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Abstract

Additive manufacturing techniques have made it possible to create open-cell porous structures
with arbitrary micro-geometrical characteristics. Since a wide range of micro-geometrical
features is available for making an implant, having a comprehensive knowledge of the
mechanical response of cellular structures is very useful. In this study, finite element simulations
have been carried out to investigate the effect of structure unit cell type (cube, rhombic
dodecahedron, Kelvin, Weaire-Phelan, and diamond), cross-section type (circular, square, and
triangular), strut length, and relative density on the Young's modulus, shear modulus, yield
stress, shear yield stress, and Poisson’s ratio of open-cell tessellated cellular structures. It was
desired to see whether or not and to what extent each of the above-mentioned parameters affect
the mechanical properties of a porous structure. It was seen that the strut cross-section type does
not have a considerable effect on the structure Young's modulus while its effect on the structure
yield stress is significant. The strut length was not effective on the mechanical properties if the

relative density was kept constant. It was also observed that the structure unit cell type and



relative density have a considerable effect oneflastic properties. The highest and the lowest
stiffness and strength belonged to the cube anchatid unit cell types, respectively. The
rhombic dodecahedron structure with circular cresstion had a high yielding strength (second
among all the cases) while its Young’'s modulus weatively low. Therefore, it is the best
choice for applications with low stiffness requiremts, such as biomedical implants.

Keywords: Additive manufacturing; Open-cell foams; Porousonbaterials; Rhombic

dodecahedron; Weaire-Phelan; Kelvin

Nomenclature

A Cros«-section are

b Cros«-section sid

E; Porous structure Young’s modulus in direction
E Solid materiaYoung’s modulus
Gij Shear modulutenso

Gs Solid material shear modu

I Area moment of inert

r Cros«-section radic

K Permeabilit

l Strut lengtl

le Fluid flow course lengt

L; Unit-cell size in direction

P Pressur

Permeate flux across the struc

Yij Shear straitenso

& Strain in direction

&j Strain tensc

U Relative densit

U Fluid dynamic viscosity

p Porous tructuredensity



Ps Solid material densi

o Applied externalstres

o; Applied stress in direction
Omax Maximumstress in the strt

ay Porous tructure yield stre:

ay Bulk material yield stre:

S
Tij Shear stress ten:
Vs Solid material Poisson’s ra

1. Introduction

Metallic implants fabricated from materials such taanium, tantalum, chrome, cobalt and
stainless steel have been in routine clinical oseséveral years [1]. In more than 70% of cases,
aseptic loosening is the cause for implant failuoften occurring relatively late after
implantation [2, 3]. Important causes of asept@skning are micro-motions and stress shielding
[2]. Micro-motions occur when the implant is free glide in the medullary canal. It can be a
result of too little bone ingrowth or mal-positiogi of the implant [2, 4]. Stress shielding refers
to the reduction in bone density (osteopenia) assalt of removal of normal stress from the

bone by an implant [5, 6].

Today, metallic open-cell porous implants are reipla traditional solid implants because they
significantly decrease the problems associated sathl implants, i.e. micro-motions and stress
shielding. Since the ample spaces present insel®pkn-cell porous biomaterials allow for the
transport of body fluids and therefore the ingroetimew bone tissues, the implant attaches well
to its surrounding natural bones reducing the iredanicro-motions between the implant and the
bone [7, 8]. The strength and the Young’s moduluhe cellular materials can also be adjusted

through the adjustment of the porosity to matchstihength and stiffness of the natural bone [9].



Metal foams manufactured using traditional techegjusually have a morphology very similar
to the one suggested by Weaire and Phelan [10]nwkia complex 3D structure representing an
idealized foam of equal-sized bubbles. Therefarethe early years of development of porous
biomaterials, the manufactured porous biomatehals the Weaire-Phelan unit cell type [11].
The Weaire-Phelan unit cell type is not necessdtily most efficient unit cell type for

biomedical applications. The mechanical properaesl permeability of cellular structures

heavily depend on their micro-geometrical spediits®s such as unit cell type, relative density,

and pore size [12].

The advent of beam and powder-based layered mduntifag methods, such as selective laser
melting (SLM) and selective electron beam meltiS8gEBM), made it possible to have precise
control on the micro-architecture of cellular staues. Manufacturing of porous structures
having arbitrary unit cell shape is the first ahd thost important result of this possibility. Using
the additive manufacturing techniques, it is alsssible to combine solid material with porous
materials and also to combine porous materials difflerent micro-geometries in a single part

[13].

Since the experimental verifications are time-comsg, expensive, and difficult to be
performed, numerical simulations can provide sigaiit help in designing open-cell
biomaterials. A limited class of three-dimensiouait cell types can be packed together to create
a tessellated cellular structure. Several studée® been carried out on selecting the appropriate
unit cell types to manufacture biomimetic scaffoddsied for bone tissue engineering [14, 15].
Cube [1, 16, 17], rhombic dodecahedron [2, 16,188, tetrakaidecahedrons [20-22], Weaire-
Phelan [23, 24], and diamond [12, 16] are the npagtular unit cell types which have been

investigated mechanically before. Other micro-tattistructures such as body-centred cubic
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structure (BCC) [25], body-centered cubic with i@t pillars (BCC-Z) [25],
rhombicuboctahedron [26], truncated cube [27], faemtered cubic with vertical pillars (FCC-
Z) [28, 29], and truncated cuboctahedron [30] halso been investigated by different
researchers. Although the mechanical responsecdf @ahe above-mentioned unit cell types at
different relative densities have been presentedlysin different studies, explicit comparisons
of mechanical properties between different unit tygles is still vacant in the literature. Effedt o
cross-section type on the mechanical responsefigfret unit cell types is also an important

topic which has not been largely addressed prelious

Providing detailed comparison between the elastipgrties of porous structures in terms of
their unit cell type and cross-section type canukeful for applications in which low/high
stiffness in axial/shear loadings is required. His tstudy, finite element (FE) simulations are
implemented to investigate the effect of structumé cell type, cross-section type, strut length,
and relative density on the Young's modulus, simadulus, yield stress, shear yield stress, and
Poisson’s ratio of open-cell tessellated cellutiuctures in a search to find the appropriate
configuration for applications with low or high fitiess requirements. Five different unit cell
types, namely cube, rhombic dodecahedron, Kelvieaivé-Phelan, and diamond with three
different cross-section geometries (circle, squarel triangle) are considered. The mechanical

properties of each case is obtained in relativesities ranging betwean=0 andu=50%.

2. Materials and methods

Relative densityy, is defined as the ratio of the density of theoparstructurep, to the density
of the solid material,p;, that the porous structure is made of. ANSYS APRANSYS
Parametric Design Language) was used to createnatitosimulation loops in which relative

density was varied from = 0 to 4 = 50% for each unit cell type, and the resulted Young'’s
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modulus and yield stress were measured. For earain, the mechanical properties were
obtained for more than 40 relative densities. Iche&lative density, three different cross-section
areas, i.e.A = 15393 um?, A =37325.3 um?, and A = 49087.4 um? were taken into
account and their results were compared. The @estsen dimensions (radius for circular
cross-sections and side for square or triangular cross-sections) and tinet sength were
obtained for each unit cell type, relative densitgss-section type, and cross-section area using
the formulas presented in [31]. Some examples ofbdoations of the strut cross-section size,

strut length, and relative density is listed in Trable Al in Appendix accompanying the paper.

The main mechanism of deformation in the microgtmec of open-cell foams is bending of the
struts making beam elements the natural choicemodeling open-cell structures. They are
computationally inexpensive and can be used to osmpmodels with many cells [32].
Therefore, all the struts of the open-cell foam slosere mechanically represented by beams
that were rigidly connected in vertices. The cetlges were descritized using standard
Timoshenko beam element (element type 189 in ANSIi&) uses linear interpolation (two-
node linear beam) and allows for transverse shefarmation. To check the accuracy of beam
elements, as an example, the cubic structure wakeled using both beam elements and 3D
volumetric elements. The results showed that tHemetric elements result in higher elastic
moduli. However, the difference between the elastaduli of the two types of elements was

less than 4% even in relative densities as lar@O%s

In all the calculations, the cell edge material veasumed to be linear elastic. The material
properties chosen for all the lattice structuresewtbose of Ti-6Al-4V ELI alloy with Young’s

modulus of E; = 122.3 GPa, Poisson’s ratio ofv, = 0.342, and yield stress ob, =

980 MPa [12].



The single unit cells inside the tessellated camméijons of the five considered cellular structures
are shown in Figure 1. In all the lattice strucgrthe bottom plane was fixed in the loading
direction and the upper plane was displaced swathatinomogenized compressive strain of 0.2%
was generated in the tessellated structure. Otieeafiodes of the bottom plane was completely
fixed in space to prevent the rigid body motiortlué structure. The tessellated structures were
free to move in the directions perpendicular toltdzling direction, even in the lower and upper
planes (Figure 2). To obtain the imposed stresghenstructure (as a result of the applied
external displacement), the resultant force ofitheeer plane in the Y direction was measured in
each simulation. For each structure, the displapnogedure was repeated nine times to find the

components of stress;{, i,j = 1,2,3) caused by different strain types;( i,j = 1,2,3).

The Young’s modulus of each tessellated structuesach directior was calculated by dividing
the resulted stress in the structure in that doecfs; = F;/A;) into the applied strain in that
directiong; = §;/L;, whereF;, A;, §;, andL; are the resultant force, cross-sectional aredieapp
displacement, and length of the lattice structardirectioni, respectively. The shear modulus
G;; was calculated by dividing the resulted shear stmgs= F;/A; into the corresponding
applied shear straip;; = §;/L;. Poisson’s ratios were calculated by dividing tiegative value

of the resulted lateral strain by the imposed asti@in. In summary:

Eizﬂ i=1,273 1)
&
G.. = U i,j=1,23 (2)
Y Yij
_& ,j=1,23 (3)
vij__



For obtaining the yield stress of each lattice dtite, first the maximum stress in the FE
structureo,,,, resulted from an arbitrary external stress impasedhe lattice structure was

found. The imposed stresg, which causes the maximum stress in the strutsheflattice

structure reach the bulk material yield stregs can be found by a cross-multiply a5 =

gy.. The yield stress of the bulk material was deteaniby offsetting the line overlying

Omax

the linear part of the stress—strain curve to itet rside for 0.2% of plastic strain and obtaining
its intersection with the stress—strain curve. iikir procedure was done for obtaining the shear

yield stress of bulk material.

For all the unit cell types but rhombic dodecahadtbe obtained elastic properties in different
orientations, including the three Young’s modulige tsix shear moduli, and the six Poisson’s
ratios were identical and therefore for each alagtoperty, only one value is reported. The
rhombic dodecahedron structure has cubic transvemsotropy and therefore two values are
reported for each of its elastic properties.

Orientations of triangular cross-sections havegaiicant contribution on the obtained Young's
modulus or yield stress of the lattice structure.this study, in all the unit cell types, the
orientation of the triangular cross-sections wéresen in such a way that the vertices became as
symmetrical as possible. Considering symmetry wdedacting the cross-section orientation has

the advantage of decreasing the stress concentiattbe vertices.

A structure size sensitivity analysis was perforrteedee in what size of structure, the Young's
modulus of the lattice structure becomes very ctosthe Young’s modulus of corresponding
unlimited lattice structure. It was observed thea bbtained Young’s modulus values are less

than 1% different for lattice structures with mdhan nine cells in each of the three main



directions of space (Figure 3). The number of el@meer strut was changed from 1 to 10, and
no change was observed in the obtained elastic lm®dund maximum stress in the structure
(using which the yield stress of the structure feasd). Therefore, to reduce the computational
time, two beam elements per strut was used fahalsimulations.

Structures having the same relative density antaetli type but with different strut lengths (i.e.
pore size) or cross-sectional areas showed equatgy® modulus/yield stress. This is because if
the relative density is kept constant and the $émgth or cross-sectional area is changed, only
the size of the representative volume element (Ri¥Ecaled, and the length ratio of different

unit cell dimensions is not changed. This was pdofa all the unit cell types and relative
densities. The two paramete:randu are dependent variables. Therefore, if changbernvalue

of Young's modulus or yield stress is needed, tlosszsection type, unit cell type, and relative
density (which is a sole function e?} must be changed. This is the consequence of plesim

scaling of a linear-elastic solution under smafbdmations.

In this study, the values of Young’'s modulus, yisttess, shear modulus, shear yield stress, and
Poisson’s ratio will be compared between structuvegh different unit cell types at different
relative densities. Effect of cross-section typetlom yield stress and Young’'s modulus of these
structures will also be compared. Finally, two coemgnsive graphs comparing the Young’s
moduli and yield stresses of different unit celtaross-section types will be presented using
which implant manufacturers will be able to chodke right microstructural configuration

depending on the required properties.

To validate the finite element models, the expentakelastic moduli and yield stresses values

presented in other studies [1, 12, 13, 16, 17,333,for structures based on similar unit cells



were implemented. Similar to the numerical valubks,experimental data were normalized with
respect to the corresponding values of the bulleri@t For normalizing the experimental data
of porous structures based on rhombic dodecahedveajre-Phelan, diamond, and cube, the
mechanical properties of Ti-6Al-4VE( = 113.8 GPa andg,; = 950 MPa) were used, while
for normalizing the experimental data of porousudtrres based on Kelvin unit cell, the

mechanical properties of HDDA polymerEy(= 530 MPa and o, = 86 MPa) were

implemented.

3. Results

3.1. Validation of the results

Both the elastic modulus vs. relative density areddystress vs. relative density plots showed
upward concave curves. In all the cases, the expetal values were higher than the numerical
values. Generally, there was good numerical/expartal correlation in most the cases. The
only case which showed large numerical/experimedistrepancy was the elastic modulus
curve for structures based on cubic unit cell. iResdrathy et al. [1] attributed this large

experimental/numerical mismatch to “the meltinditzinium alloy powder at high temperatures,
and subsequent solidification by cooling causesuaevenness of the surface leading to cell
surface curvatures and corrugation as seen in @Bl Studies”. In all the cases, the

numerical/experimental correlation was better fmalier relative densities and it increased as
the relative density increased.

3.2. Effect of unit cell type

To make comparison of the presented graphs to réqghg presented in other works easier, all
the plots are presented in a normalized way, elgtive elastic modulus (the ratio of the elastic

modulus of the porous structure to the elastic redaf the bulk material), relative yield stress,
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etc. The Young’'s moduli of different unit cell tygpare compared at different relative densities in
Figure 5. It can be seen that the Young's modulushombic dodecahedron structure in a
direction is about twice of that in its other diiens. The Young's modulus of the cubic

structure was much higher than that of the othér eell types (Figure 5). For example, at the
relative density of 30%, the Young's modulus of dubic structure was 3.63 times of that for
the Weaire-Phelan structure, which was ranked skcafter the cube). The Weaire-Phelan,
Kelvin, and rhombic dodecahedron (in one of its rmdirections) structures had very close
Young’'s moduli. The diamond structure had the ldwedue of Young’s modulus among all the

unit cell types.

Yield stress (Figure 6) is another important fadtorselecting the suitable unit cell type. As
expected, in all the cases, the maximum stressri@gctun the external surface of the critical
struts. Like the Young’'s modulus, the lowest anel highest yield stress values belonged to the
diamond and cubic structures, respectively. Thenthio dodecahedron was ranked second after
the cube in terms of yield stress, and its yietdsst in its two main directions were somewhat

close (Figure 6).

In engineering load-bearing applications, higheluea of yield stress is always favorable.
However, this is not always true for the Young'sduls. In some applications such as medical
implants, lower values of Young’s modulus are marrable. Since in some applications such
as medical implants, high values of yield stresm@lwith low values of stiffness are required,

the parameter effective Young's modulus, whichhis tatio of Young’s modulus to yield stress
of the materia(f), was defined and investigated in this paper (Egdr Among all the cases,

y

the two lowest effective Young’s modulus valuesobged to the two main directions of the
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rhombic dodecahedron structure, therefore the rimmdbdecahedron structure shows the best
performance for the applications in which low valwé stiffness is required. The cubic structure
had the highest stiffness/yield stress ratio arttiesefore the least favorable choice for medical
implants. The Weaire-Phelan structure (the morgiotaf traditional foams) also shows a weak

performance and is the second less attractive elfordone-replacing biomaterials (Figure 7).

In most applications, the foam must also have gsidthess and strength against shear forces.
While the rhombic dodecahedron structure had thet effective Young’s modulus (Figure 7),
it possessed the highest shear modulus amongealirtih cell types (Figure 8). Therefore, it can
be a good candidate for cases in which high vadtfieshear stiffness is required. It must be kept
in mind that the rhombic dodecahedron does not sholigh shear stiffness in its second
direction, therefore its orientation with main loagl directions must be considered while
designing an implant. As of the axial case (Fidr)ethe diamond structure had the lowest value
of shear modulus (Figure 8). The rhombic dodecaire@nd diamond unit cell types had the

highest and the lowest shear yield stresses, regplgdFigure 9).

Figure 10 compares the Poisson’s ratio values ifierdnt unit cell types. The cube structure

showed a zero Poisson’s ratio. It is because incthee structure, none of the struts go under
bending. The struts parallel to the loading di@tsimply shrink and the struts perpendicular to
the loading direction do not deform. They just mdvanslationally parallel to the loading

direction. Since the struts in other unit cell tygp under bending, their Poisson’s ratio is not
zero. The diamond and rhombic dodecahedron stegtsinowed the highest Poisson’s ratio in
the relative densities smaller and larger than 3@Xpectively. Weaire-Phelan structure always

showed the lowest Poisson’s ratio (Figure 10). IeaWé-Phelan and diamond structures,
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increasing the relative density always decreasedRbisson’s ratio. However, the rhombic

dodecahedron and Kelvin structures showed congaweana Poisson’s ratio curves (Figure 10).

3.3. Effect of cross-section geometry

In addition to unit cell type, the cross-sectiorometry type also affects the response of the
porous structure. In this study, three differemissrsection geometries namely circle (C), square
(S), and triangle (T) were considered for comparisbhe cross-section type had very minor

effects on the Young’s modulus value. The highest the lowest Young's moduli of each unit

cell type belonged to the triangular and circulass-sections, respectively, (Figure 11).

Unlike the Young’'s modulus, the yield stress vales heavily affected by the cross-section
type (Figure 12). Its effect was in such a way #rabng all the cases with different unit cell and
cross-section types, the three cases with the sliglyeeld stress values all had circular cross-
section types, while the triangular cross-sectyge tled to the lowest yield stress values (Figure
12). Therefore, it can be concluded that the caicafoss-section type increases the resistance of
the lattice structure against vyielding greatly whihot changing its Young's modulus
considerably. The rhombic dodecahedron structuth wircular cross-section type had a high
yielding strength (second among all the cases, r€idi2) while its Young’'s modulus was
somewhat low (Figure 11). Therefore, it is the bewdice for applications with low stiffness
requirements, such as biomedical implants. Thibdter depicted if thesffective Young’s

modulus is plotted for all the cases in a singbpgr(Figure 13).

3.4. Effect of relative density
In all the figures plotted before, it was seen thateasing the relative density increases both the

Young’s modulus and yield stress. Increasing thagive density from 10% to 30% increased the
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Young's moduli of the cube, diamond, Kelvin, rhomlidodecahedron, and Weaire-Phelan
structures for 218%, 573%, 500%, 571%, and 468%pedtively (Figure 5). Increasing the
relative density from 10% to 30% increased thedyisiress of the cube, diamond, Kelvin,
rhombic dodecahedron, and Weaire-Phelan structaresl8%, 407%, 304%, 340%, and 397%
respectively (Figure 6). Therefore, increasing tieative density has the most and less

increasing effect on the diamond and cube strustuespectively.

4. Discussions

Before the advent of additive manufacturing techgs, several manufacturing techniques,
such as powder metallurgy, laser and plasma ardimgelof powders, self-propagating high-
temperature synthesis, pressing of metallic powaetk filler and its subsequent removal,
pressure casting of powder metals and alloys weeel to construct open-cell foams [35]. The
metal foams manufactured using the above-mentionethods usually have random micro-
structures and non-uniform distribution of microghanical properties. Even at the same
relative density, the macro-mechanical propertiésporous structures made by different
fabrication technologies can be very different. Eeample, Rubshtein et al. [35] reported that at
the relative density of 40%, the Young's modulus pairous structures made by different
fabrication technologies can differ for more tharb 2imes. The additive manufacturing
techniques provide the user with uniform microaestture with arbitrary geometrical, and

therefore mechanical, properties.

In this paper, five well-known unit cell types weremerically investigated and their mechanical
properties were obtained and compared to each.dtherpresented unit cell types demonstrated
wide ranges of Young’s modulus and yield stressbfiih the axial and shear loads. Depending

on the body part, the person’s age and sex, anditbetion and location of the natural bone
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used for mechanical testing, the obtained mechbmoaperties for the bone can be very
different. Using the elastic properties diagramsspnted in this study, and depending on the
required mechanical properties, a computer programbe used to create implants with variable
relative densities, cross-section types, and evencell types at their different regions. Using
CT images, the manufactured implants can haverégilonechanical properties that mimic the
stiffness of each patient’s bone to reduce stregddéng and therefore increase bone modeling

[36].

The results of the mechanical properties of the fimit cell types presented in this paper are
comprehensive since they include Poisson’s rati daung’'s and shear modulus and vyield
stress for three different cross-section types.mfentioned above, all the cell types except
rhombic dodecahedron show a cubic anisotropic behaln cubic anisotropic materials, the
obtained Young’s moduli for the three main diregigwhich are equal) are not true for diagonal
directions. The same is true if the loading dimttis diagonal and not parallel to the main
directions of the unit cell. Compared to bulk metis; the dependency of shear modulus to the
Young's modulus is much lower in porous structur€e. predict the Young’s modulus in
directions rather than the main directions, theegogsition principle can be used. The diagonal
loads can be decomposed into components paraltelpanpendicular to the unit cell main
directions. The Young's modulus and Poisson’s rafithe structure in the diagonal directions
can be obtained by obtaining the resulted displacérm the main directions due to different

load components and then superimposing them.

Some parts of the results presented in this worke halready been published by other
researchersThe shear modulus, shear yield stress, and Possaitid of the five unit cell types

presented in this paper have not been studiesédfboreover, the explicit comparison of the
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elastic properties of these structures has not lble@e before. Investigation of the effect of
cross-section geometry and strut length on theielpsoperties of the lattice structures is the

other novelty of the current study.

Comparison of our numerical results with the nugsrand analytical results provided in other
works can be of interest. The mismatch betweerresults and the existing results is caused by
the method of calculating the relative density. iBeing the literature revealed that researchers
[2, 12, 17-19, 37-40] usually simply multiply theg length in their cross-section area to find
the structure mass from which the relative densay be calculated. In our study, the material
located in the vertices are not counted multipiees (known as multiple counting effect [31]).
This leads to smaller relative densities at theesamechanical property. The effect of multiple
counting of material mass in the vertices becomerenaritical when the thickness of the struts
are larger. This is why the mismatch between tBalte presented in this paper and the existing
data is very small at smaller relative densitied artreases by increasing the relative density.
Since in different studies, the method of obtainihg relative density for numerical study is
different, in the following, our numerical studiase compared to the corresponding numerical
studies in different /1 ratios rather than in different relative densitiésr the diamond, rhombic
dodecahedron, and cubic structures, our numersallts are very close and always higher than
the corresponding numerical results in [12, 16g(Fe 14). The FE models in [12, 16] have also
considered the manufacturing irregularities creaitedthe additively manufactured porous

biomaterials. Therefore, they always have prediter Young’'s moduli.

The struts of two structures with the same unit tggle and relative density but with different
cross-section geometries have the same crossis@cceas. Due to identical cross-sectional
area, the mechanical response of the struts witlreint cross-section types are similar in pure
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tension/compression. However, they respond difthren bending because their area moment
of inertia is unequal. Higher values of area mon@hinertia decreases the deflection which

makes the lattice structure have a larger Youngidutus. This explains the descending order of

2 2
Young’s modulus in the structures with triangularz(lé—ﬁz 0.096 A?), square I(=f—2z

2

0.083 42%), and circular{ = = ~ 0.08 A?) cross-section types (Figure 11).

4°
41
In this study, it was shown that pore size is ndeterminative factor in the resulted mechanical
properties. However, pore size can be effectivehenease at which liquid flows into a porous
structure at a particular pressure gradient [44]permeability. Permeability in low Reynold’s
numbers (laminar flows) is measured by Darcy’s lEw usl-Q/AP, whereu; is the fluid
dynamic viscosityQ is the permeate flux across the structdyeis the course length through
which the flow passes, anmtP is the pressure gradient. Higher permeabilityvedldor better
vascular invasion and nutrients supply requiredustain cell growth which then provides better
osseointegration. Pore sizes used for biomedicplants usually are in the range 8 um to
800 um [16, 41-43]. A study by Schek et al. [44] showkdttat the same relative density (50%),
bone regeneration is not affected by pore sizesdst 300 an800 um in PPF/b-TCP scaffolds
after 4 weeks. A similar conclusion was made by $oet al. [45] who showed that for pore
sizes betweeB50 and800 um, bone growth inside pores is depended on poreasiZeweeks
(the scaffold bone volume is almost twice for thaffold with800 um pore size with respect to
scaffold with350 um pore size) but not at 8 weeks. Although pore sigght not be effective on
the bone ingrowth in long time periods, higher bamgrowth of the porous biomaterials with

larger pore size in the initial weeks after impéditn can lead to their better fixation and their
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longer durability. The pore size might also havensoeffects on the fatigue response of a

biomaterial (as shown in [13, 46]).

Designing a suitable biomedical implant consistcafsideration of several factors (some of
which are independent from the others) includingemal (which must be selected based on the
desired bio-compatibility, corrosion-resistancestc@tc.), pore size (which has to be selected
based on the desirable permeability in short tiaigsr implantation), strut cross-section type
(which influences yield stress), relative densitlye(value of which heavily affects both the
elastic properties and permeability), and unit tgle. Among the above-mentioned factors, the
dependent factors are the three steps of choosegppropriate relative density (which affects
both the mechanical properties and permeabilityje gize (which affects the permeability), and
unit cell type (which affects both the mechanicedbperties and permeability). The obtained
results in this study provide a comprehensive et elastic properties for five different unit
cell types with three different cross-section typea large range of relative densities. A similar
work can be done on permeability. The two sets esfults can be useful for an implant

manufacturer to choose the most optimum geomefpmalmeters for a particular implant.

The results of study was based on porous structuitbsno defect. In practice, the additively

manufactured porous structures have several imgenfes such as rough strut surfaces, change
in the length of the struts, etc. The directiorpghting can also affect the mechanical response
of the additively manufactured parts [47]. Proceggparameters [48] such as laser power and
exposure time can also be effective on the micre-pgize, the degree of roughness, the
microstructural grain shaper and size, etc. A nigcakdesign procedure should be composed of
two main phases: in the first phase, the porouscttre can have an ideal geometry. An

optimization algorithm can determine the optimumstribution of unit cell type, relative density,
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and strut geometry to give the desired resultshénsecond phase, the effect of other influencing
factors such as processing parameters, printiregtiton, degree of roughness, etc. can be taken
into account to make the numerical model capabl@edicting the actual mechanical properties

of additively manufactured porous structure.

5. Conclusions

In this work, FE simulations were carried out tgastigate the effect of structure unit cell type,
cross-section type, strut length, and relative dgre the Young's modulus, shear modulus,
yield stress, shear yield stress, and Poissorits ohbpen-cell tessellated cellular structuresiin

search to find the appropriate configuration foplagations with low-stiffness or high-stiffness

requirements. Based on the results obtained irsthidy, it can be concluded that:

* The cube and the diamond unit cell types respdygtivave the highest and the lowest
Young’'s moduli among all the cases.

* Similarly, the cube and the diamond structures hireehighest and the lowegield
stressvalues among all the unit cell types. The rhondwdecahedron is ranked second
after the cube in terms of yield stress.

* The rhombic dodecahedron and cubic structures trevéighest shear modulus values.
Therefore, they are good candidates for cases iohwigh values of shear stiffness is
needed.

» For all the unit cell types, the triangular and timeular cross-sections lead to the highest
and lowest Young's moduli, respectively, althoubk tross-section type has only very

minor effects on the Young's modulus value.
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Unlike the Young's modulus, thgield stressvalue is heavily affected by the cross-
section type. Its effect is in such a way that agnath the configurations with different
unit cell types and different cross-section typhs, three configurations with the highest
values of yield stress all had circular cross-sesti The triangular cross-section leads to
the lowest yield strength values.

The rhombic dodecahedron structure with circulassysection type has a high yielding
strength (second among all the cases) while itsng®umodulus is somewhat low.
Therefore, it is the best choice for applicatiorithviow stiffness requirements, such as

biomedical implants.

The cube structure shows very high Young’'s modahus yield stress values, therefore it

is a good candidate for applications with highfiségs requirements.
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Figure captions

Figure 1- Graphical view of different unit cells irside a 3x3 lattice structure

Figure 2- Boundary conditions and 3D views of lattie structures with the five unit cell types: (a) che, (b)
diamond, (c) Kelvin, (d) rhombic dodecahedron, ande) Weaire-Phelan

Figure 3- Ratio of Young’'s moduluskE of lattice structures with different unit cell numbers to the Young’s
modulus of the corresponding lattice structures wit 10 unit cellsE10

Figure 4- Comparison of numerical and experimenta(a) elastic modulus and (b) yield stress for the utcell
types considered in this study

Figure 5- Effect of unit cell type on the porous sticture Young’'s modulus

Figure 6- Effect of unit cell type on the porous sticture yield stress

Figure 7- Effect of unit cell type on the porous sticture effective Young’s modulus Eoy)

Figure 8- Effect of unit cell type on the porous sticture shear modulus

Figure 9- Effect of unit cell type on the porous sticture shear yield stress

Figure 10- Effect of unit cell type on the poroustsucture Poisson’s ratio

Figure 11- Effect of cross-section type on the stoture Young’s modulus (C, S, and T stand for Circudr,
Square, and Triangular cross-sections, respectively

Figure 12- Effect of cross-section type on structeryield stress (C, S, and T stand for Circular, Scare, and
Triangular cross-sections, respectively)

Figure 13- Effect of cross-section type on the staure effective Young’s modulus Eay) (C, S, and T stand
for Circular, Square, and Triangular cross-sections respectively)

Figure 14- Comparison of the numerical results ofttis study to the corresponding numerical results if12,
16]
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Figure 1- Graphical view of different unit cells irside a 3x3 lattice structure
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Figure 2- Boundary conditions and 3D views of lattie structures with the five unit cell types: (a) che, (b)
diamond, (c) Kelvin, (d) rhombic dodecahedron, ande) Weaire-Phelan

26



2 T T T T T T T
{ —6— Cubic structure
—&— Diamond structure 7
—8&— Kelvin structure

—+&— Rhombic dodecahedron
—A— Weaire—Phelan structure

=
(00]
T

1.6

1.4

1.2

E/E10

0.2 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9

Number of unit cells

Figure 3- Ratio of Young’s modulusk of lattice structures with different unit cell numbers to the Young’s
modulus of the corresponding lattice structures wit 10 unit cellsE4,

27



0.35

T T T T
—©— Cube (Experiment trendline)
Cube (Simulation)

0.3 —©— Diamond (Experiment trendline) ,
Diamond (Simulation)

Rhombic dodecahedron (Experiment trendline)
Rhombic dodecahedron (Simulation)

@ 0.25H ; : . N
| —©&— Weaire—Phelan (Experiment trendline)

n — Weaire—Phelan (Simulation)

% Kelvin (Experiment trendline)

é 0.2 Kelvin (Simulation) b
2

2

o 0.15f R
[

=

8

& oif i

0.05

X | |
0 5 10 15 20 25 30 35 40 45 50 55
Relative Density (%)

(a)

0.35

T T T T
—— Cube (Experiment trendline)
—6— Cube (Simulation)

0.3 — Diamond (Experiment trendline) i
— — — Diamond (Simulation)
Rhombic dodecahedron (Experiment trendline),
Rhombic dodecahedron (Simulation)

54 0.25F —O©— Weaire—Phelan (Experiment trendline) i
9> —— Weaire—Phelan (Simulation)
b Kelvin (Experiment trendline)
¢ 0.2r Kelvin (Simulation) 7
»
=]
e
> L i
o 015
=
S
&
0.1 R

0.05

o !
0 5 10 15 20 25 30 35 40 45 50
Relative density (%)
(b)

Figure 4- Comparison of numerical and experimenta(a) elastic modulus and (b) yield stress for the ttcell
types considered in this study

28



Relative Young's modulus (E/@

0.35 T . . .

Cube
o3kl =~ —Wea_lre—PheIan )
-—-— Kelvin
— — — Diamond
0.25F| - — — Rhombic 1 i
— Rhombic 2
0.2 a
0.15 a
0.1
0.05F
0 =T
0 10 20 30 40 50

Relative density (%)

Figure 5- Effect of unit cell type on the porous sticture Young’s modulus

29



0.16
0.14

—~, 0.12

/o
yy

0.1

0.08

0.06

Relative strength

0.04

0.02

Cube
— — — Weaire—-Phelan
-—-— Kelvin

— — — Diamond
—— Rhombic 1
Rhombic 2

10 20 30 40
Relative density (%)

Figure 6- Effect of unit cell type on the porous sticture yield stress

30

50



250

<> 200

=)

150

100

Effective Young's modulus (

a
o

Cube

— — — Weaire—Phelan
-—-— Kelvin

— — — Diamond

—— Rhombic 1
Rhombic 2

20 30
Relative density (%)

40

50

Figure 7- Effect of unit cell type on the porous sticture effective Young’s modulus f)
y

31



Relative shear modulus (G/CSE)

0.05

0.045

o
o
K

0.035
0.03
0.025
0.02
0.015
0.01

0.005

Cube

— — —Weaire—Phelan

-—— Kelvin

— — — Diamond
— - — Rhombic 1

Rhombic 2

20 30 40 50
Relative density (%)

Figure 8- Effect of unit cell type on the porous sticture shear modulus

32



0.045 . T T T

—— Cube
0.04 | — — - Weaire-Phelan
-— - — Kelvin
"% 0.035F| — — - Diamond ’
-— - — Rhombic XY
0.03r Rhombic XZ -

0.025

0.02

0.015

Relative shear strength (y/r

0.01

0.005

Relative density (%)

Figure 9- Effect of unit cell type on the porous sticture shear yield stress

33



Poisson'‘s ratio

0.7

o
o

o
ol

o
~

o
w

o
(N

0.1

T - Cube
— — —Weaire-Phelan|— _ _
-— - — Kelvin

— — — Diamond
— — Rhombic 1
Rhombic 2

15 20 25 30 35 40 45
Relative density (%)

Figure 10- Effect of unit cell type on the poroustsucture Poisson’s ratio

34

50



0.12 T T T T
— Weaire-Phelan C
— — —Weaire-Phelan S J /)
. 0.1} Kelvin C .//'/ .
| — — —Kelvin S 7,
e ~—-— KelvinT 4
= 0.08r Diamond C ./// -
. /
b — — —Diamond S 77
S -—-— Diamond T //'/
& 0.06 Rhombic C 7 ]
5 — — —Rhombic S s P
= — — Rhombic T o /,;/
g 0.04r 4 2 ]
= P L= —
n'd Z = —=
0.02 ~ o .
0 = 1 1 1
0 10 20 30 40 50

Relative density (%)
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