i+l

NRC Publications Archive
Archives des publications du CNRC

Design of a Biomimetic Polymer-Composite Hip Prosthesis
Bougherara, Habiba; Bureau, Martin; Campbell, Melissa; Vadean, Aurelian;
Yahia, L'Hocine

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1002/jbm.a.31146
Journal of Biomedical Materials Research Part A, 82, January 30 1, pp. 27-40,

2007

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=f70fc62f-d080-4094-8ecf-fff300303842

https://publications-cnrc.canada.ca/fra/voir/objet/?id=f70fc62f-d080-4094-8ecf-fff300303842

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



ST WWILEY .
. InterScience®

DISCOVER SOMETHING GREAT

Design of a biomimetic polymer-composite hip prosthesis

Habiba Bougherara,' Martin Bureau,” Melissa Campbell,' Aurelian Vadean,’ L’'Hocine Yahia'
"Laboratory of Innovation and Analysis of Bioperformance (LIAB), Ecole Polytechnique de Montréal,

Montreal, Quebec, Canada

’Functional Polymer Systems, Industrial Materials Institute, National Research Council, Canada
*Department of Mechanical Engineering, Ecole Polytechnique de Montréal, Montreal, Quebec, Canada

Received 6 December 2005; revised 22 August 2006; accepted 17 October 2006
Published online 30 January 2007 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/jbm.a.31146

Abstract: A new biomimetic composite hip prosthesis
(stem) was designed to obtain properties similar to those
of the contiguous bone, in particular stiffness, to allow nor-
mal loading of the surrounding femoral bone. This normal
loading would reduce excessive stress shielding, known to
result in bone loss, and micromotions at the bone-implant
interface, leading to aseptic prosthetic loosening. The
design proposed is based on a hollow substructure made
of hydroxyapatite-coated, continuous carbon fiber (CF) re-
inforced polyamide 12 (PA12) composite with an internal
soft polymer-based core. Different composite configu-
rations were studied to match the properties of host
tissue. Nonlinear three-dimensional analysis of the hip
prosthesis was carried out using a three-dimensional finite
element bone model based on the composite femur. The

performance of composite-based hip and titanium alloy-
based (Ti-6Al-4V) stems embedded into femoral bone was
compared. The effect of core stiffness and ply configura-
tion was also analyzed. Results show that stresses in com-
posite stem are lower than those in Ti stem, and that the
femoral bone implanted with composite structure sustains
more load than the one implanted with Ti stem. Micromo-
tions in the composite stem are significantly smaller than
those in Ti stem over the entire bone-implant surface
because of the favorable interfacial stress distribution.
© 2007 Wiley Periodicals, Inc. ] Biomed Mater Res 82A:
27-40, 2007

Key words: total hip prosthesis; CF/PA12 composite;
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INTRODUCTION

Most stems for total hip joint replacements are cur-
rently fabricated using Ti-6Al-4V alloy. This material
has several properties that make it the material of
choice for many orthopedic applications because of
its high mechanical strength and corrosion resistance
and excellent biocompatibility." Like all other hip
stems used in total hip prosthesis (THP), Ti-6Al-4V-
based stems have however two main drawbacks,
namely, significant stress shielding and important
migration. The first is the alteration of the stress pat-
tern induced by the modulus of elasticity of the high
modulus metallic prosthesis (100 GPa for Ti-based
stems), which is much higher than that for the contig-
uous bone. Thus, the stiff implant will sustain the
greater part of the load. The second is the conse-
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quence of large micromotions at the bone-implant
interface resulting from nonoptimal surface condi-
tions. Both drawbacks lead to implant loosening and
bone resorption in the surrounding femoral bone, lim-
iting the in vivo longevity of the hip replacement.
Several attempts have been made to provide more
suitable design/materials to overcome the problems
associated with stress shielding and improve implant
lifetime. One approach is the use of low-modulus Ti-
based alloys,> with an elastic modulus ranging be-
tween 60 and 80 GPa. Among these materials, Ti-
13Nb-13Zr and Ti-29Nb-13Ta-4.6Zr alloys provide
sufficient strength and corrosion resistance and high
biocompatibility.* When compared with conventional
biomedical Ti-6Al-4V, low modulus alloys are effec-
tive to reduce stress shielding and enhance bone
remodeling, although their modulus is still four to
five times higher than that of the contiguous bone.
Other disadvantages of these materials are their high
cost, inferior wear properties, and susceptibility to
time-related phenomena-like corrosion effects."
Some investigations have suggested shape optimi-
zation of hip prosthesis®'* as an alternative to ad-
dress the stress shielding and bone resorption prob-
lem. For this purpose, many numerical approaches
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Figure 1. 3D geometry of the cut femoral bone and coordinate system: (a) intact bone and (b) cut bone. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]

have been developed to generate optimized designs.
These shape optimization approaches for optimal
design of prostheses have proved to be able to mini-
mize either stress shielding or interfacial micromotion
effects, but never simultaneously.

Other researches have focused on material optimi-
zation of femoral hip prosthesis. Aiming this objec-
tive, a numerical approach to three-dimensional ma-
terial optimization of femoral prosthesis using fiber-
reinforced composite material was developed.'® This
optimization procedure can be employed to minimize
the concentration of stress at the bone-implant inter-
face to reduce the risk of mechanical failure and inter-
face debonding. Kuiper and Huiskes'* developed a
numerical approach to minimize both calcar stress
shielding and interfacial micromotion. Their results
showed that the use of variable modulus prosthesis
produces the desired load transfer distribution. The

TABLE I
Mechanical Properties of Host Tissue
Modules of Shear Modulus Poisson’s
Meterial Elasticity (GPa) (GPa) Ratio

E, =115 Gy, =30 Uy = 0.4

Cortical bone E, =115 Gy =35 Uy = 0.4
E, =175 Gy =35 Uy = 0.4

Cancellous bone E=10 G =30 v=03

Polymeric
core

< HA coated surface

CF/PAI2

Figure 2. Design concept of the biomimetic hip stem.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 3. Schematic dimensioned drawing of the hip
stem (all dimensions are in mm).

application of optimization approaches for different
problem formulations has resulted in a variety of
interesting results for the constrained objective func-
tions, for example, minimizing stress shielding or
maximizing stiffness. These optimization studies give
insights into femoral prosthesis as a mechanical struc-
ture. However, they did not consider the interactions
between the prosthesis and the host tissue (biological
structure). Moreover, it is very difficult to assemble
all optimization criteria to create an ideal prosthesis
model.

In the same thematic, long fiber composite materi-
als for femoral hip prostheses were developed as
alternatives to stiff metal alloys to overcome problems
related to stress shielding and improve load transfer
to bone. These composite biomaterials appear as very
attractive solutions for orthopedic implants because
of their potential benefits, such as tailored mechanical
properties and anisotropy, mechanical reliability,
environmental stability, and improved biocompatibil-
ity.'> Currently, most of the developed composite ma-
terial prostheses have been fabricated from laminated
fiber-reinforced composites.'®® A preliminary study
on composite hip prosthesis manufactured by resin
transfer molding using vinyl ester resin reinforced by

a braided carbon fiber (CF) preform was conducted
by Advani et al.?*® Two architectures with different
fiber angles (15° and 20°) were used. The results of
their investigation showed that direct braiding of the
fibers onto insert could improve the quality of the
prosthesis and resulting mechanical performance.
Christel et al.'® developed hip prostheses made from
carbon fiber-reinforced carbon (CF/CF). Early aseptic
loosening was observed in these prostheses mainly
because of the poorly designed shape and the low
shear strength of materials at stem surface,”* which
enhanced negative micromotions and migration. The
implantation of these CF/CF prostheses has been
stopped. Similar failures were reported for so-called
isoelastic stems.”> Akay and Aslan'’ performed a
comparative stress analysis using carbon fiber-rein-
forced polyetheretherketone (CF/PEEK) manufac-
tured by injection molding. A finite element code to
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Figure 4. Ply configurations for the composite material
used: (a) configuration I ([(*45°)2] [(0°/90°)1] [(*=45°)3])
and (b) configuration II ([(*£45°)6]). [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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TABLE II
Mechanical Properties of the Composite Prosthesis®'
Modulus of Shear Poissson
Material Elasticity (GPa) Modulus (GPa) Ratio (v)
Polymeric core E =0.104;1.0 G = 0.04;0.17,0.42 0.2
E, =35 G,. =25 03
E, = 164 G.. =30 03
CF/PA12 composite E, =164 Gy = 3.0 0.3
[(459),]1(0° /90 ][(£45%)5] E, = 3.0 Gy. =20 03
E, =107 G,y =25 0.3
[(+459)]4 E. =107 Gy = 2.5 03

analyze the response of a press-fit CF/PEEK implant
was developed,'®' which highlighted the effect of
fiber orientation on the mechanical performance of
the prosthesis. More recently a numerical method
was developed to predict the progressive failure of a
thick laminated composite femoral component for
total hip arthroplasty” (THA). A hybrid concept
design of the hip prosthesis based on a Co-Cr core
with a flexible comgosite outer layer was developed
by Simdes et al.***® The prototypes of this design

were manufactured using compression molding com-
posite technology. Results showed that the combina-
tion of a stiff material with a more flexible one pro-
duced the desired load transfer distribution, poten-
tially minimizing both calcar stresses without leading
to large interface micromotion. They also showed that
their hybrid concept resulted in a compromise be-
tween stress shielding and micromotions.

While these studies addressed specific weaknesses
of existing implants and proposed individual solu-

Hip joint force

Muscle forces

(a)

(b)

Figure 5. FE models: (a) intact femoral bone, (b) femoral bone with Ti implant, and (c) femoral bone with CF/PA12
implant. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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TABLE III
Details of the Finite Element Model Used

Element Number of Number of
Part Type Used Nodes Elements
Cortical bone Solid45-8 nodes 8,679 34,784
Cancellous bone Solid45-8 nodes 10,265 46,790
CF/PA12 composite Solid99-8 nodes 3,286 34,784
Polymeric core Solid45-8 nodes 3,270 14,979

tions based on materials or implant design optimiza-
tion, none considered an integrated biomimetic solu-
tion to stress shielding and aseptic loosening. Also,
solutions based on lower modulus composite materi-
als proposed to address stress shielding revealed to
be inadequately designed with respect to micromo-
tions and migration. Clinical studies**® showed that
isoelastic prostheses (e.g., Butel’s model and carbon
fiber composite) did not fulfill its expected perfor-
mance because of the dramatic implant migration
related to high shear deformation at the bone-implant
interface. It is worth mentioning however that results
indicated reduced stress shielding effects with such
lower modulus stem. Thus, there is a room for further
work in this area.

In the present study, it is thus proposed to develop
biomimetic total hip stem. The concept design of the
prosthesis is inspired from the structure of the femo-
ral bone itself. It is based on 3-mm thick substructure
of a new polymer-composite (carbon fiber-reinforced
polyamide 12, CF/PA12) with an internal soft based-
polymer core to mimic the natural bone. The proxi-
mal part of the prosthesis is plasma sprayed with a
bioactive hydroxyapatite (HA) coating® to promote
osteointegration. The innovation in the present
approach lies in the biomimetic design of the compos-
ite stem and their HA coating.

The objectives of the work were twofold. The first
was to compare the biomechanical performance of
total hip stems made of Ti or HA-coated composite
using a model developed of the proximal section of
the femur. The second was to investigate the influ-
ence of architectural features of the composite stem
architecture features on various biomechanical prop-
erties of a model that contains this stem. In all cases,
the finite element analysis (FEA) method is used.

TABLE IV
Values of the Components of the Applied Forces
Used in the Finite Element Analysis

Abductor Forces
Components (N)

Hip Joint Forces
Component (N)

F, F, F, Fy E, E;
Case 1 —1026 0 2819 0 0 0
Case 2 —-320 448 1820 430 0 —1160

Hip joint force

\

L

Abductor force

e

Fixed support

Figure 6. Boundary conditions and applied loads (in
Load case 2) acting on the prosthesis-femoral bone model.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

MATERIALS AND METHODS

Femoral bone

In this investigation, a three-dimensional model of the
proximal part of a right femoral bone was obtained from
computerized tomography (CT) scan cross-sections of the
composite femur.** Osteotomy of the upper end of the femo-
ral bone was performed at the level of the greater trochanter
as shown in Figure 1. The values used for the elastic proper-
ties of cortical and cancellous bone are given in Table I. For
structural analysis, cortical and cancellous bone were both
simplified as homogeneous linear-elastic materials with
transversely isotropic and isotropic behavior, respectively.

THP design

The design concept and geometry of composite hip stem
prosthesis are shown in Figures 2 and 3, respectively. The
prosthesis is typical of modular designs that are implanted

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a



32

Sliding distance

|

0

.009g92

.019383

.029075

.038767

.048459

.05815

067842
.072688

(a)

. 010678
. 021356
. 032035
. 042713
.053391
.064069
.074747

. 085428

. 086104

(b)

BOUGHERARA ET AL.

Gap distance

.138604

-.120124

-.101643

-.083163

-.064682

-.046201

-.027721

-.00924

-.180977

. 160868
. 14076
.120651
. 100543
. 080434
. 060326
. 040217

- . 020109

i}

Figure 7. Effect of ply configuration on micromotions expressed as sliding distance (in mm) and gap distance (in mm)
using load case 2 and core stiffness of 1000 MPa: (a) configuration I ([(£45°)2] [(0°/90°)1] [(+45°)3]) and (b) configuration
IT ([(=45°)6]). MN and MX represent respectively, minimum and maximum values. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

by press-fitting into the contiguous bone without the use
of an acrylic bone cement anchor. The stem is straight, fol-
lows the antecurvation of the shaft of the femoral bone,
has an oval cross-section, and a shaft angle of 135°. It is
composed of a 3-mm thick substructure made of several

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

layers of a carbon fiber/polyamide 12 (CF/PA12) polymer
composite laminate with predetermined fiber orientation,
an internal polymeric core and a 100-um thick bioactive
HA coating in the proximal section to enhance bone
ingrowth and increase the fixation strength. Optimal sub-
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TABLE V
Influence of the Ply Configuration of the Composite Material on Various Stresses in the Finite Element Model

Ply Configuration

Configuration I Configuration II

[(£45°).1[(0°/90°)1][(+45)5] [(£45°)6
Maximum contact pressure (MPa) 24 33
Maximum total contact pressure (MPa) 34 46
Peak maximum stress in the prosthesis (MPa) 72 76
Peak minimum stress in the prosthesis (MPa) -96 —-102
Peak maximum stress in the femoral bone (MPa) 55 55
Peak minimum stress in the femoral bone (MPa) —-94 —-94

structure thickness and different laminate fiber angle were
determined experimentally by tensile and compression
tests.3! CF volume fraction was 55%, as determined from
thermal gravimetric analysis (TGA). Preliminary biocom-
patibility testing showed that this composite stem pro-
duced no adverse cytotoxic response in the peri-prosthetic
tissues®>* and, tests using simulated body fluid condition-
ing showed that the HA coating has excellent bioactivity.>

Two fiber architectures were used in the present study.
Configuration I had two plies oriented at (*£45°), one
at (0°/90°), and three others at (*=45°) ([(=45°)][(0°/
90°)]1[(*45°)]3). Configuration II had all six plies oriented
at (£45°) [(+45%)]s. A schematic of these two configura-
tions is shown in Figure 4. The composite was manufac-
tured by inflatable bladder compression molding.*" The
values of the elastic properties used for the composite ma-
terial are shown in Table II.

The solid model of the prosthesis was created using a
commercially available software (CATIAV5R13; Dassault
systemes, Montreal, CA).

Details of FEA models

Three finite element analysis (FEA) models were
meshed and analyzed using a commercially available soft-
ware (ANSYS 9.0; Ansys, Montreal, CA). The first was a

100

50 Maximum confact Maxmum fotal
pressura confact stress

i i

Maximum contacl
shding disianca

Micromiotions | gasyoontact il stress and pressure (MPa)

-50

-100
_450 = =100 MPa
b Minimim contact [ £ = 400 MPa
gap B = 1000 MPa

-200

Figure 8. Effect of core stiffness on micromotions, contact
pressure and total stress at the bone-implant interface
using load case 2 and ply configuration I.

model of the intact femoral bone [Fig. 5(a)], the second
was one in which the implanted stem was made of a Ti-
base alloy (E = 110 GPa, V = 0.3), while, in the third, the
biomimetic composite (CF/PA12) stem was used. Details
of the meshes for all models are given in Table III. For the
second and third models, frictional conditions were
assumed to exist at the bone-implant interface, thereby
allowing transfer of compressive and shear stresses. The
interface condition between the proximal prosthesis sur-
face (HA surface) and cancellous bone as well between
distal prosthesis and cortical bone was modeled by contact
elements (CONTAC174 - 8 nodes with dynamic friction
capabilities). Two values of the friction coefficient were
used: 1.0 at the bone-HA interface and 0.6 throughout the
stem surface simulating stick/slip friction behavior. Fully-
bonded conditions were assumed at all other interfaces in
view of interfacial adhesion measured from pull tests.”
This resulted in a rigid link between the composite sub-
structure (CF/PA12) and the internal core contact surfaces,
allowing no relative sliding or gap opening.

The FE composite model was made of two types of ele-
ments: 3D structural solid elements (SOLID45-8 nodes hav-
ing three degrees of freedom at each node with large strain
capabilities) were used to simulate femoral bone and inter-
nal core and multilayer linear structural shell elements
(Shell99-8 nodes having six degrees of freedom at each
node) were used to simulate the composite substructure.
The bone-implant interface was modeled using surface-to-
surface contact elements (CONTA174 and TARGE170). The
complete FE model involved 22,682 nodes, 114,613 ele-
ments, and 14,782 contact elements; additional details can
be found in Table III.

Loads and boundary conditions

For each of FEA models, two load cases were used.
Load case 1, consisting of a 3 kN load applied to the femo-
ral head with an angle 20° was used to verify the FEA
results obtained in the present study by comparing the
stresses in the stem, in the Ti stem model, with those
reported by previous workers.””** Load case 2 corre-
sponded to the most critical load case of gait (a single limb
stance phase) and consisted of a 1.9 kN load applied to the
femoral head and a 1.24 kN abductor muscle load. Several
authors reported that the physiological loading of the hip
joint can be accurately represented by only applying joint
and abducting forces, neglecting all other muscles.’® For

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 9. Effect of core stiffness on the principal stress (MPa) in the prosthesis due to load case 2 and using ply configu-

ration I: (a) maximum stress and (b) minimum stress. MN and MX represent respectively, minimum and maximum val-
ues. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

each load case, the resultant load used, as well as the mag- RESULTS
nitudes and directions of these loads, resolved along each
of the anatomic directions, were as given in the literature
(Table IV). For each load case, the loads were distributed
over several nodes to avoid stress concentration, and for
all FEA work, the displacement of all nodes at the distal For the load case 1 applied to the model with the
end of the femoral bone was rigidly constrained (Fig. 6). implanted Ti alloy stem, the maximum tensile stress

Verification of the FEA results

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 10. Effect of core stiffness on the maximum principal stress (MPa) in the femoral bone (cortical and cancellous)
due to load case 2 and using ply configuration I. MN and MX represent respectively, minimum and maximum values.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

(79 MPa) and minimum compressive stresses (104
MPa) where within the range reported by Akay and
Aslan."” (100 and 137 MPa, respectively) and Prender-
gast et al* (96 and 120 MPa, respectively) for the
same combination of loading case and model. Keep-
ing in mind in differences in the geometry of the stem
used in these studies, the authors conclude that these
results provide an adequate validation of the FEA
model used.

Effect of ply configuration and core stiffness in the
composite model on micromotion and stresses

Micromotions were defined as gap distance and slid-
ing distance, that is, relative motions in the normal and
tangential directions with respect to the stem. Results
concerning ply configuration showed that peak micro-
motions were ~24% lower for ply configuration I com-
pared with ply configuration II (Fig. 7). Results also
showed that ply configuration only marginally affected
the peak maximum principal stress in the cancellous
bone, the peak minimum principal stress in the cancel-
lous bone, the maximum principal stress in the prosthe-
sis or the minimum principal stress in the prosthesis
(Table V). However, results in Table V showed that ply
configuration I led to maximum contact pressure and
maximum contact stress at the bone-implant interface
~26% lower than those of ply configuration II. Results
also showed that core stiffness had a very marginal
influence on micromotions, maximum contact pressure
or maximum total stress at the bone-implant interface
(Fig. 8), on the principal stresses in the prosthesis

(Fig. 9), and the maximum principal stress in the cancel-
lous bone (Fig. 10).

Influence of stem material on stress

Compared with the case where the stem was made
of the Ti alloy, the values of the principal stresses in
the composite stem were lower and more uniformly
distributed (Fig. 11). The maximum principal stress in
the femoral bone implanted with the composite stem
(Fig. 12) was also much closer to that obtained with
the intact femoral bone, indicating that, with the com-
posite stem, there is a higher potential for bone appo-
sition®® and hence a lower potential for stress shield-
ing.*” Micromotions at the bone-implant interface
(Fig. 13) were also lower (sliding distance of between
0 and 20 pm, with a peak of 70 um, and peak gap dis-
tance of between 0 and 33 pm, with peak minimum of
128 pm), with the composite stem than with the Ti
stem (sliding distance of between 0 and 50 um and a
peak gap minimum distance of 238 pum), indicating
that the potential for migration is lower when the
composite stem is used. These peak sliding distance
and peak gap distance obtained with the composite
stem are lower than a reported limit recorded in
in vivo studies of 150 pm for porous-coated im-
plants.**” However, there is no consensus on such a
limit for micromotions as other limits have been pro-
posed for surface-textured metallic implants (e.g.,
40 um for porous Ti wire surface) and are extensively
discussed by Kienapfel et al.*’ It should be noted that
no such limit currently exists for HA-coated implants.

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 11. Principal stress (MPa) in the prostheses due to load case 2, and using ply configuration I and core stiffness of
1000 MPa: (a) maximum stress and (b) minimum stress. MN and MX represent respectively, minimum and maximum val-
ues. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

DISCUSSION the potential of the proposed design concept. Numer-

ical study has shown that the performance of the

The new concept design for hip replacement using  composite prosthesis depends strongly upon ply con-

a biomimetic composite was described. Three-dimen-  figuration. The results of the simulation demonstrated
sional finite element models were used to evaluate  that for the composite stem model, configuration I is
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Figure 12. Maximum principal stress (MPa) in bone (cortical and cancellous) due to load case 2, using configuration I and
core stiffness of 1000 MPa: (a) the intact femoral bone, (b) the femoral bone with composite prosthesis and (c) the femoral
bone with Ti prosthesis. MN and MX represent respectively, minimum and maximum values. [Color figure can be viewed in
the online issue, which is available at www .interscience.wiley.com.]

better in terms of micromotions than configuration II
because of its resulting stiffness closer to that of corti-
cal bone, while stress distribution was not as sensitive
to ply configuration. However, several works®**"*
have shown that it is desirable to have a stiff stem
(i.e., metallic) to minimize cancellous bone stress and
migration. Based on the latter, a compromise must
thus be made between stress shielding and micromo-
tions. On the contrary, the present study demon-
strates that the current hip stem, based on HA-coated
biomimetic composite, with its bone-matching stiff-
ness and excellent bone-implant adhesion results in
better load transfer and less micromotions.

The polymeric core stiffness, however, had less
effect on micromotions and no significant effect on
stress within the femoral bone. This is attributed to
the low stiffness of the polymeric core, which is negli-
gible with respect to that of the composite. Compara-
tive study of composite and Ti prostheses revealed
that the prosthesis stress was significantly reduced
with the composite, which led to more load transfer
to the surrounding bone than with Ti. In addition, the
composite prosthesis reduced both total contact stress
and pressure at the bone-implant interface.

The prototypes of THP stems were manufactured
using an inflatable bladder compression molding pro-
cess developed.®" This process allows manufacturing
in a single molding step into a near-net shape. The
process window and specific composite features are
currently being determined. Preliminary work has
also been undertaken and is under development to
introduce the internal polymer core using a melt pro-

cess. Once molded, the near-net shape stem is
plasma-sprayed with HA to obtain a bioactive coat-
ing. A proprietary technique was developed to man-
age heat dissipation during the atmospheric plasma
spraying process and obtain high adhesion for such
HA coatings on heat-sensitive polymer-based sub-
strates.” Finally, cytotoxicity and inflammatory
response from in vitro cell culture as well as in vivo
implantation for osteointegration and bone-implant
bond strength (push—pull tests) on the biomimetic,
HA-coated polymer composite stems are currently
under investigation.

For the sake of simplicity, a number of assumptions
were included in the finite element models, which
may influence interpretation of results. First, the can-
cellous bone was treated as isotropic and homoge-
nous, whereas it is known to be anisotropic and heter-
ogeneous. As proposed elsewhere,” the physiological
load used here in the models included only two
forces (hip joint and abductors), all other muscle
forces are neglected. Adding other muscle actions
(e.g., iliotibial tract muscle) may impact load transfer,
and therefore stress shielding. Moreover, the mechan-
ical properties of the composite are dependent on the
ply configuration (fiber orientation). The optimal ply
configuration of the composite was obtained empiri-
cally from experimental testing. For more accurate
analysis, theorical optimization of the ply configura-
tion using classical laminate theory is required.

A possible extension of the present work would be
to consider bone remodeling after total hip replace-
ment surgery,*” for the purpose of predicting the
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Figure 13. Distribution of micromotions on the proximal bone-implant interface using load case 2, configuration I and
core stiffness of 1000 MPa: (a) contact gap distance (in mm) and (b) contact sliding distance (in mm). MN and MX repre-
sent respectively, minimum and maximum values. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]

long-term response of host tissue to the insertion of and more uniform, the stresses in the femoral
the composite prosthesis. bone were higher, very close to those modeled
in an intact femoral bone, and micromotions

CONCLUSIONS were lower. This points to the possibility for

reduced stress shielding and migration, hence

lower bone resorption and implant loosening

1. When the biomimetic stem was used instead of in total hip replacements with the composite-
a Ti stem, the stresses in the stem were lower based biomimetic stem design.

The main conclusions of the study are:

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a



DESIGN OF A BIOMIMETIC POLYMER-COMPOSITE HIP PROSTHESIS 39

2. When the biomimetic stem design is used, the
ply configuration has an important influence
on the various biomechanical parameters deter-
mined, whereas the stiffness of the polymeric
core does not.
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