + 1 (3.4)

Equations for Octet:

Nip = Angnyn, + 2ngny + 2ngn, + 2nyn, +ny +ny +n, + 1 (3.5)

Notrur = 24n,nyn, + 4ngny, + 4ngn, + 4nyn, (3.6)

The equations for number of cells and number of elements apply to all three cell

types:

Neenrs = NNy N (37)
Nelem = NstrutNdiv (38)

Where

n, = number of unit cells in the z direction
n, = number of unit cells in the y direction
n, = number of unit cells in the z direction

Ngip = number of divisions (elements) per strut
3.2.3.2 Auxetic Cell Geometric Parameters

As previously mentioned, the Auxetic re-entrant honeycomb cell has variable ge-
ometry parameters h, L., and 6. To compare with the other two cell types, the
choice was made to fix the overall cell dimensions as cubic. The user input of 6, cell

size c¢g, and the cube constraint defines the values of L., and h, seen in Equations

and respectively.
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Figure 3.2. Theoretical (a) minimum [45°] and (b) maximum [90°] values of 6 for a
cubic Auxetic cell.

Cs

2sin(6)

Loy = (3.9)

h = Ly (cos(6) + sin(6)) (3.10)

0 has a theoretical range of 45° to 90° for a cubic unit cell, as illustrated by Figure
3.2 The realistic minimum value is slightly larger than 45° dependent on the strut
thickness. Small angles result in contact between the upper and lower corners of the
cell. In this study, two different re-entrant strut angles, 75° and 90° were used in the
DOEs. A separate study beforehand studied the effect of the re-entrant strut angle.
Methodology for this study is discussed later in this chapter and results are discussed

in Chapter 4.

3.2.3.3 Boundary Conditions

The boundary conditions are modeled to mimic the constraints imposed by the

universal test machine used for compression testing that can be seen later in Figure

32



The machine uses hydraulics to press two parallel aluminum plates together.
The compression can be controlled using a force ramp rate or displacement ramp rate.
Regardless of control used, all of the top and bottom contact points on the lattice
will move simultaneously as the plates compress. This ideology was implemented in
the model’s boundary conditions.

In the model, the loads are applied to each of the +7 face keypoints in purely the
-Z direction. Rigid zero Degrees of Freedom (DOF) boundary conditions are applied
to each keypoint at the base of the lattice, at height z=0. ANSYS accomplishes
this by applying the boundary conditions to all keypoints at z-dimension heights
within the range (desired height)+(z error). When z-dimension keypoint offset error
is introduced, the constraints are applied to the same numbered keypoints as in the

unaltered lattice.

Figure 3.3. Side view of an octet lattice showing modeled boundary conditions. Loads
are applied to top face keypoints and 0 DOF contraints are applied to the bottom
keypoints. This case shows the differing magnitudes of force loads amongst center,
edge, and corner keypoints.

When using force boundary conditions, the user input is treated as the total

force and divided proportionately amongst the top face keypoints, dependent on their
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location. Keypoints along a top edge receive a load that is half that of a keypoint
in the center, and the four corner keypoints receive a load that is one quarter of a
center keypoint load. The loads are divided like this to eliminate edge effects that
would occur if an equal load was applied to each top face keypoint. In an infinite
lattice, a unit cell’s top corner keypoint would always be supported by the struts of
four unique unit cells. However, in the finite lattices in this study, the top corner
keypoints of the aggregate lattice are only supported by one unit cell. Similarly, top
edge keypoints are only supported by two cells instead of four. Applying an equal
force to each keypoint would lead to higher calculated stress and displacement values
that would not be representative of the experimental boundary conditions.

ANSYS incrementally applies the total user-specified force or displacement over
a user-specified number of steps. Each load increment is of equal value, load divided
by steps. ANSYS will calculate displacements and Von Mises stress values for those
specific load increments. The entire simulation is in the linear elastic regime, so
ANSYS will report stresses that are greater than the yield stress of the material if the
user-specified load causes yield. A breach of yield stress in reality will of course cause
non-linear deformation, but modeling as an infinitely linear material allows for the
determination of the yield point. MATLAB interpolates the load step stress data to
find the exact force or displacement at which yield occurs. To show how this is done,
consider Equation [3.11] which defines the uniaxial, elastic displacement of a material
block due to an applied force [30].

PL

= A1
J A (3.11)
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Where

0 = displacement

P = force applied

L = length of block in the direction of applied force
E = elastic modulus of the material

A = minimum cross sectional area of the block

Assuming, for a given lattice, that L, F, and A are fixed, it is apparent that
0 o %, i.e. displacement is proportional to stress. Since A is fixed, P o %, i.e. force
is proportional to stress. Therefore it can be expected that the stress rises linearly
with both force and displacement.

Knowing this, MATLAB interpolates to find the exact load value at which yield
stress is breached. First, the load step at which yield has occurred is determined. A
ratio between the maximum stress for that load step and the material yield stress is
calculated, then used to scale down the stress in every element for the load step. The
scaled down values are the stress values at yield, since the highest stress has been
scaled down to be exactly at yield. The linearity of the model provides that stress in

any one element will be proportional to the stress in another element for any given

load.

3.2.3.4 Relative Density and Mass Calculations

Relative density is defined as the density of the lattice structure divided by the
density of as described by Equation With a constant solid material density,
relative density is equivalent to volume fraction. The model takes the user input for
relative density and determines the strut diameter that gives that density. Relative
density is calculated for a single unit cell by dividing the strut-occupied volume by

the volume of a box with the same dimensions as the unit cell.
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Veeu

e 3.12
pra =y, (3.12)

Where

V.enn = Volume of the unit cell

Vior = Volume of unit cell bounding box

To find the single cell volume, the basic approach is to approximate each strut as
a cylinder and sum the volumes of those cylinders. This approximation works well for
struts with higher length/diameter (L/d) ratios. Overlapping struts at regions near
keypoints means that the summation of all of the cylinders’ volumes will lead to an
overestimate of volume and therefore an underestimate of strut diameter. This is of
some concern when working with low L /d ratios or when working in the sub-millimeter
range. Strut diameters this small approach the resolution of many commercial 3D
printers. A more accurate representation of the volume will calculate a slightly larger
strut diameter, which increases the chance of a successful build.

The true overlapping volume of intersecting cylinders is called a Steinmetz solid
[31]. The shared volume changes based on the number of intersecting cylinders and
the angles at which they intersect. With different cell shapes, strut intersections
and angles, it would be difficult to calculate the exact overlapping volume for each
intersection. However, as the number of intersecting cylinders approaches infinity, the
Steinmetz solid volume approaches that of a sphere. The largest Steinmetz solid (two
cylinders) has a volume 1.27 times that of a sphere. Hence, in this study, overlapped

volumes were approximated by spheres and removed from the strut volume.
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Figure 3.4. Steinmetz Solids created from the overlap of (a) 2, (b) 3, and (c) 4 cylinders.
(d) Sphere of same radius for size reference.

The locations of struts and the sphere volumes to be removed both affect the
amount of volume that lies within the cell box boundaries. Keypoints and struts
shared with adjacent cells also share volumes; therefore, a unit cell that is completely
surrounded by other cells must be examined (essentially a 3x3x3 aggregate lattice).
A sphere at a unit cell’s corner keypoint extends its volume into eight different unit
cells. Therefore, the number of sphere volumes to remove from a single unit cell
depends on the number of cells the keypoint is shared with. It also depends on the
number of struts intersecting. Similarly, a strut shared by N unit cells provides % of
the cylinder volume to each cell.

Relations between relative density and strut diameter are shown in Equations[3.13]
to[3.15. These were each derived by calculating the volume of the cylindrical struts

(d* term) and subtracting out the overlapped volume (d® term). Solving for the strut

diameter d requires finding the roots of a polynomial equation.

Vece = md? V3 - ¢y — 6(2/2 —V6)d® (3.13)

Vauz = 7d*(h + 4L) — 27 d’ (3.14)
2 10 3
Vor = 3md> V/2 - 5 — 5 d (3.15)
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Where
Vicety = Volume of subscripted cell type

d = dgo1iq4 = solid strut diameter
cs = cell size
h = Auxetic vertical strut length

L = Auxetic re-entrant strut length

The strut cross section was one more consideration when determining the strut
size. This study chose to keep the cross sectional area identical for both solid and
hollow struts to see the effect of the hollow struts’ greater second moments of area.
Fixing the cross sectional area however does not fix the wall thickness, so a consistent
1.25 * d1:4 Was chosen for the outer diameter. This mandated the inner diameter be
0.6 * dgo4q for a thickness of 0.325 * dgpiq-

Mass is calculated by summing the mass of each individual strut using Equation
[3.16] As with strut size, overlapped volumes will cause a slight overestimate of the
mass. However, in this case, overlapped regions were not removed. The main reason
for subtracting overlapped volumes earlier was to ensure printable strut sizes were
created. Adding the masses of the individual struts ensures deleted struts do not get
accounted for erroneously. For hollow struts, d® is replaced with (d2 — d?), where d,

is the outer diameter and d; is the inner diameter.
Nstrut d 2
=Sl o

3.2.4 Lattice Analysis Tool Features

Certain key features of the modeling tool will be hit on here. The program consists
of a main script and 6 function scripts called from it. This prevents some clutter in the

main script and allows for the future addition of new unit cell shapes through addition
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of new function scripts. There is one function script for each unit cell type which
provides the keypoint locations and strut connectivity for that cell. The other three
are function scripts that compose scripts for use in the programs ANSYS, nTopology,

and OpenScad.

3.2.4.1 Plots

Three different contour plots give various visualizations of the stress across the
lattice cross section at a user-selected height. Values used for these plots are the
maximum Von Mises stress from each element that possesses a node closest to the
user’s selected height. They are plotted with the z-y coordinates of the element’s
midpoint node. Each plot is three dimensional in the sense that they use x and y
coordinate data and plot stress on a third colored ”axis”, though the scatter plot
is a 2D plot with stress values solely represented by color. The scatter plot is most
accurate in showing the exact locations of the elements when imperfections are present
(both keypoint/node offset error and missing struts). The 3D bar and the 3D surface
plots have limited usefulness when keypoint error is introduced due to the MATLAB
syntax used to generate the plots. However, they do helpfully display stress trends
for lattices with ideal geometries.

MATLAB generates DOE main effect and interaction plots to analyze the impor-
tance of variables and the effect of their interactions on lattice performance. Main
effect plots show the importance of each factor level, while interaction plots show

two-factor interactions. These plots are explained in a later section.

3.2.4.2 Individual Unit Cell Function Scripts

ANSYS needs two sets of data to generate the geometry used in the analysis: 1)

z, 3, and z coordinates and a number label for every keypoint in the lattice, and
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2) the two keypoint numbers which define the endpoints for every strut. Keypoint
coordinates and strut connectivity data for a single cell are stored in the unit cell
function script and sent to the main script when called. The data is used to create an
aggregate lattice according to the user inputs for number of cells in each dimension.
The single cell keypoint coordinates and strut connectivity are duplicated along each
dimension according to the user inputs. This creates multiple keypoints with the
same coordinates for cells with keypoints that are shared with neighboring cells. The
duplicate keypoints are then removed and the struts are reassigned with updated
keypoint numbers. The final result is the ideal geometry framework for the lattice.
Data is stored in matrices until modified by another program feature and sent to the

ANSYS script-writer function.

3.2.4.3 Error Offset

Another feature is the ability to insert slight error to the coordinates of each
keypoint. A random uniform distribution is used to modify the coordinates of each
keypoint up to a maximum distance specified by the user. The user input is in
millimeters. Keypoints can be randomly offset in either the positive or negative
direction. Coordinate offset in the x, y, and z dimensions can each be individually
turned on and/or set to different values. This can be used to mimic the effect of
imprecise laser paths or melt pool depths on the as-built geometry. It is shown later
that small offsets create struts with stress concentrations which breach yield stress

quicker than the ideal geometry.

3.2.4.4 Strut Deletion

Modeling damaged, broken, or improperly built struts can be simulated with

the Strut Deletion feature. The user can input a percentage of total struts to be
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removed from the lattice. The specific struts removed are again selected using a
random uniform distribution, but are limited to struts that are internal to the lattice.
Internal struts are defined as struts with no keypoints on any external face. Any
internal strut has an equal chance of being deleted. Therefore, the struts selected
for deletion from two different runs with identical parameters will almost always be
different.

Modeling errors occasionally occur when using this feature due to the random
creation of unconstrained struts. The random nature of the strut deletion sometimes
leaves a single floating strut disconnected from the rest of the lattice if all of its
neighboring struts are deleted. The chance of this happening increases with increasing
deletion percentage and decreasing total number of struts. External struts are exempt
from deletion, leaving a limited number of struts to choose from for deletion. This
tends to occur in Auxetic cells slightly more often, since top and bottom vertical
struts are connected to only four other struts.

In practice, the model was restarted whenever this occurred, since the probability
of an error reoccurring with a new, randomly generated geometry was low for the
chosen parameters. A permanent fix for this would consist of a continuity checker in
MATLAB prior to the ANSYS run. For now, a continuity checker is left to future
work. In reality, a lattice print with more than a small percentage of struts missing
or damaged would most likely be noticed upon inspection and would be reproduced

or replaced anyway.

3.2.4.5 Anisotropic Elastic Modulus

The MATLAB code has been written with the ability to incorporate anisotropic
elastic modulus values dependent on build angle. For a cylindrical test specimen,

changing the angle between the horizontal build plate and the axis of the cylinder
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during production produces different material properties, namely elastic modulus.
Elastic modulus as a mathematical function of the angle from build plate can be used
if desired. Tension/compression specimens at various angles should be printed on the
same machine that will be used to create the actual components. An equation for
elastic modulus as a function of angle can be generated from that test data and input
into the FEA code. In this study however, a constant elastic modulus was used, and

study of elastic modulus variations is suggested as future work.

3.2.4.6 nTopology Script Writer

The next two features give the ability to generate the geometry file used by most
additive manufacturing (AM) machines. The first program used to do this is nTopol-
ogy Element, a software package created specifically for generating 3D lattice geome-
tries. MATLAB writes a script defining the keypoints and strut connections. This
script is an .xml file type with a .ltcx extension. nTopology reads the keypoints and
lines from this file and generates a wireframe lattice. The wireframe lattice can then

be thickened, meshed, and saved as an STL file for AM machine use.

3.2.4.7 OpenScad Script Writer

OpenScad is an open source 3D geometry creation software. Geometry is created
and rendered using user-generated input code. Basic commands allow creation of
simple shapes like spheres, cylinders, and rectangular prisms, and Boolean operations
allow combination and manipulation those shapes. This means the geometry can be
defined fully with one input script. However, rendering and STL file generation with
moderate resolution takes significant time.

To generate a lattice model in OpenScad, a cylinder was rendered for each strut,

and a sphere was placed at each keypoint. The keypoint spheres filled in gaps and
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rounded off the ends of struts to prevent discontinuities. A resolution of 10 faces
around the perimeter of circular areas was used. This means a cylinder is rendered

as 10 flat, adjacent rectangular faces around the perimeter with both ends capped.

Figure 3.5. nTopology is a lattice generation software with many functions that include
creation of conformal lattices to curved surfaces as shown here.
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Figure 3.6. OpenScad is a free, code-based, open source geometry generation program
that can be used to create 3D print files.

3.2.4.8 nTopology vs. OpenScad

The main difference between these two programs is that nTopology is specifically
built and optimized for lattice geometry generation, whereas OpenScad is not. The
upside to using nTopology is the speed at which meshes and STL files are generated.
Large files on the order of Gigabytes can be processed on the time scale of minutes,
where OpenScad would take several hours. One downside is that nTopology requires
more user interface time to perform Boolean operations, such as creating hollow
lattices. However, nTopology consumes vastly less total time than using OpenScad.

Another difference between the two programs is that strut intersection geometry at
keypoint locations is handled differently between the two models. nTopology fillets

the intersections of the cylinders, giving a rounded look, while OpenScad uses the
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sharper, exact intersection geometry. A comparison can be seen in Figure 3.7 The
effect of this was not examined in this study, but it can be reasoned that the extra

material around the keypoints added strength by effectively shortening the struts.
W -, W %

p.a\/
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Figure 3.7. Comparison of the STL file geometry generated by (left) nTopology and
(right) OpenScad.

3.3 Finite Element Analysis Simulations

3.3.1 Main Study - Full Factorial Design of Experiments

FE simulations were carried out using the model described above. A full factorial
Design of Experiments (DOE) was chosen to study the effects of a multitude of
design parameters (also called factors) each with a different number of levels. In a
full factorial DOE, every combination of factor levels is simulated to examine the
impact each factor has on the result in question. The number of runs is given by
Equation A total of 432 analyses were performed in this study, 216 each for the

force and displacement boundary conditions explained in Section 3.2.3.3.
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Nfactor

New = [] ® (3.17)

i=1
Where

N,yn = Number of full factorial runs
Ntqctor = Number of factors

k; = Number of levels for 7’th factor

The factors examined in the study were unit cell type, relative density, strut cross
section shape, keypoint offset error, and deleted strut percentage. Various levels were
used for each factor and can be seen in Table 3.1} Aggregate size was fixed as a
50 mm, 9x9x9 cube, resulting in a cell size ¢, of 5.556 mm. The number of cells
was chosen based on the 8-cell minimum recommendation from Andrews et al. [20].
Modeling parameters were set to 1 element per strut and 5 load steps. Examination
of these two modeling parameters prior to performing these preceding studies showed
no improvement with any higher values.

Table 3.1. Factors and Levels examined in the main DOE.

# | Factor # Levels | Levels

BCC

Auxetic, § = 75°
Auxetic, § = 90°
Octet

Solid Circular
Hollow Circular
10%

30%

50%

0 mm

0.25 mm

0.50 mm

0%

1%

2%

1 | Cell Type 4

2 | Strut Shape 2

3 | Relative Density (%) | 3

4 | Keypoint Offset (mm) | 3

5 | Strut Deletion (%) 3

@R W N N e W
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The DOE configuration in Table was run twice, once for a force loading con-
dition and once for a displacement loading condition. The top load-bearing lattices
without imperfection (i.e. without keypoint error or missing struts) were selected
from the Force DOE results. Each lattice selected for printing was the highest load
bearing solid strut configuration of its cell type, with the 90° Auxetic cell predicted
as the overall best solid strut lattice. Both the displacement and force boundary
condition studies used the same parameters, however only the unmodified, ideal lat-
tices had the same geometry in both studies due to the random modification features

mentioned previously.

3.3.2 Additional Studies

Three additional studies were performed to look slightly more in depth into certain

effects.

3.3.2.1 Auxetic Re-Entrant Strut Angle Study

An Auxetic re-entrant strut angle study was performed prior to the main study
to see the effect of angle # on force and displacement performance. Angles of 0 =
55° through 90° in 5° increments were analyzed. Below about 55°) the cubic Auxetic
cell approaches the end of its usefulness because the gap between upper and lower
struts nears zero, meaning contact will be made quickly under compression. Minimum
angle however does also depend on the strut size; thinner struts can be built at slightly
smaller angles if desired. All other variables were held constant; values for them are
listed in Table[3.2] Both force and displacement boundary conditions were examined.
This study was the basis for the inclusion of the 75° and 90° lattices in the main

study.
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Table 3.2. Parameters and Inputs for the Auxetic Re-entrant strut angle study.

Variable/Attribute | Value

Lattice Cells 9x9x9

Lattice Dimensions | (50 mm)3
Unit Cell Size 5.556 mm
Strut Type Solid Circular
Relative Density 10%

Strut Diameter ~(0.6 mm
Offset Error none

Strut Deletion 0%

3.3.2.2 Keypoint Offset Error Study

A keypoint offset error study looked at larger values of keypoint coordinate error
than the main study encompassed. Eight different error levels ranging from 0 mm to
0.8 mm were used. As mentioned previously, the keypoint offset feature is random
and can give widely different results from run to run, so an average of five data points
for each cell type at each error level was obtained. The force values were normalized
with respect to the ideal lattice geometry yield force. Figure |3.3|shows the values for

the other variables.

Table 3.3. Parameters and Inputs for the keypoint offset error study.

Variable/Attribute | Value

Lattice Cells 9x9x9

Lattice Dimensions | (50 mm)?
Unit Cell Size 5.556 mm
Strut Type Solid Circular
Relative Density 30%

Strut Diameters

BCC = 1.37 mm

Aux75 = 1.13 mm
Aux90 = 1.19 mm
Octet = 0.892 mm

Offset Error

0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 mm

Strut Deletion

0%
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3.3.2.3 Strut Deletion Study

Similar to the keypoint offset error study, a strut deletion study looked at lattices
with higher percentages of struts removed than the main study had. These two
“modification studies” were both performed after the main DOE study. Higher strut
deletion levels forced a change in the methodology from what was used in the main
DOE. Deletion of any strut in the lattice was changed to delete only completely
internal struts.

For the Strut Deletion DOE, eight different levels up to 15% of the total struts were
removed from the internal structure. Table lists the parameters for all variables
used in the study.

Table 3.4. Parameters and Inputs for the strut deletion study.

Variable/Attribute | Value
Lattice Cells 9x9x9
Lattice Dimensions | (50 mm)?
Unit Cell Size 5.556 mm
Strut Type Solid Circular
Relative Density 30%
BCC = 1.37 mm

Strut Diameters

Aux75 = 1.13 mm
Aux90 = 1.19 mm
Octet = 0.892 mm

Offset Error

none

Strut Deletion

0%, 1%, 2%, 4%, 6%, 8%, 10%, 15%

3.4 Experimental Compression Testing

This study originally intended to compression test Selective Laser Melting (SLM)-
made metal lattices, however circumstances prevented custom metal prints from being
produced. As a substitute, PLA plastic lattices were printed on an Ultimaker 2+

Extended 3D printer. Three of each lattice were printed for repeatability.
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3.4.1 Lattice Selection

Top performing lattices from the main DOE were chosen for experimental com-
pression testing. The highest load-bearing, solid strut lattice of each cell type was
selected. Table|3.5[shows their attributes. Printability was a primary concern; all lat-
tices necessitated printing without support material, because internal supports would
be impossible to remove. Solid struts and 50% relative density were chosen in order
to avoid feature size limitations of the printer. Strut diameters fell in the range of 1-2
mm, a safe margin above the 0.4 mm nozzle resolution. Figure [3.8 shows 3D models

of the three selected lattices.

Figure 3.8. 50 mm lattice cubes selected for printing: (a) BCC, (b) Auxetic, and (c)
Octet.

One additional consideration for the Auxetic cell was the build orientation re-
quired for production. 90° strut angles made it possible to build in the desired crush
direction, along the z axis. Auxetic cells with more acute angles have sharp overhangs
that create disconnected build layers. The extruder in this case will try to build in
mid-air, resulting in excess material strewn across the gap in unintended locations.
Though in some cases it may be possible to complete the build like this, the mechani-
cal properties would be greatly diminished. The solution to this is building the lattice
on its side. Short horizontal overhangs are possible with the Ultimaker, provided the

extruded material is supported on both ends. A downside to side printing would be
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the introduction of anisotropic effects from not only the build layer direction but also
from the type of plate adhesion. To remain consistent with identical build and crush
directions for all cells and to avoid anisotropy, the 90° Auxetic lattice was chosen.

Table 3.5. Lattices selected for experimental testing.

Cell Strut | Relative | Offset | Struts Predicted St'rut
1D Tyvpe | Tvpe | Densitv | Error | Deleted Force at | Diameter
il B ' Yield (N) | (mm)

1117 | BCC | solid | 50% none | none 2235 1.80
19 | Aux90 | solid | 50% none | none 6011 1.60
3120 | Octet | solid | 50% none | none 5253 1.18

3.4.2 Lattice Generation Methods

Once the three lattices were selected, .STL files were generated with nTopology
Element, using the input file generated by the model. The wireframe lattices were
thickened to the diameters calculated by the model. Default mesh settings were used
to generate the triangular surfaces written to the .STL file (“mesh resolution” and
“node smoothing” were set to 0, on a 0 to 1 scale). This default mesh gives an
adequate representation of each lattice. Refinement would have generated larger file
sizes, which already ranged from 30-150 MB.

The .STL files were then read by Ultimaker’s slicing software, Cura, to develop a
script readable by the printer. This script, known as “G-code”, contains important
print parameters and nozzle build path for each layer of the part. The Ultimaker was

then used to produce three of each lattice.
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Figure 3.9. BCC cell being produced on the Ultimaker. A raft adhesion technique i

shown.

3
23

Figure 3.10. As-built BCC lattice used in compression testing.
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Figure 3.11. Auxetic printed lattices used in compression testing.

Figure 3.12. Octet lattice used in compression testing.
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Print parameters for each cell type are listed in Table[3.6 The octet cell was built
with faster settings than the others, though the total print time was the longest at
about 25 hours. The Auxetic and BCC cells took about 23 and 15 hours, respectively,
but required some parameter changes to prevent build errors. Every strut on the
bottom of the octet lattice contacts the build plate, giving it a large, connected surface
area with which to adhere to the build plate. Opposite to that, the Auxetic and BCC
lattices have small contact surface area at the strut tips. During initial builds of
the BCC lattice, the movement of the print head coupled with extrusion of filament
disconnected the strut tips from their anchor points. This failure compounded when
the separated tips were drug by the nozzle across other tips, disconnecting them as
well. First brim and then raft adhesion techniques were attempted, but the problem
persisted until the lattice was lowered a fraction of a millimeter and the travel speed
of the print head was lowered. Slight variations in raft parameters were used between

the Auxetic and BCC lattices.
Table 3.6. Experimental Lattice Build Parameter Settings.

Cell Type BCC | Aux90 | Octet
Layer

Height (mm) 0.15 | 0.15 0.15
Infill 100% | 100% | 100%
Density

Print

Speed (mm/s) 60 00 00
Travel

Speed (mm/s) 100 80 150
Support none | none none
Build Raft | Raft | Skirt
Plate Adhesion | & i
Raft Air

Gap (mm) 0.3 0.2 N/A
nitial 2 0.15 |01 | N/A
overlap (mm)

Raft Top 9 5 N/A
Layers
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3.4.3 Lattice Compression Tests

Figure 3.13. Experimental setup on Test Machine.

A 22 kip MTS 793 Universal Test Machine was utilized to compress the test
specimens. Lattices were compressed between two parallel aluminum platens. The
hydraulic heads were operated by a controlled displacement value and logged output
data for concurrent force and displacement. On this machine, the bottom platen
moves upward to compress the specimen against the fixed top platen. Force and
displacement were sampled every 0.1 seconds. The compression rate was a ramp
input at 0.1 mm/s up to a total displacement of 12.5 mm. This rate was selected to
provide a quasi-static load relatively free of inertial effects.

All lattice specimens were crushed in the build direction. More precisely, the
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crushing direction was normal to each build layer of the part.

Three of each cell type were compressed using this process. A data recording
issue required a 4th Auxetic, and 10th overall lattice to be crushed. Video of each
test was recorded using a GoPro Hero 3+ camera. Pictures were taken throughout

the process, including one of each side face post-crush.

3.4.4 Data Analysis

The output force vs. displacement curves for each lattice were analyzed indi-
vidually. First, the point at which the lattice first contacted the upper platen was
determined. The machine displacement was zeroed out such that the distance be-
tween the platens was very nearly the height of each lattice. However, due to slight
variability in the lattices, and to be able to place new specimens on the platen, a
small gap on the order of 0.1-0.2 mm was left between the lattice and upper platen.
The force reading was also zeroed out at this non-contact point. In order to remove
this gap from the data, an average of the force reading was found for the unloaded
load cell. Although the force reading was zeroed, the resolution still caused the out-
put to jump around by tens of Newtons. In the first few seconds of the run, no load
was applied because the lattice was not yet touching the top platen. Once contact
was made however, the force reading began to rise. The point at which the force
reading stayed above the average no-load force reading was taken as the true zero
displacement point. All displacement values were lowered by the displacement value
at this point.

Next, the overall lattice stiffness, K, was determined. This is the slope of the linear
region on the displacement-adjusted force-displacement curve. A displacement range
was selected well within what appeared to be the linear region. The same range for

each cell type was used when possible; BCC 1 used a slightly smaller range than the
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other two BCC specimens because a slight non-linear portion of the curve appeared
to show yield at a lower displacement. A linear best fit line was applied to the data
points in that displacement range. The slope of the best fit line is the stiffness, K.
The equation defines the linear region and is used to determine the equation of the
0.2% offset line. This 0.2% strain is commonly used in material testing to designate
the onset of yield [30]. Tt is a line with slope K that is horizontally offset from stress-
strain data by 0.002 %. This is normally applied to stress-strain data, so it is reverse
engineered to calculate the appropriate line on a force-displacement graph. Equation

calculates the new y intercept value for the offset line:

brow = bopg — 0.002K H (3.18)

Where

bpew =y intercept of the 0.2% offset line
bog = v intercept of the experimental data’s linear region
K = experimental stiffness of lattice

H = height of lattice in crush direction

The equation of the offset line is then:

F = KG — byew (3.19)

Where
F = Force

0 = Displacement value

The first data point where the offset line is greater than the experimental data

is defined as the yield point. The displacement and force data at that point is then
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divided by the measured lattice mass to get the per-unit-mass values. The data is
averaged across the three runs and the standard deviation is found. These average
values are then compared to the model DOE results.

Ashby [I] presents a log-log plot of relative elastic modulus against relative density.
On this plot, he shows lines of ideal bending and stretching-dominated behavior, along
with typical ranges for a number of lattice and foam families. For the experimental
lattices, the elastic modulus is found for each specimen from the experimental stiffness
using the relationship in Equation [3.20

KH

E:—:
A

==

(3.20)

Where

E = experimental Elastic Modulus

A = H? = cross sectional area of the lattice bounding box

Following this, the elastic modulus values and experimental relative densities for
each cell type were averaged. The relative elastic modulus is then found by dividing
the average elastic modulus by the Ultimaker-published value for the PLA (see Table
. The relative values for elastic modulus and relative density were compared to
ideal and then plotted on the graph presented by Ashby to visualize the comparison.

Table 3.7. Material Properties of Ultimaker PLA [3].

Modulus of Elasticity (Pa) | 2.85E+09
Poisson’s Ratio 0.36
Specific Gravity 1.24
Density (kg/m?) 1239.965
Yield Strength (Pa) 3.81E+07

All of these plots and values are presented in the next chapter.
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3.5 Summary

This chapter laid out the process for evaluation of lattice structures and their
properties through use of a tailored FEA tool. Considerations and thought processes
for tool development were outlined. The results from the studies mentioned here
will be discussed next. The experimental results for compression tests of the selected

lattices will also be included in the next chapter.
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IV. Results

4.1 Chapter Overview

This chapter will present the results from the simulations run via the model and
from the experimental compression testing of additively manufactured lattice cubes.
On the simulation side, four extensive studies were conducted. The Auxetic strut
angle study looked at the effect of different angles of # on the Auxetic cell response,
and facilitated the selection of two cell shapes used in the main full factorial design of
experiments. Following the primary study, two lattice modification studies were per-
formed, looking at keypoint offset error and strut deletion. On the experimental side,
the results of compression testing three different unit cell lattice cubes are examined

and compared to the predictions from the model.

4.2 Simulation Results

Three simulations were conducted to provide input to or expand upon results
of the main Design of Experiments (DOE) study. The effect of strut angle 6 was
examined in a study prior to the main study. The main study itself examined the
trends among five variables: cell type, strut type, relative density, offset error, and
strut deletion. Offset error and strut deletion variables were examined further to

characterize their effects.

4.2.1 Auxetic re-entrant cell angle DOE

Results are shown in Table 4.1 and Figures and [£.2] The model predicts
the greatest load bearing capacity and displacement magnitude when the re-entrant
struts are oriented horizontally, that is, when #=90°. Force steadily drops between

the highest and lowest angles while displacement decreases with decreasing angle and

60



bottoms out between 60° and 65°. Angles closer to the extremes are expected to
compress the most before yielding. In this case, 90° has highest displacement before
yield. Because of its dominant predicted performance, the 90° lattice was chosen
to take part in the main DOE. Another angle, 75°, was also chosen to examine the

properties of a non-orthogonal Auxetic cell in comparison to the 90° lattice.

Force vs. Re-entrant Angle
500 T T T
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250
_— g
7 P — |
504 7
55 I | | ‘ I ‘
ees 80
ngl ( gr )

Figure 4.1. Effect of angle 6 on load bearing capacity of Auxetic re-entrant cell.

Displacement vs. Re-entrant Angle
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Figure 4.2. Effect of angle 0 on displacement before yield of Auxetic re-entrant cell.
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Table 4.1. Force and Displacement at yield results from re-entrant angle study.

: Force per mass . . Disp per mass
¢ | Yield Force (N) (N/ke) Yield Disp (mm) (mm/kg)
55° | 149.4 8449 0.648 36.61
60° | 170.7 9593 0.629 35.35
65° | 193.0 10781 0.629 35.15
70° | 215.2 11955 0.652 36.25
75° | 244.5 13518 0.699 38.62
80° | 302.6 16655 0.801 44.11
85° 1 391.9 21500 1.053 57.79
90° | 451.8 24719 1.126 61.59

4.2.2 Main Study - Full Factorial Design of Experiments

As discussed in Section 3.3, the main DOE study encompassed the 3 main cell
parameters (cell type, strut type, and relative density) and 2 modification parameters
(keypoint offset error and strut deletion). A full factorial design was chosen to examine
the effects of all parameters against all others. A full factorial DOE gives good trend
analysis to show the most important factors in determining lattice strength. Table
[3.1] shows the number of levels and values for those levels for each variable. Every
lattice studied was a 9x9x9, 50 mm cube with 5.556 mm unit cell size.

Figures4.3|to[4.6|show the effect of each factor on the four main response variables
at yield, which are displacement, displacement per mass, force, and force per mass
respectively. In these plots, the average force or displacement value for each factor
level is plotted, distinctly showing differences amongst the various levels of a given
factor.

Trends for each of the factors are seen in these plots. A comparison of cell types
reveals that the Octet cell on average displaces the least and can carry the highest
load, indicating a higher stiffness than the others. On the other hand, the BCC cell is
the weakest but has the highest displacement to mass ratio, indicating better energy

absorption per weight. The 90° Auxetic cell claims highest displacement at yield. It
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also beats its 75° counterpart in all 4 categories.

Hollow struts are predicted to have higher values in all four categories. With
the same relative densities, both struts have the same cross sectional areas, but the
hollow struts benefit from a higher second moment of area. Axial displacements are
the same, however the higher second moment allows them to support more bending
load in the bending-dominated cells.

Relative density has a significant difference between levels on all plots. As one
would expect, it shows that higher relative densities displace less and can carry more
force, indicating higher stiffness.

The modification factors of keypoint offset error and strut deletion show similar
trends with different magnitudes. Both indicate weaker lattices with the imperfec-
tions, but keypoint error shows a drop much larger than strut deletion. The most
significant drop occurs between no error/deletion and the first level of each factor.
The average values appear to level out after this initial drop. Whether that is a
characteristic of the imperfections or due to a very small change in the error levels is

examined more in depth in the two follow on studies.
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An examination of only the runs without any imperfections reveals an interesting
switch in overall performance. Figure 4.7 show the Force and Force per mass main
effect plots for cell type. With the imperfection runs included, the Octet-truss was far
superior in both Force and Force per mass categories. However, the average ideal 90°
Auxetic lattice can carry more load than the ideal octet-truss lattice. This indicates
that the Auxetic cell is much more sensitive to imperfections than the other cell types,
especially the octet. Strut type and relative density factors showed similar trends in
both ideal and non-ideal runs.

The Auxetic 90° also becomes the lattice with expected highest displacement per
mass, surpassing the BCC cell, seen in Figure 4.8, Displacement predictions showed
the same trends for both ideal and non-ideal, with the Auxetic 90° having the highest
average values. Just like the force analysis, changes to strut type and relative density

effects were not evident when looking only at ideal lattices.

Cell Type « 104 Cell Type
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Figure 4.7. Cell Type Main Effect Plots for Force and Force per mass at Yield, including
only ideal lattice geometries. Note that in the ideal case, the bending-dominated Aux90
cell is predicted to carry higher load on average than the stretching-dominated octet.
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Figure 4.8. Cell Type Main Effect Plots for Displacement and Displacement per mass
at Yield, including only ideal lattice geometries. Note that in the ideal case, the Aux90

cell is predicted to have a higher displacement per mass on average than the BCC cell,
which had the highest values when imperfections were included.

The top 5 overall best force load bearing lattices and their parameters are shown in

Table Surprisingly, the model predicted that the strongest lattice configurations
were Auxetic cells with 90° struts rather than the octet cell. The Aux90 cell excelled

in both force and force per mass categories. Trends noticed here are that the top

lattices all have the highest density of 50% and no keypoint error. A more interesting

outcome is that two of the top 5 are missing struts. It is plausible that removing struts
could relieve stress in some cases, like in the over-constrained/self-stressed octet cell,
but the result is still intriguing and warrants further study. The top two lattices

shared identical geometry, the only difference being that second place had 1% of the
struts removed.

Table shows the best force per mass lattices. Three are also in the top 5 for

force. Similar cell and strut types show up. One octet has 2% of struts deleted, but
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Table 4.2. Top 5 Load Bearing Lattices from Force DOE.

D Cell Strut | Relative | Offset Struts | Force at
Type | Type | Density | Error Deleted | Yield (N)
1123 | Aux90 | hollow | 50% 1O error | none 9522
2195 | Aux90 | hollow | 50% no error | 1% 6230
3119 | Aux90 | solid 50% Nno error | none 6011
4124 | Octet | hollow | 50% 1O error | none 5942
5| 168 | Octet | hollow | 50% no error | 2% 5776

other than that there are no imperfections. The first two are again Aux90 cells and
are identical except for one parameter, which is relative density this time. However, it
appears as though relative density is not quite as important as it was for force alone.

Table 4.3. Top 5 Load Bearing per Mass Lattices from Force DOE.

D Cell Strut | Relative | Offset Struts | Force per Mass
Type | Type | Density | Error Deleted | at Yield (N/kg)
1123 | Aux90 | hollow | 50% 1O error | none 88640
2115 | Aux90 | hollow | 30% 10 error | none 70308
3124 | Octet | hollow | 50% 1O error | none 60530
4 1 168 | Octet | hollow | 50% no error | 2% 60032
514 Octet | solid | 10% no error | none 58679

Another way to visualize the effects of variables is to look at the interactions
between each combination of two variables. Figures and show interaction
plots for force and force per mass results, respectively. In Figure [£.9] the y axis
is force at yield. The z axis changes with the variable. Each subplot is similar to
elements in a symmetric matrix; e.g. subplot (2,1) displays the same data as subplot
(1,2), but with different connectivity. Trends can be observed by looking at 1) the
slope of the lines and 2) the vertical distance between the lines. Lines with greater
slope mean the parameter in that column has greater effect on the force value than
those of less slope. Lines with greater vertical distance between them show a greater
force dependence on the parameter in that row. Two factors with identical effects

would show overlapped, horizontal lines.
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As an example, a parameter with evident effects in these interaction plots is
relative density. Large slopes on all of the subplots in the relative density column
show that the yield force changes drastically with the relative density level (levels
1,2, and 3 correspond to 10%, 30%, and 50% respectively). Similarly, each plot in
the relative density row shows lines with significant vertical separation, indicating a
difference in force. In each case, the red line, corresponding to 50% relative density, is
the highest load no matter which other parameter level relative density is combined
with.

Displacement results don’t give true indications of the strength of the lattice, but
rather help to understand the compliance of the structure, and in turn, energy absorp-
tion characteristics. In general, results show that the bending dominated structures
displace more before yielding than the stretch dominated octet-truss. The three most

and three least compliant structures are shown in Table [£.4]

Table 4.4. Lattices with the 3 Largest and 3 Smallest Displacements at Yield.

Rank | ID Cell Strut | Relative | Offset | Struts | Displacement
Type | Type | Density | Error | Deleted | at Yield (mm)
1 23 | Aux90 | hollow | 50% none | none 1.306
2 15 | Aux90 | hollow | 30% none | none 1.215
3 7 Aux90 | hollow | 10% none none 1.202
214 138 | Aux75 | solid | 50% Smm | 1% 0.237
215 68 | Octet | solid 50% .5 mm | none 0.216
216 140 | Octet | solid | 50% Smm | 1% 0.216

Displacement per mass at yield is shown in Table [4.5] The lighter structures
with 10% density move up the list to be the configurations with the highest displace-
ments per mass. The same three lattices remain at the bottom, with the bottom two
swapping positions.

The low end values mean one of two things, either 1) the lattices are incredibly
stiff, or 2) strange geometry caused yielding to occur quickly. The model used for the

main DOE was able to randomly create strut arrangements that artificially induce
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Table 4.5. Lattices with the 3 Largest and 3 Smallest Displacements per mass at Yield.

Rank | ID Cell Strut | Relative | Offset | Struts | Displacement per
Type | Type | Density | Error Deleted | Mass at Yield (mm/kg)

1 7 Aux90 | hollow | 10% none none 65.77

2 3 Aux90 | solid 10% none none 61.59

3 75 | Aux90 | solid 10% none 1% 42.50

214 138 | Aux75 | solid 50% 0.5 mm | 1% 2.31

215 140 | Octet | solid | 50% 0.5 mm | 1% 2.22

216 68 | Octet | solid | 50% 0.5 mm | none 2.20

high stress, such as the one shown in Figure 4.11} Figure shows a cantilever
top corner strut that is normally supported by two other struts. Because a load is
applied to the top corner keypoint, the strut sees much higher stress than it typically
would. The model predicts that the strut will yield quickly in this case, when in
reality the strut would see nearly no stress when the entire top surface is compressed
by the flat platen of the test machine. This can be considered an artificial yield
scenario generated by the boundary conditions. It is possible for random deletion
and keypoint movement to cause high stress concentrations that are not seen in ideal
versions of the same lattice, but this is the expected effect and different from the

artificial scenario described above.

Figure 4.11. Cantilever strut on top corner of an Octet lattice.

A drastic drop in performance due to an artificial loading scenario was not noticed
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in the main DOE. That is not to say that there were zero lattices affected by this,
but rather that the average values did not appear to be drastically affected by any
one value. This image was taken from an initial run of the Strut Deletion DOE.
In the most current version of the model, this artificial boundary condition effect is
corrected by preventing deletion of edge struts.

Improvements can be made in the displacement boundary condition modeling.
Top face keypoints with z dimension keypoint error will be held at the same locations
relative to each other throughout the applied load. In reality, any keypoints elevated
higher than others would be the first to see a load and would most likely be compressed
flat such that the entire lattice upper surface is contacting the platen. This would
produce localized yielding at the initial contact point but also may induce overall
lattice yielding sooner than expected. A model with fixed-relation top face geometry

does not account for that.

4.2.3 Offset Error DOE

The effect of keypoint offset error on load bearing capacity was examined more
closely in a separate study. The model was run with 8 different error levels ranging
from 0 to 0.8 mm. Five data points were collected for each cell type at each error
level, which were averaged, normalized, and plotted in Figure[d.12] Multiple runs were
necessary to smooth out a choppy line generated by the random nature of keypoint
reassignment. A significant drop in load bearing capability is noted with even a small
(0.1 mm) change to keypoint locations. This is most likely due to the changed strut
lengths and angles causing stress concentrations in localized spots, when previously
the symmetry of the perfect lattices meant there were multiple (usually four) locations
sharing that stress.

A distinct difference is noticed amongst the different cell types. Body-Centered
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Cubic (BCC) loses the least load capacity, as it drops to only about 70% of its
ideal value. The reason it does the best could be because of the symmetry of its
mesostructure; though each strut is slightly modified, they carry roughly the same
load when neglecting edge effects. The Auxetic cells fare the worst, indicating a
strong dependence on its strut arrangement to provide strength. The 90° drops to
about 30% of its ideal value.

With increasing offset error, the percentage of ideal levels off. The greatest drop
comes between the ideal lattice and 0.1 mm keypoint offset. Values do not stray far
from the 0.1 mm force values, even when 8 times the offset is applied. This may be due
to the fact that because the error is generated from a uniform random distribution,

it is simply creating a structure very similar to that of a stochastic foam.
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Figure 4.12. Decrease of load bearing capability with increased offset error. Normalized
by ideal lattice force. BCC is predicted to lose the least percentage of its original
capability, whereas the auxetic cells show significant sensitivity to error.
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Normalized Force vs. Strut Deletion %
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Figure 4.13. Decrease of load bearing capability with increased offset error. Normalized

by ideal lattice force. Octet and BCC show better resistance to missing or broken struts
than the auxetic cells which appear highly dependent on their ideal geometry.

4.2.4 Strut Deletion DOE

The force at yield results for various percentages of missing struts are plotted in
Figure [£.13] Each data point plotted is an average of five runs. Octet and BCC
cells show similar responses, approximately a linear decline with percentage removed.
These lattices, with 15% of struts removed, dropped to about 70% of their ideal lattice
load capacity.

The symmetry of both the BCC and the Octet unit cells minimizes the effects
of missing struts. In the BCC cell, every strut is of equal function and capability.
No strut is more important than the others like in the Auxetic cell. The octet cell’s
sheer number of struts handles the missing struts well. They are more directionally

dependent than BCC struts, since some are tension bearing and some are compression
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bearing, but predictions show that the octet retains the same if not better normalized
load bearing capability as the BCC.

The Auxetic cells experienced a steeper drop off in force carrying ability. At 15% of
struts removed, the Auxetics dropped to 30% or less of their ideal values. This again
indicates geometry dependence, and helps explain why the the main DOE showed the
Auxetic 90° lattice to be strongest in ideal configurations, but significantly weaker

when imperfections were simulated.

4.3 Experimental Compression Testing Results

PLA plastic lattices were printed using an Ultimaker 2+ Extended 3D printer.
The highest load-bearing, ideal, solid strut version of each cell type was selected,
printed, and then crushed to find the lattice’s overall stiffness and compare force and

displacement values to the ANSYS model.

4.3.1 Data and Results

Results from experimental compression tests are listed in Table[4.6] Three runs for
each cell type were conducted. Compressed specimens can be seen in Figure[£.14] For
each run, the yield values for force, displacement, force per mass, and displacement
per mass are presented along experimental mass and stiffness K, found from the force-
displacement curves. Mean and standard deviations are given for each value, for each
cell type. Table compares the average experimental values to the predicted values

from the simulation, and Figure displays the data in bar charts.

78



Figure 4.14. Crushed experimental test specimens. Top Row: BCC cell, Runs 1, 2,
and 3. Middle Row: Auxetic cell, Runs 1, 2, and 4. Bottom row: Octet cell, Runs 1,
2, and 3. The first Octet run was compressed to densification.

Force vs. Displacement curves for each cell type are seen in Figures to [£.17]
Experimentally determined yield points are graphed on each curve.

The third run of the Auxetic 90° cell experienced data collection problems, so the
force and displacement values are questionable. It was not included in the averaging
since its validity could not be determined. An additional Auxetic lattice was printed

to take its place.
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Table 4.6. Experimental Compression Test Results.

average and standard deviation.

3 specimens per

cell type

with

Yield Yield Force per | Disp. per | Stiffness,
. Mass
Run Disp. Force (&) mass mass K
(mm) | (N) ® | (N/kg) | (mm/kg) | (N/kg):
BCC 1 2.27 12,100 | 55.6 | 218,000 40.8 7,410
BCC 2 2.68 11,700 | 54.2 | 217,000 49.4 6,250
BCC 3 2.61 12,000 | 54.8 | 219,000 47.5 6,530
BCC Avg 2.52 12,000 | 54.9 | 218,000 | 45.9 6,730
BCC Std 0.219 181 0.702 | 1,260 4.530 604
Octet 1 1.70 13,900 | 57.7 | 241,000 29.5 9,530
Octet 2 1.71 14,300 | 58.5 | 245,000 29.3 10,200
Octet 3 1.71 14,400 | 57.9 | 248,000 29.6 10,200
Octet Avg | 1.71 14,200 | 58.0 | 245,000 | 29.4 9,980
Octet Std 0.00644 | 272 0.416 | 3,890 0.140 389
Aux90 1 2.31 14,200 | 66.8 | 212,000 34.6 6,960
Aux90 2 2.29 14,600 | 67.3 | 216,000 34.1 7,150
Aux90 3 32+ 165608 | 66.3 | 249000 484 9596
Aux90 4 2.37 14,500 | 68.3 | 212,000 34.7 7,370
Aux90 Avg | 2.32 14,400 | 67.5 | 213,000 | 34.4 7,160
Aux90 Std 0.0386 | 202 0.764 | 2,550 0.308 207
BCC Cell: Experimental Force vs. Displacement
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Figure 4.15. Force vs. Displacement for BCC experiments. Yield points are marked
with asterisks.
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Aux90 Cell: Experimental Force vs. Displacement
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Figure 4.16. Force vs. Displacement for Auxetic experiments. Yield points are marked
with asterisks.

Octet Cell: Experimental Force vs. Displacement
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Figure 4.17. Force vs. Displacement for Octet experiments. Yield points are marked
with asterisks.
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Table 4.7. Comparison of predicted and experimental results. Predicted values are from
ANSYS with the exception of mass; the mass used for these numbers was calculated
using the volume generated by nTopology.

Stiffness, | Yield Yield Force Disp
. Mass
K Disp Force (2) per mass | per mass
(N/mm) | (mm) | (N) (N/kg) | (mm/ke)
BCC Predicted 4,335 0.516 2,235 56.2 | 39,753 9.17
BCC Experimental 6,731 2.52 12,000 | 54.87 | 218,000 | 45.90
% Error -35.6% | -79.5% | -81.4% | 2.5% | -81.8% | -80.0%

Aux90 Predicted 6,805 0.883 6,011 68.2 | 88,099 12.95

Aux90 Experimental | 7,160 2.32 14,400 | 67.47 | 213,000 | 34.40

% Error -5.0% -62.0% | -58.3% | 1.1% | -58.6% | -62.4%
Octet Predicted 12,296 0.427 5,253 63.4 | 82,870 6.74
Octet Experimental | 9,978 1.71 14,200 | 58.03 | 245,000 | 29.40
% Error 23.2% -75.0% | -63.0% | 9.2% | -66.2% | -77.1%

4.3.2 Discussion

From the experiments, the octet proves to be the stiffest lattice, while the BCC
is the least stiff. The Auxetic cell narrowly beats the octet for highest load at yield,
which is similar to predictions from the model. The BCC displaces the furthest
before permanent deformation occurs, and also has the highest displacement per
mass. Figure 4.18| plots a characteristic average curve of each cell to compare the
responses. Average yield points are plotted as asterisks.

The experimental runs were generally in good agreement with each other. Stan-
dard deviations were approximately two orders of magnitude smaller than the exper-
imental values. The most apparent difference is between the first BCC test specimen
and the other two. There was a 0.3 mm difference in displacement values, where the
other two cells had three values that were less than 0.1 mm apart. One explanation for
the difference between BCC 1 values and the others was the build process. Specimen
BCC 1 was built alone whereas specimens BCC 2 and BCC 3 were simultaneously

built next to each other. This created slightly different thermal environments. Each
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layer of the simultaneously built lattices received double the cooling period as did the
layers of BCC 1. This extra time occurred while the extruder was building the other
lattice.

The force displacement curves match the expected trends for the Auxetic lattices.
The Auxetic shows yield followed by a long, flat plateau stress region representative
of a bending-dominated lattice. The BCC and Octet graphs show similar responses at
different magnitudes. The octet shows stretch-dominated characteristics of an initial
yield peak followed by a gradual drop in stress. Post-yield softening for a stretch-
dominated lattice is expected as struts begin to yield, however the drop off is not
immediately discernible as a different response when compared to the BCC plots.
The BCC graphs show all runs hover between approximately 12-14 kN after yield,
but also show an approximate 2 kN dip at around 8 mm of displacement.

Examination of Octet cell deformation shows a buckling failure mode of exter-
nal struts. Nodal regions collapse downward into the diamond shaped cavities on
the side, twisting the 45° struts supporting them into sharp ‘s’ shapes. Buckling of
struts could occur with large displacements or imperfect geometry. Often it occurs
in beams with low slenderness ratios, which is defined as the strut diameter to strut
length ratio. Examination of the undeformed external surface of an Octet cell reveals
varying thickness of struts. Varying strut thickness creates localized weak points
where the diameter is smallest. Struts with sufficiently small effective diameters can
be expected to respond the same as struts with small slenderness ratios and buckle.
These imperfect struts give way under stress and form yield planes.

The fact that the nodal regions are thick compared to the strut diameter promotes
buckling. The nodal regions have greater cross sectional area and therefore spread
the load better than the thinner, weaker strut sections.

This imperfect geometry from the build process is credited with the cause of buck-
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ling and the response seen in the octet’s force-displacement curves. Failure by buck-
ling scales F,.; with pfel, rather than p,.;, which explains why the Octet demonstrates
similar force-displacement curves and F,;/p.e relationship as the BCC cell. Yield
numbers indicate that the octet cell is slightly stronger per mass: BCC maximum
force is 85% that of the Octet but is 95% of the mass. However, differences are not by
a factor of p,¢; as one would expect based on the scaling laws for a stretch-dominated

structure.

Figure 4.20. Buckling of external Octet struts and imperfect strut geometry.

The Auxetic cell shows a smooth, bending-dominated response on its force-displacement
curve. It had the highest yield and plateau force values of all three cells. It very clearly
was the best cell for energy absorption over the 12.5 mm of displacement cells were
subjected to. The compressed shape was extremely consistent across all four runs.
Each run showed bending of the re-entrant struts expected of this cell type. Upper
and lower layers tended to deform first as layer collapse trended inward. The Auxetic

behavior was negligible for the 90° re-entrant strut; the cell width neither increased
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(as the others did) nor decreased, demonstrating a Poisson’s ratio of approximately
zero. Lateral displacement was evident in each cell where the entire structure bowed
to the right from the video camera’s view. This response could have stemmed from
either build imperfections or slightly uneven pressure from the boundary conditions if
the platens were not exactly parallel. Either way, this is a transition between bending
of the horizontal struts to buckling of the vertical struts and again shows sensitivity

of the Auxetic lattice to imperfection.

Figure 4.21. Deformed Auxetic cell.

The model significantly underpredicts the performance of each lattice, as seen in
Table 4.7 and graphically in Figure[4.19] The closest force prediction was the Auxetic
cell force value, 58.3% from the experimental value. Ushijima et al. [I9] noticed a
similar trend for BCC lattices with strut diameter to cell size ratios of less than 0.1.
The printed BCC, Auxetic, and Octet lattices had d/c, values of 0.324, 0.288, and

0.212, respectively, which are well above the noted threshold. As it is, the model is

87



not well suited for accurate predictions of lattices with higher levels of d/c.

The inaccuracy can be explained by the lack of thickness of the beam elements.
The physical specimens have a distinct thickness at keypoint regions that applies
constraints to the strut not accounted for by beam elements. These constraints ef-
fectively decrease the length of each strut and change based on angle of intersection.
The model calculates the stiffness using the longer keypoint-to-keypoint length of the
strut, rather than the shorter “effective” length L.sy seen in Figure[d.22] Under both
axial and bending loads, shorter cylinders are inherently stiffer and deflect less than

longer cylinders.

— —

keypoint A

 keypoint

e strut
L, Lf-;ff . o} strut

partial strut - -

(a) (b)
Figure 4.22. (a) Strut length L, used by the model and (b) Effective strut length L.y,
seen in physical specimens. This difference can explain differences in predicted and
experimental results for higher d/c, ratio lattices.

The additional strength from the shorter effective strut length is evident when
comparing the predicted and experimental values. Modeling the struts to account
for the effective length, perhaps with larger diameters near the keypoints, is a rec-
ommended improvement to the model and left for future work. The next step in the

current model’s characterization would be to print experimental specimens with low

relative densities/low strut diameter to cell size (d/cs) ratios. Printing d/c, ratios
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this low may be challenging on an Fused Deposition Modeling (FDM) printer, but

would be a perfect application for a Selective Laser Melting (SLM) printer.

Predicted Values Normalized by Experimental Values

BCC Aux®) Octet BCC A9 Octet BCC Am®0 Octet BCC  AnxS0 Octet

Fore: pmma :llI:ii ement :)lppcllm
f.\‘, (N (mm) (mmkg

Figure 4.23. Predicted results normalized by Experimental Results.

Figure shows the predicted values normalized by the experimental values for
the four main categories (displacement, force, displacement per mass, and force per
mass at yield). A trend displayed by this graph is that the Auxetic cell was the most
accurate while the BCC cell was least accurate in all four categories. This trend
indicates differences in the geometries themselves.

A closer look was taken at various methods of mass prediction. The experimental
masses of the lattices varied from a value that should have been common to all cells.
Theoretically, a 50% dense lattice would be expected to have a mass half that of
a solid block of the same overall dimensions. Using the published density of the
Ultimaker Polylactic Acid (PLA), each lattice should have a mass of 77.5 g. Various
methods of mass calculation are shown in Table 4.8

The model and ANSYS predicted masses were calculated by very similar meth-
ods, summing the volumes of the cylinders. MATLAB was used to independently
calculate the volumes, and numbers are nearly identical. This approach is expected
to provide an overestimate of mass due to the dual inclusion of overlapped volumes.

The experimental masses all came in under the theoretical mass, but matched up
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decently with the values calculated with nTopology volume numbers. nTopology cal-
culates the volume enclosed by the triangular surfaces of the .STL file. It also gives
the exact dimensions of the bounding box. Because these numbers closely match the
experimental masses, a conclusion can be drawn that mass deviation from theoreti-
cal is primarily a result of the way the .STL geometry is defined by the nTopology
software. Build imperfections are a secondary factor that affect the mass, as small
strings and beads of PLA can be seen protruding from struts on all of the lattices.

Table 4.8. Masses calculated by various methods.

(all masses in grams) BCC | Aux90 | Octet
Experiments: 54.9 67.5 58.0
Model predicted: 88.5 | 107.4 | 98.2
ANSYS used: 88.5 | 107.4 | 98.0
nTopology volume based: | 56.2 | 68.2 63.4

Theoretical Mass,
50% dens, 77.5
(50 mm)? block:

Relative values for elastic modulus and density are shown in Table and plotted
in Figure M This plot illustrates the E,.; = p?,, relationship for bending-dominated
structures and the E,.. = p,¢ relationship for stretch-dominated ones. All three ex-
perimental values are clustered near the upper end of the foams region and slightly
below the ideal bending-dominated line. The BCC and Auxetic cells might be ex-
pected to end up in this location, but the octet cell shows what is closer to a bending
response than an ideal stretching response. Again, this is believed to be due to the
fact buckling was noticed in the octet lattices. Under ideal circumstances, the octet
would be expected to have a relative elastic modulus value approximately (1/p.e)
times larger than the BCC cell. The predicted values again are under-predictions.
Differences between the experimental relative moduli and ideal moduli for their given

experimental densities are listed in Table [4.10
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Table 4.9. Mean Experimental values for Relative Elastic Modulus and Relative Density
by cell type.

Relat} ve Relative
Elastic Densit
Modulus nStLy

BCC Avg | 4.54E-02 | 0.315
BCC Std | 4.07E-03 | 0.00403
Aux90 Avg | 6.73E-02 | 0.410
Aux90 Std | 2.62E-03 | 0.00464
Octet Avg | 4.92E-02 | 0.333
Octet Std | 1.42E-03 | 0.00239

Table 4.10. Difference from ideal modulus-density lines for given experimental density.

Value | Percent
BCC | -0.054 | -17.0%
Aux90 | -0.101 | -24.6%
Octet | -0.284 | -85.2%

10
modulus—density
woven
LO [ ideal strelch—ﬁominated structures e -; z
behaviour ’Lﬂj’A
= Aux90
= - honeycombs, P . Octet
. L s
S parallel to axis -
= \‘ - * Aux90
3 - *
-
; / Octet BCC
Z 1.021
E P
Kagome and ideal
pyramidal bending-dominated
1031 Jattices behaviour
foams * Experimental
* Predicted
042 I I T T T B I I T T I
0.01 0.02 0.05 0.10 0.20 0.50 1.00

relative density, p/p,

Figure 4.24. Relative elastic modulus vs. relative density plot showing various cel-
lular materials, ideal bending and stretching-dominated behavior, and both FEA and
experimental lattice results. Original plot from Ashby [1].
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4.4 Summary

This chapter discussed the results from several studies and experimental results.
The model underestimated the force and displacement capabilities of each lattice be-
fore yield because the strut-to-cell size ratio was too large. Further tests are required
to further validate the model. While not accurate for all lattice designs, predictions
match expected trends and can be used for trend analysis. Some key takeaways are
that lattice strength has a strong dependence on relative density and cell type, and

that Auxetic are more sensitive than the other cell types to imperfections.
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V. Conclusions and Recommendations

5.1 Summary of Work

This research analyzed additively manufactured lattice structures through use of a
novel Finite Element Analysis model and experimental compression testing of several
lattices different unit cell geometries.

The modeling tool was talked about in depth as to its features, function, and
rationale behind them. The model can be used to generate custom aggregate lat-
tices for analysis and 3D printing. A multitude of lattice geometry and modeling
parameters can be easily adjusted by the user to examine their effects on the load
bearing capacity and compliance of the aggregate lattice. The model can perform
full factorial design of experiments studies to analyze a large combination of variables
and compare their impacts.

Results of several FEA studies were presented. First, the re-entrant strut angle
of the auxetic cell was studied. The FE models predicted that 90° strut angles deliv-
ered the best load bearing and displacement before yield capabilities among angles
between 55° and 90°. The primary study examined the effect of several vital geo-
metric parameters on lattice strength and stiffness. Relative density was found to
be the most critical variable in determining the strength of the lattice for a given
cell type. Octet and Aux90 cell types were predicted as the strongest in the study.
The auxetic cell’s ideal 90° configuration was predicted to be the strongest of the
three cell types, beating out the octet cell which has been studied and found to be
a great strength-per-weight lattice suitable for structural applications. Hollow struts
also showed desirable strength characteristics as compared to solid struts of the same
cross sectional area.

Two other studies examined the effect of damage and imperfection built into
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the lattices by the additive manufacturing process. A keypoint offset error study
examined random perturbations to strut connection locations (defined by keypoints)
on the force load and displacement at yield. Similarly, a strut deletion study removed
small percentages of struts from the aggregate lattice and examined the drop in load
capability. BCC and octet cells are predicted to exhibit best handling of imperfections
in these two studies. This characteristic makes these unit cell types applicable to
fabrication methods or scenarios where damage may occur.

Finally, three of the strongest lattices from the main design of experiments study
were printed via Fused Deposition Modeling (FDM) and experimentally compression
tested. Confidence in the results was achieved by crushing three of each lattice type.
Comparison to the model-predicted values showed that the model significantly un-
derestimates the strength of the printed lattices due to the geometric characteristics
of the printed lattices. It is theorized that the additional strength is from the strut
thickness, which creates an effectively shorter length on the printed geometry than
was used for model calculations. With smaller strut diameters, the model is expected
to produce more accurate results. Though the values are not accurate, the model
does predict historical trends correctly such as the increase of load bearing capability

with relative density.

5.2 Future Work

There are many paths to take from this point as far as continued research. Com-
parison of experimental lattices with low strut diameter to cell size ratios to the model
would likely show more accurate results. This would be the first recommended course
of action. For lattices with small strut diameters, use of the Selective Laser Melting
(SLM) manufacturing method would be preferred to achieve such resolution. More

accurate and more consistent specimens are expected from the SLM process.

94



Improvements can be implemented into the current FE model. Modeling the
change in effective strut length for thicker struts should show improvements in accu-
racy. For faster computation time, symmetry can be included in the Finite Element
Model (FEM). The addition of a platen to the printed lattice designs might provide
more accurate results and limit warping of the lattices due to thermal effects. It could
also make boundary conditions easier to apply (as a single pressure load, rather than
many individual force loads at the top face keypoints). Tension, shear, and torsion
boundary conditions would be progressive steps in analysis of these lattice structure
geometries. New unit cell geometries could be added to compare with the current
three.

A variation of the number of unit cells in the cube while maintaining a constant
density would be an interesting analysis. Experimental results could show whether cell
size has an effect on the properties of the lattice. Imperfections from the build process
would be expected to have significant effect on the lattices with larger number of unit
cells, since they would have smaller diameter struts to maintain the same density.

Hollow lattices could be studied more in depth. A process for successful produc-
tion of hollow metal lattices would be useful. A laser powder bed fusion technique
would have limitations since the build process would leave powder trapped internally.
Additional strength provided by the increased second moment of area for hollow struts
may make this worthwhile.

Characterization of the build angle’s effect on the material properties would be
beneficial. As mentioned in Chapter 2, three studies of build angle on anisotropy
yielded three different results. Simple tensile and compression specimens could be
built at various angles from the horizontal, and tested to characterize the anisotropy
of a given printer. This data could be used with the feature built into the model for

varying elastic modulus.
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5.3 Conclusion

With the expanding field of AM and the ever-present desire to minimize weight,
lattice structures are bound to become more prevalent in new designs. Understanding
the behavior of cellular structures is key to implementation of lattice structures. The
tool presented here is a helpful accessory to quickly designing, analyzing, and printing

lattices for compressively loaded components.
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