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ABSTRACT
Porous structures made of metal or biopolymers with a stractimilar in shape and mechanical properties
to human bone can be easily produced by stereolitograplwitpees,e.g. selective laser melting (SLM).
Numerical techniques, like finite element method (FEM) hgreat potential in testing new, even the most
sophisticated designs, according to their mechanicalgutigs,i.e. strength or stiffness. However, due to
different types of elements and varying mesh density of tbeeh numerical results can vary over a wide
range. Experimental verification would be helpful for adijug optimal mesh density and selecting proper
element type, in order to obtain reliable results conneutitid reasonable solution time. This paper shows
variability of results regarding to mesh density, and elentgpes.

INTRODUCTION

Tissue engineering is a branch of biomedical science knowadmbining living tissue and engi-
neered materials. Titanium and its alloys are a top as themabbf choice biomedical applications
due to their excellent mechanical properties, biocompagitand chemical stability. However,
main drawback for their clinical applications is the difece between mechanical properties of
the bulk titanium and natural bones, which causes strestdéing, bone atrophy and eventually
implant loosening. Recently, many researchers have dévattable efforts to prepare method-
ology of design and manufacturing porous structures, thaé Imechanical properties similar to
bone (especially stiffness and Young modulus). Porosiy akovides proper environment for
bone ingrowth in order to achieve a good fixation between goimplant and the surrounding
bone. Nowadays, there are a number of manufacturing tegasitpr the fabrication of porous
structures (both for metal and nonmetal materials): sgkedaser melting (SLM) [1-4] selec-
tive laser sintering (SLS) techniques [5], powder metgyuiPM) [5, 6], freeze casting [7], space
holder [8], sponge replication [9]. These methods are apple to other biomedical materials like
stainless steels, biopolymers or ceramics as well [2, 9].

Selective laser melting (SLM) technique involves a higtcjmien scanning layer-by—layer and
solidification of metal powder in layers sectioned diredtym a computer—aided design (CAD)
model [1,2,10]. High energy laser is used to selectivelyrfgishin powder layers, therefore this
method has the ability to manufacture sophisticated angpt®oengineering structures that could
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not be made by conventional techniques i.e casting or maxthi€@ombination of SLM and CAD
techniques makes custom implant design by possible proguedividual, predesigned scaffolds
with predefined macro- and microstructures for hard tissugneering [3]. Example of porous
scaffold made of stainless steel 316L and designed by Asiisgresented in Fig. 1.

Figure 1. Porous structure with cylindrical pores made atfléivoratory of Department
of Material Engineering and Welding (Gialsk University of Technology).

New scaffold architecture, can be designed with the use wiamical methods.g.by finite el-
ement method, before SLM processing. Stiffness or Youngutuscdf designed structure, can be
estimated through the calculated strains or displacemenitst strength of the scaffold through
the maximum stress. However, in the finite element meth@dethre a lot of specific factors, like
different techniques of three dimensional modeling (Fjgvarious types of boundary conditions
(i.e. load expressed as force or pressure, symmetiry, and elements, which are available in
a number of configurations (low or high ordiez. with or without midside nodes, tetrahedral,
pyramids, wedges, or hexahedrel bricks element shapes; with or without rotational degrdes o
freedom) [11].

(2) (b)

Rigid plates

Figure 2. Two ways of making general geometry for MES modé€: one volume
designed by CAD systems—only for free meshing; (b) multiseze model designed
by APDL (Ansys Parametric Design Language)—all the voluereshexahedrons—for
free— or mapped— meshing.
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All of these factors may have an effect on calculated resiltsreover, total number of ele-
ments,i.e. mesh density strongly affects results as well. Thus, thethe necessity for experi-
mental verification of the numerical model created for neappised scaffold or porosity material
design. Especially when atypical configuration or shapezté are made, and when wide scope
of different configurations, based on new design are plap@geerimental investigation is indis-
pensable.

NUMERICAL ANALYSIS: GEOMETRICAL MODEL, MESH GRID AND BOUND  ARY
CONDITIONS

Finite element simulations were carried out using ANSY®Ewironment. A three—dimen-
sional finite element model of a regular structured scaffalds used. A single cell of investigated
scaffold is a cube the size of 0.778mi®.778mmx0.778mm, with a spherical void 0.6 mm di-
ameter at the center, and channels 0.1mm in diameter on &irbfghe cube. Porosity of the
scaffold is 7. Total dimensions of the modeled porous structure was k39866x3.89 mm
(2x2x5 pores—Fig. 2). Three types of 3D structural solid elemeset® used: 8—node Structural
SOLID185, 20—node Structural SOLID186 and 10—node TettatieStructural SOLID187. All
of them are suitable for modeling general 3-D solid strieguhowever, the last two are recom-
mended for modeling irregular meshes, such as those prddiycearious CAD/CAM systems.
Basically, two types of mesh grid are allowed: mapped mesly for SOLID’s 185 and 186), also
known as a “brick” mesh, when all the elements are hexahé¢Bligl 3(b)), and free mesh, when
elements are tetrahedral (Fig. 3(b)). A mapped mesh islpessily if the geometry is designed
in APDL (Ansys Parametric Design Language).

(a)‘ (b)‘ (C)‘

Figure 3. Comparison of mapped mesh and free mesh: (a) ca@npbexahedral vol-
umes of one elemental cell, (b) mapped meshing—29744 nad&36 elements; (c) free
meshing—34161 nodes, 138734 elements. Low order elemddC8@5 in all cases.

It should be noticed, that free meshing always generates elements and nodes than mapped
meshing, so the computational effort in this case is largantin a model with brick elements,
e.g. one elemental cell mapped meshing generates 29744 nod@9@Bé elements, whilst free
meshing—34161 nodes, 138734 elements—under the assunmptice or less comparable ele-
ment size in both cases—see Fig. 3. On the contrary, Fig.wshomparison of element size for
different mesh grids.
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Figure 4. Comparison of mesh grids: (a) mapped mesh 50 0@deeals, (b) mapped
mesh 620 000 elements, (c) free mesh 189 000 elements, apése1 150 00 elements.

A stretch force of 1000N was applied to one end of the modeilstvthe other end was con-
strained (Fig. 5). Force was applied through rigid plateisthodal force would not influence
directly on the scaffold boundary. Calculation time is sgly dependent on a mesh density and
an element type and varied from several minutes to 6 hour@oputer with 2 DualCore AMD
Opteron 275 processors and 12 GB RAM memory.

Rigid block Rigid block
(-/‘\ L ] ] e ] ﬂ‘\lﬁ
Fixation Load force

Figure 5. Boundary conditions (only one row of elementalsdsl shown, mesh density
is artificially lowered for better clarity of the picture).

NUMERICAL ANALYSIS: RESULTS AND DISCUSSION

Figures 6 and 7 show typical contours of stresses; they ayesumilar in all cases considered,
just values of stresses or displacements are varied witleldraent types and shapes or mesh
grid. A set of results for different element types and shapesiesh grid are in Table 1 and
Fig. 8. There are large differences between calculatedsstssfor both types of elements; element
type SOLID185 gives more or less 100-130 MPa lower stresses30LID186 and SOLID187.
Maximum values appear in places where spheres connectylitiilacal channels interconnected
neighbouring spheres, and this is due to a different numbeodes on element edges, because
lower order elements are more sensitive to geometry quaiityind the notches.

Figure 6. Typical view of stresses—section perpendicuddoad direction, maximum
values are near the notchege-connection between sphere and cylindrical channel.

On the other hand, calculated displacements are nearlyathe & all cases and the discrep-
ancy is within of 0.0003 mm—it's.a. 5% of average elongation which is equal 0.00625 mm.
According to stiffness of the structure, dependence betweeng modulus, stresses and strains
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Figure 7. Typical view of stresses—section parallel to Idadction.
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Figure 8. Variability of stresses depending on number ahelets.

can be written as
P A
N
whereP/AL = k is the stiffness of scaffoldy—Young modulusA—area of section.—length
of the scaffold. As the elongatioAL of the scaffold is a result of the calculation, from the

practical point of view it does not matter which type and shapelement will is in analysis.
CONCLUSIONS

(1) Experimental verification of mechanical propertiesafqus structures (designed through
CAD/CAM systems and made by SLM technique) with the numédakulations should
answer the question which element type, element shapes estu gnid gives results the
most comparable to tests, while yielding acceptable calmn time.

(2) There are no distinct differences among calculatedlatgpnents in all cases both for
mapped or free meshing and for low or high order elements ds we

(3) Onthe other hand, large differences in calculatedstrese noticed for different element
parameters in the same geometrical model. Range of thdivaria approximately 130
MPa. However, in the case of mapped meshed models the daelddaess levels are
more stable than in free meshed models.

(4) Mapped mesh in ANSYS gives more stable stress over a \aitigerof element set size,
but its usefulness is controversial in biomedical appiicet because biomechanical nu-

merical analysis are mainly based on very irregular gedesetf human or animal bones
and organs made with the use of CAD systems.
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Table 1. Results of numerical calculations for differeqey, shapes and number of elements

Hexahedral volumes—Mapped mesh

Number
of elements SOLID185 SOLID186 SOLID187

Stress | Elongation| Stress | Elongation| Stress | Elongation
o[MPa] | Al[mm] | o [MPa]| Al[mm] | o [MPa]| Al[mm]

50 000 335 0.00618 344 0.00631 — —

232 000 368 0.00626 355 0.00641 — —
390A 000 364 0.00630 — — — —

620 000 371 0.00631 — — — —
925A 000 380 0.00632 — — — —
Hexahedral volumes — Free mesh

189 000 301 0.00608 414 0.00632 414 0.00632

320 000 359 0.00624 436 0.00633 436 0.00633

590 000 373 0.00631 443 0.00633 443 0.00633
1150 000 395 0.00636 — — — —
One “porous” volume — Free mesh

51 000 240 0.005928 | 438 0.00645 438 0.00645

178 000 325 0.006162| 450 0.00648 450 0.00648

429 000 324 0.006252| 462 0.00650 463 0.00650

792 000 339 0.006333| 464 0.00650 — —
1226 000 363 0.006371 — — — —
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