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Introduction
Guided Bone Regeneration (GBR) Mesh

= Using a mechanical barrier, such as a membrane,
to separate and protect the area of bone loss
from the surrounding fissue.

Kl Exposing the Bone Defect: A small incision to access the

area of defect.

Pl Bone Grafting: a cement that may contain bone,
antimicrobial additives and stimulants that promotes new
bone growth is placed under the membrane.

K] Preparing GBR Mesh: cut and formed by the surgeon
n P|OCIﬂg C]ﬂd fIXIﬂg The GBR MeSh !l‘ https://www.indigoortho.co.uk/gbr-systems

= New bone can grow in the designated area.

= Enough stiffness to create and maintain a suitable space Stiffne'ss
for the infended bone regeneration. \ B
: . N . w

= Enough porosity to facilitate the diffusion of fluids, oxygen,
nutrients, and bioactive substances for cell growth.
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Introduction

Equivalent Homogenised Models for Porous Structures
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When the geomertry includes pores, there is an
internal structure.

By using equivalent model and defining
effective properties instead of the redl
microstructure, we can decrease computational
expense of modelling and discretisation.

Non-classical continuum theories can consider
the internal structure without direct modelling of
details.

In the present work, non-classical micropolar
theory as the homogenised equivalent model is
implemented for the porous structures in 2D and
3D.

Porous Geometry

Internal Structure

e |V

u Equivalent @
Continuum Modelg

Non-classical Theories

Micropolar Continua

Micromorphic Continua

Second-Gradient Continua
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Introduction

Micropolar Theory O3
Ma3
E Nonsymmetric Strain ‘jﬁ%—szﬂsz
= Degrees of Freedom: U, O310my] Oy3
. . . K Curvature 013 m
= Kinematic Relations: E. =U.. +e., O, m, 22
e > Nonsymmetric Stress a—>
I<i' — j,i - M3 AL .. M2
j j, M Couple-stress 01, P21
. m
= Balance Equations: X, + P, =0 PRI RS ou
Q Body Couple

Mij,i +eijk2jk "‘Qk =0

= Constitutive Equations: Zi = AEq + By Ky
(Linear Elastic)
M'j — Bijkl Ekl + Dijkl Kkl

|
= New strain measure as Curvature.

= New sitress measure as Couple-siress.
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Methodology
2D Tetragonal Micropolar Model for Porous Plate

= General linear elastic constitutive equations in plane L Ghonana08040

= Ortho-tetragonal Material Symmetry Soseceecee

= Considering the linear elastic micropolar in 2D, for the . [goeossooos:
geometries we study here, 5 independent material Qoogoooooood| | Bedosckccaos
parameters are required to define the equivalent slesiccsiossioss
model.

—_ 5 Independent Material Parameters

_211 N A A A Awm B By || By A=A =0 _[Allll] [ Alm] 0 0 0 ol
2 Ao Pz Ao Ban By || By AZZ _ A:;l ~0 A, A, O 0 0 0
P _ Ao A Ba By || Ep Auir = Ay By =0 0 0 [ 212] [ 221] 0 0
2, A By By || Ex A=A 0 0 A, A, 0 0
M, D, Dy || K D,=D,,,D,=0 0 0 0 0 D, O

M, | [sym D,, || K, | 0 0 0 0 0| D, |
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Methodology
Homogenization of 2D Model

COMSOL

The heterogeneous structure, is called Micro Model and is
described by Cauchy continuum.

Homogenised model is called Macro Model and is described
by constitutive parameters of a micropolar continuum.

Kinematic Map: Links the two levels of description

Express the microscopic displacement field within the RVE
as a function of the macroscopic strain measures at the
material point on the macro-level.

-~

. K 10
u™" = E11 X+ ElszYM y_72 y2 - K1 Xy_F@)(y3 _3yX2)

v = EJM X+ ELy + % X° + K, Xy + T_—?@(x?’ —3xy?)
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Cauchy
u,v
7

Micro Model

N/
N7

Micropolar
Equivalent
Model
UV,o 7

Macro Model
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Methodology
Homogenization of 2D Model

= Once the kinematic map is determined, we proceed to discover
the micropolar material parameters.

= We use the finite element method (FEM) to compute the
response of the porous structure under different loadings.

= Extract the total elastic strain energy Weggy stored in the RVE
from COMSOL.

= Equating to the energy of an equivalent micropolar
continuuMm W yicropoiar from analytical expression.

= For each scenario, the micropolar material parameters are
determined in such a way that the homogenized model retains
the same amount of strain energy when exposed to the same
loading conditiones.

WM icropolar

===
SO
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Methodology
Finding Effective Micropolar Material Parameters for 2D Model

Numerical FEM Simulation
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Methodology
Extending the Homogenization Procedure for FG Porous Structures

= Equivalent homogenized model for
Functionally Graded (FG) porous
stfructure is derived by considering the
homogenization procedure developed
for homogenous porosities.
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Methodology
Extending the Homogenization Procedure for FG Porous Structures

= First, a parametric study is conducted to find
the equivalent parameters of uniform porous
plates with various pore sizes.

= |n this parametric study, the pore density (the
number of pores per unit length) is kept
constant.
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Methodology
Extending the Homogenization Procedure for FG Porous Structures

= Pore sizes are changed to find the
required equivalent parameters for each
section of the FG porous structure.
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Methodology
Extending the Homogenization Procedure for FG Porous Structures

..,
o

= These data are then utilised to find curve- A1111 = £4(1,) 5
fifted functions for each material c
parameter with respect to the pore size. A1122 = f, (1) 2
& ly=ax* + bx3 +cx2 + dx + e
R2=1
Pore Size (Ip)
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Methodology d: Diomgfer

Homogenization of 3D Model J: Rigidity

= A size-effect is predicted by micropolar theory for the
torsion of circular cylinders.

= [t is possible to determine the micropolar parameters by
measuring the torsional rigidity vs size.

= Specimens at different length scales, while keeping unit cell -
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Methodology
Homogenization of 3D Model

= Bjo-inspired 3D microstructures such as
gyroids and other Triply Periodic Minimal
Surfaces (TPMS) can be employed for
designing GBR bone scaffolds.

= Studying the impact of changes in
microstructural architecture which
reflects in the equivalent micropolar
parameters.

= The unit cell design, porous structure and
CAD model are developed using nTop
software.

= Final 3D meshed part is imported in
COMSOL for further FEM analyses.

COMSOL
TIPHYSICS
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Primitive

CAD Model FEM Tests
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Methodology
FEM Micropolar Model in COMSOL Using PDE Weak Form

Multiplying balance equations by the test functions, integrating over computational
domain D

Strong Form

”Test Function for U Weak Form
> . +P =0 = _“Zij,ivUj +J'PjvUj =0
Balance ) . 2 2
Equations
Mii —€uZi +Q; =0 ijij,i J- _Ieiijik | +IQJ =0
D D D
= Based on the product rule of derivatives: = And by using the divergence theorem:
s R
Izij,ivuj :I(zijvuj )i _J‘(zijvu”) __“ZijVULi +J.zijvuj ni +j I:)jVUj = O
D D ’ D D B D
M. .V, =[(M.vy | =M.V, _ . _
! i, !( i, ) [I)( J CD) IMU.V(DLi +jl\/|ijvq,j n, jeijkzikvq)j +Iij®j =0
\_ D B D D

COMSOL
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Methodology
FEM Micropolar Model in COMSOL Using PDE Weak Form
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By using partial differenfial equation (PDE) modelling in
COMSOL instead of ftraditional FE modelling, no user
subroutine is required.

Various complex geometries, B.C., and loadings can be
applied in a user-friendly graphical interface.

Visualisation of the results is convenient,

—(sll*test (ux)+sl2*test (uy)+s2l*test (vx)+s22*test (vy)
+s23*test (vz) +s31l*test (wx) +s32*test (wy) +s33*test (wz))
+ pl*test (u) tp2*test (v) +p3*test (w)

- (mull*test (philx)+mul2*test (phily)+mul3*test (philz)
+mu2l*test (phi2x) tmu22*test (phi2y) +tmu23*test (phi2z)
tmu3l*test (phi3x) tmu32*test (phi3y) + mu33*test (phi3z))
- ((s1l2-s21)*test (phi3)+(s31-s13) *test (phi2)

+(s23-s532) *test (phil) ) +gl*test (phil) +g2*test (phi?2)
+g3*t (phi3)

est

Model Builder
- } & EtElS

4 % 30 Micropolarmph {root)
4 ([ Global Definitions
Fi; Parameters 1
= Maternals
4 [ Component 1 {compT)
[ = Definitions
YA Georetry 1
[* 222 Materials
4 [dv Momentum Balance )
b Tem Weak Form PDE 1
b D Zero Flux 1
b fEm Initial Values 1
[* g Fixed Left Face
[ 5 Weak Contribution 1
5 Equation View
4 [dv Angular momentum balance (iv2)
| B Weak Form PDE 1 |
b e Fero Flux 1
b i Initial Values 1
[* g Fixed Left Face
5 Equation View
b Mesh ]




Methodology
FEM Micropolar Model in COMSOL / Benchmarks for 2D Model

Patch Tests Stress Concenftration Factor
« Test ] (Cauchy) (= Micropolar plate with a circular hole )
= Test 2 (Micropolar, without Curvature) under uniform tension.
= Test 3 (Micropolar + Curvature) = Stress concentration factor (SCF) is

compared with those of Reference.

-\

$EAM E. Providas, M.A. Kattis, 2002 !!‘

Q
o

@) sanernmers COVSOL
ul P 0.1950 0.19500 ,
L /2 Elament Banenmezr COVSOL,
u2 P 0.2100 0.21000

3.0 4Node 2.49640 2.50110
3.0 9Node 2.42046 2.42128
10.0 4Node 2.28474 2.29980
10.0 9Node 2.22525 2.26834

tettttttttttteettetss

phi P 0.0004 0.00040
S11 Node 2  4.0000 4.00000
S21 Node 2  1.4667 1.46670
Mu31 Node 2  0.0400 0.04000

A W N
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Methodology

FEM Micropolar Model in COMSOL / Benchmarks for 3D Model

Force Patch Test

-

COMSOL

CONFERENCE
2024FLORENCE A

= Cantilever beam subject to pure tension
= Seeking the state of constant stress.
= For an arbitrary number of finite elements.

1 p,=10N/m?

Displacement Patch Tests

October 22-24

; bfatzes
o || Py s Grocicetal, 2018
Tt ) 7" DOI:10.1016/j.compstruc.2018.04.005
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AT IF FFF IS
mER

A generalization of 2D patch fests.

Discretization with 7 arbitrarily distorted
hexahedral finite elements.

ul(x 1074 0.600 0.60000
u2(x 1074 0.700 0.70000
u3(x 1074 0.700 0.70000
phil (x 10-4) 2.100 2.10000
s11 5.000 5.00000
Mu1l 0.020 0.02000
Mu12 -0.0400  -0.04000

.,, Developing 2D and 3D Micropolar FEM Models for Porous GBR Meshes in Dentistry Applications
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Results

COMSOL

ing

Pore Patterns Us

Parametric Study for Various
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Results
Parametric Study for Various Pore Patterns Using COMSOL / Parametrisation

QOOOOOOOON - © © © o o o oo seee itz Poly-
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Results
Parametric Study for Various Pore Patterns/Materials Using COMSOL

~ ~
A1111(GPa) A1122(GPa) A1312(GPa) Aq1521(GPa) D;,(GN)
115 35 250 100 9.00
—&—Pore size 0.15 i
105 - 30 1 200 A 80 1 Zgg
—&— Pore size 0.10 | 25 ol
95 1 60 - 7.50 -
85 —— Pore Size 0.05 | 20 ] 09 17.00 -
: 15 A . 100 40 1 - 6.50 - Ti6AI4V
5 4
73 10 - : s 1 ggg -
65 - | ] | 50
3 0 5.00 1
55 T T T 0 : ; - 0 - - - 220 : : : 450 : . :
0 02 04 0.6 0.8 0 02 04 06 0 02 04 0.6 0 02 04 06 0 02 04 0.6
Porosity Porosity Porosity Porosity Porosity
_ J
~ ~
A1111(MPa) A1122(MPa) Ai312,(MPa) A1321(MPa) D;;(MN)
1040 340 2040 900 80
940 - 290 - 700 4 75 1
1540 -+ 70 -
840 - 240 |
500 - 65 -
740 190 - 1040 4
640 140 300 7 o]
] | - 340 1 100 1 >
540 - 5 90 1 50 -
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Discussion
Using the Equivalent Mechanical Parameters for Designing GBR Mesh

= Optimum Design for Porous GBR Meshes:
Nearest mechanical properties to the bone.

= GBR mesh is in contact with the cortical (compact)
bone.

S B P
= Try to make the material parameters of the GBR mesh DmOgO/ Magoir),
consistent with its adjacent bone. | |

= Experimental estimate of the micropolar parameters Velllie Uit
of compact bone. A, 12.00 ~43.43 GPa

= Finding a configuration with the material parameters Al 4.00 GPa
c;lose to those reported for compact bone in the A, 2110~3677 GPa
iterature.

A, -13.05~2.67 GPa
Dy, 3.24 kN

!!‘ Experimental study of micropolar and couple stress elasticity in compact bone in bending J. Yang & R. Lakes
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Discussion
Using the Equivalent Mechanical Parameters for Designing GBR Mesh

= Circular pores, Titanium Alloy Vallus Unii
- Parameters are beyond the required values. A;;;  12.00 ~43.43 GPa
= Rectangular pores, Titanium Alloy A1 4.00 GPa
- Pore sizes of 0.13 L - 0.15 L and porosity about 0.7, @ A, 21.10~36.77 GPa
good agreement for A1122, A1212, A1221 can be Ay -13.05~2.67 GPa
achieved. D., 3.24 kN
A1111(GPa) A1122(GPa) A1212(GPa) A1221(GPa) Dy1(GN)
110 - 30 180 75 8500
100 - —B—Pore size 0.15 55 | 160 - - | 3000 -
90 —&— Pore size 0.10 . };8 : i 7500 4 ﬂ
80 - —— Pore Size 0.05 51 100 4 35 1 7000 4
70 - ’ 80 A 15 A 6500 -
60 1 ] 60 - i 6000 - )
50 A 5 ~— ;3 > = 5500 - ;
T B (b e e S e e T A e S e L e e e e e e e
0 01 02 03 04 05 06 0.7 08 0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 08 0 010203 0405 06 07 08 0 01 02 03 04 05 06 0.7 08

Porosity Porosity Porosity Porosity Porosity
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Discussion
Functionally Graded (FG) Porous Design for GBR Mesh

COMSOL
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GBR meshes are fixed to the mandible bone using
biocompatible screws

At these fixing locations higher stiffness is required.
Therefore, smaller pore sizes are more desirable
there.

Mimicking natural FG structure of the bone
FG structure of type O is suggested

Central part - mechanical properties close to
cancellous (trabecular) bone while providing a
proper diffusion properties.

Part near fixing areas - as near as possible to
cortical (compact) bone to provide required load-
bearing capacities.

Conventional Design
(uniform porosity)
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Discussion
3D FG Design for Porous GBR Dental Scaffold

= Currently, metallic GBR sheets are used as a |
mechanical barrier and bone grafts are inserted
into the space created by the barrier. '

= After the healing period, it is necessary another
surgery for removing the GBR mesh.

= To avoid a second surgery, a recent solution is to
use biodegradable materials such as polylactic  Bone Grafts
acid (PLA) instead of metallic meshes. (Stimulating Bone

= However, suboptimal mechanical properties of Regeneration)

— Scaffold
—Bone grafts

(Space Maintaining)

biodegradable materials such as low stiffness
and strength have limited their application.
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Discussion
3D FG Design for Porous GBR Dental Scaffold

Dense Porous

= With the developed framework, an innovative 3D design
for GBR meshes is suggested.

= The microstructure evolves from the porous structure at the
lower level to the compact structure at the top surface.

= The porous structure can host bio-active agents for
stimulating bone regeneration

= While the upper compact surface should provide the
required stiffness. 3D Design

= By implementing our model, the distribution in both the for
internal structure and the material properties (for instance CERIBEUE e
using bimodal material such as PLA+HA (Hydroxy appetite)
or adding nano-reinforcements) can be customized.
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Thank you!

For Your Attention and Time...
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Results
Effectiveness of Homogenized Micropolar Model

= Comparison of displacement magnitude contours for detailed and
homogenized micropolar model.

= |ndentation Test.
= Predicted values are close to those of the detailed model
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