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Abstract: A study of screw pullout from cortical bone has been conducted using the UDMGINI
subroutine with the extended finite element method (XFEM). XFEM alleviates mesh dependency
when computationally modeling crack initiation and propagation. Cortical bone is a naturally
occurring composite with a distinctive aligned microstructure that leads to anisotropic material
behavior and damage. In this study, using a UDMGINI subroutine, stress componentsrelativeto a
predefined osteon orientation were computed and an anisotropic damage criterion was used to
determine damage initiation and to predict crack propagation. A 2D model of a single screw
embedded in cortical bone was generated. A displacement boundary condition was applied to the
top surface of the screw. During pull-out, contact interactions were implemented between the
newly formed surfaces during crack propagation, eliminating unphysical over closure of elements.
The model predicted the correct patterns of damage and crack propagation for both longitudinal
(osteons aligned parallel to screw axis) and transverse (osteons aligned perpendicular to screw
axis) pullout tests compared to experimental observations. In both cases crack propagation was
predicted in the direction of osteon alignment.

Keywords: Screw Pullout, Abaqus/Standard, Extended Finite Element Model (XFEM), Crack
Propagation, Damage, Failure.

1. Introduction

1.1 The Extended Finite Element Method

The extended finite element method (XFEM) is a rodtbeveloped for computationally
modeling crack initiation and propagation whileegihting mesh dependency. It can be
implemented to simulate initiation and propagatiéa discrete crack along an arbitrary,
solution dependent path. Additionally contact iat¢ions can be applied to the newly
formed surfaces exposed as a result of crack patiwery Thus the effects of friction
between newly exposed surfaces can be accountedPferiously, work has been
conducted and microstructure models developed teirfeacture of cortical bone. These
models incorporated a damage process that initi@ethge within an entire element and
when the properties of the element degraded suathtiiley could no longer carry load
they were deleted from the mesh nucleating voidhiwithe material that replicated
experimentally observed fracture mechanisms (Heestcal. 2011). The possibility to
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1.2

1.3

alleviate mesh dependency within these materideyofin advance on previous models
as the density of the meshes becomes less infletiso a material model that is
capable of predicting the correct crack patterrthauit incorporating a detailed geometry
of the microstructure will also facilitate the déy@ment of larger macro scale models
requiring significantly lower computational powéy.limitation of some current cortical
bone failure models is that they would be too cotatonally expensive to incorporate in
macro scale models of whole bones. Previous stullssgenerated models of cortical
bone using XFEM incorporated detailed microstruesu(Budyn et al. 2010; Abdel-
Wahab et al. 2012). If these previously developedieis were applied to a macro scale
simulation of whole bones the computational demawndld not be viable. However in
the present study we investigate a new featurebafgfis 6.11 which now facilitates the
use of a user subroutine (UDMGINI) for an anisoitodamage initiation criterion
without the need for complex microstructure geomnetr

Cortical Bone

Cortical Bone is a naturally occurring compositengisting of several constituents that
dictate the overall response of the material dutiveding. In the present study we
simplify the complex microstructure of bone to oste (the fiber) embedded in an
interstitial matrix. Osteons consist of a seriesoficentric cylinders of lamellae with a
central vascular canal. Osteons are typically 260gnd are 1-2mm in length and run
parallel to the long axis of the bone. The osteamessurrounded by an interstitial matrix
consisting of hydroxyapatite. (Rho et al. 1998; Go2001).

Screw Pullout

Screws are used for orthopedic applications througlthe human body ranging from

fracture fixation plates to spinal fusion rods. Maizing the screw insertion depth in

cortical bone is regarded as a way of significaibyreasing the pullout strength of the
screw (Pollard et al. 2010). A computational modapable of predicting the failure

modes and loads that occur during screw pulloutldvguovide a design tool for the

evaluation of future designs as well as designnuigtition. It is important to understand

the failure mechanisms that occur during screwoptilés this may determine the angle of
insertion and geometry of screw threads to maxirtfieenolding power of the screw.
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2. Materials & Methods

2.1 UDMGINI Failure Criteria

A new feature of Abaqus 6.11 is the ability to immurate a user subroutine UDMGINI
for user defined damage initiation criterion. Theumay define as many failure indexes
as required. In the present study we define twlarindexes for damage initiation in the
x and y directions. Failure index one defines tiberf failure index for initiation. The
UTS of the fiber as well as the ultimate sheawfailof the fiber is defined by the user.
Once the value of; =1 the damage is initiated.

2 2
2 g o
Failure Index 1: o, = <£> + <ﬁ>
Off Ofry

Where:
oy is the fiber damage initiation criterion
011 is the current stress in the local x direction

012 is the current stress in the local x-y direction
orr  is the UTS of the fiber
Ofey is the shear failure strength of the fiber

Failure index 2 defines the matrix failure index foitiation. The UTS of the matrix as
well as the ultimate shear failure of the fiberdifined by the user. Once the value of
o, =1 damage is initiated.

2 2
2 0- (o}
Failure Index 2: @, = <£> + <i>

Umf

Where:
O is the fiber damage initiation criterion
055 is the current stress in the local y direction

012 is the current stress in the local x-y direction
Oms i the UTS of the matrix
Oy is the shear failure strength of the matrix
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As each of the failure indexes are calculated duain iteration of the simulation an array
referred to as FNormal is compiled. This array aord the normal direction to the
fracture line for each failure mechanism. This nse#mt as damage is initiated in a
particular failure index, the direction in whichetlerack will initiate is returned by the
subroutine. The crack direction is defined in teohthe local orientation assigned to the
material. For the present study if failure indegither failure) is initiated the crack will
propagate in the local y direction, perpendicutathie fiber direction. However, if failure
index 2 (matrix failure) is initiated the crack vpropagate in the local x direction,
parallel to the fiber direction.

Single Element Tests

2D single element tests were conducted to exanramek@ropagation based upon osteon
alignment. A unit cell geometry was created. Thetemial properties assigned to the
model are summarized in Table 1. An orientation e@glied to the material so that the
local x direction represents the direction of tieifs. A single element was held fixed as
shown in Figure 1. The block was held fixed in thand y directions at the bottom left
corner. Also the top left and right hand cornersea®eld fixed in the x direction. A 1mm
displacement boundary condition was applied in teetical direction. Longitudinal
(fibers orientated parallel to the direction ofdosg) and transverse (fibers orientated
perpendicular to the direction of loading) simwas were conducted.

All simulations were conducted using Abaqus/Staddadl with a CPS4 element. For
simulation of crack growth a process of damagegian (DE) was applied to the model.
Energy dissipation was used to determine crack growhe value selected for cortical
bone energy release was based upon those reportiee literatrure (Abdel-Wahab et al.
2012).

Table 1. Cortical bone material properties.

E; 17100 MPa Off 233 MPa
E, 10100 MPa O, 85 MPa
E 3300 MPa Omf 51 MPa
v 0.3 Omz, 34 MPa
DE,, 0.3 N/mm DE; 0.3 N/mm
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Figure 1. Single element boundary conditions.

2.3 Screw Pullout

A 2D modelwas developedfor screw pullout to illustrate the potential ajgplion of
XFEM for longitudinal and transverse pullout sintidas. A limitation of XFEM is that
axisymmetric elements cannot be used with the enriohfeature required for XFEN
Thus a plane stress model is presented here. Thedbhoy conditions applied to tl
modelare shown in Figure. A displacement boundagpndition of 5mm was applied
the top of the screw. The edge of the screw wad fisedd in the global x direction.he
edge of the cortical bone was held fixed in botd ¢hobal x and y directions. Loc
orientations were applied to assign fiber diretior each simulation. For a longitudir
simulation the fiber direction (local x) was oriated parallel to the is of the screw. Fc
a transversaimulation the fiber direction (local x) was oriatgd jerpendiculs to the
axis of the screwd5,000 CPS4 elements meeused with element size of 0.05rr
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Longitudinal Pullout Test Transverse Pullout Test

Figure 2. Screw pullout boundary conditions for a longitudinal and transverse
simulation.

3. Results

3.1 Single Element Tests

The results for single element simulations are shamv Figure 3.A longitudinal simulatior
predicts vertical crackormatior. A transverse simulation predidterizontal crackformation. In
both a longitudinal and transverse simulatfailure index two reaches the value of 1 . Thus
cracks will propagate parallel to the directiontbé fiber Hence, cracks grow in the vertic
direction for a longituphal simulation, while cracks grow in the horizdntdirection for a
transverse simulation.
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Longitudinal Single Element Test Transverse Single Element Test

Figure 3. Single element results for longitudinal and transverse simulations.

3.2 2D Screw Pullout Simulation

The results for longitudinal and transverse screilopt simulations are summarized in Figure
A longitudinal pullout simulation predicts localze&leformation at the tips of the screw thre:
Crack formation is predicted vertically upwardsnfrahe srew thread tips with the materi
between the screw threads removed with the scrawirig no thread definition on tHracture
surface. A transverse pullout simulation predictsizontal crack formation with deformatic
extending much further into therrounding bone. In both longitudinal and transvesiseulations
failure index 2 reaches the valu first. For both simulations the cracks propagatelfel to the
fiber direction results to significantly differefailure modes as the screw is removeom the
cortical bone.

2012 SMULIA Community Conference 7



PHILSM

+1509e.01
+1205e.01
+1081e.01
+8670e.02
+6520e.02
+4 3889e.02
+2 247e.02
+1.054e.03
-2.036e.02
4.177e.02
-5.318e.02
-8 460e.02
-1.060e-01

Longitudinal Transverse

Figure 4. Crack patterns for longitudinal and transverse screw pullout simulations.

4. Discussion

Results highlight the ability of the models to poedignificantly different failure mechanisms 1
cortical bone. This is achieved by simply alterthg orientation assigned to the matellt has
previously beenshown that fracture patterrduring scew pullout from cortical bone are
dependent upon osteon alignn (Feerick et al. 2011). In the past compigometries of cortici
bone with XFEMhave been used to model the alterrfracture patternef bone depending c
osteon alignmentBudyn et al. 201; Abdel-Wahab et al. 2012However, in the present stuc
we have shown thatvithout generating complex microstructure geomeairyd using the
UDMGINI sub routine it is possible to define crack direasidbased upon the fiber (oste
orientation.

5. Conclusion

Screw pullout from cortical bone is one example ofagpplication for the UDMGINI subroutir
with XFEM. However the same method could be appltedortical bone simulations for a wi
range of orthopedic applications. These applicatioould range from thopedic device desic
evaluation to modeling fracture incidence in whbtmes. The use of the model is not limite(
applications that consider cortical bone but rathey composite material contain a known
fiber alignment.
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