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Abstract

Biomechanical phenomena occurring at the bone-implant interface during the press-fit insertion of
acetabular cup (AC) implants are still poorly understood. This paper presents a nonlinear geometrical
2-D axisymmetric finite element model aiming at describing the biomechanical behavior of the AC
implant as a function of the bone Young’s modulus E,, the diametric interference fit (IF) and the
friction coefficient . The numerical model was compared with experimental results obtained from an
in vitro test, which allows to determine a reference configuration with the parameter set: u* = 0.3,
E,*= 0.2 GPaand IF* = 1 mm for which the maximal contact pressure ty = 10.7 MPa was found to be
localized at the peri-equatorial rim of the acetabular cavity. Parametric studies were carried out,
showing that an optimal value of the pull-out force can be defined as a function of x, E,, and IF. For
the reference configuration, the optimal pull-out force is obtained for x4 = 0.6 (respectively E, =
0.35 GPa and IF = 1.4 mm). For relatively low value of p (u<0.2), the optimal value of IF linearly
increases as a function of p independently of E,, while for u>0.2, the optimal value of IF has a
nonlinear dependence on W and decreases as a function of Ey. The results can be used to help surgeons

determine the optimal value of IF in a patient specific manner.

Keywords: bone-implant interface; acetabular cup; FE analysis; friction; interference fit; primary
stability
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1. Introduction

Within the last thirty years, total hip arthroplasty has become a common surgical intervention
(1). Nevertheless, surgical failures still occur, leading to dramatic consequences for patients and
important costs for the healthcare system. Aseptic loosening is one of the most common causes of

failure (2) and is often determined by the implant primary stability.

Cementless acetabular cup (AC) implant surgery has become more and more employed over the
past decade (3). AC implants are inserted using the press-fit technique, which consists in obtaining the
implant primary stability by slightly oversizing the AC implant compared to the host bone cavity. The
AC implant is then inserted into the bone cavity using impacts produced by a surgical mallet. The AC
implant primary stability refers to the quality of the implant mechanical fixation obtained during the
surgery, which is due to residual stresses localized mostly at the AC implant rim (4-6). An adapted
primary stability lies in a compromise between i) reducing the relative micromotions at the bone-
implant interface (BII), which may lead to the formation of fibrous tissue in the peri-implant region (2)
and ii) avoiding “too high” stresses in peri-implant bone tissue, which may lead to bone necrosis or
local ischemia (7). Both phenomena may jeopardize osseointegration processes (8) and hence lead to
the implant aseptic loosening. Osseointegration leads to a bonded Bl after the healing process and
guarantees the long-term fixation of the AC implant (9-12) into bone tissue. The AC implant stability
depends on the implant properties, on the surgical protocol, as well as on the patient behavior and
bone quality.

Different pull-out tests (13-15) have been carried out in vitro and ex vivo in order to assess the
AC implant primary stability but they cannot be used in the operative room. Methods based on
resonance frequency analyses (16-19) have been considered but remain so far difficult to be used in
clinical practice. More recently, approaches based on the analysis of the time dependence of the force
produced during the impact between an instrumented hammer and the ancillary (20-26) have been
developed by our group. In this context, understanding the determinants of the AC implant stability

could be useful to help to improve the surgical procedure.

Several experimental studies focused on the effect of bone quality (5, 27) on the biomechanical
behavior of AC implant. Furthermore, implant manufacturers have developed new implant properties
including innovative implant geometries (5, 28-30) and surface coatings (13, 15, 27, 31-33).
Nevertheless, these improvements are sometimes related to empirical developments and there is a lack
of systematic investigation of the multifactorial determinants of the AC implant stability. Therefore,
several numerical models have been developed to assess the biomechanical behavior of the cementless
AC implant (6, 34). However, the relation between bone properties and the AC implant macroscopic
mechanical behavior remains poorly established. Moreover, the complex biomechanical phenomena

occurring at the BII involving friction are still poorly understood (35).
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The aim of this study is to provide a better understanding of the determinants of the
biomechanical primary stability of cementless AC implants. To tackle this problem, geometrically
nonlinear finite element analyses of a 2-D axisymmetric model were performed to simulate the quasi-
static insertion and pull-out process of the AC implant in bone. We assessed the effect of a variation of
the friction coefficient p at the Bll, of the bone Young’s modulus E, and of the interference fit IF
(which is defined by the difference between the implant and the bone cavity nominal diameters) within
their physiological ranges on the AC implant primary stability. The choice of studying the effect of the
three aforementioned parameters comes from their importance regarding the AC implant stability. The

numerical results were compared with an in vitro experimental configuration.

2. Material and methods

2.1. Mechanical modeling and numerical simulation
2.1.1. Geometry and material properties

The proposed geometrical configuration is described schematically in Fig. 1a. The system
comprised three sub-domains: the ancillary, the AC implant and the bone sample, denoted by Q,, ©;
and Q,, respectively. The AC implant had an outer radius of 25.5 mm and its thickness varied linearly
as a function of the polar angle, with values comprised between 2.9 mm at the cup dome and 3.7 mm
at the cup rim, similarly as what was done in (20). This AC implant design corresponds to the
acetabular cup Cerafit (Ceraver, Roissy, France). Moreover, a cylindrical ancillary was rigidly
attached to the AC implant, similarly as what is done in the clinic. The ancillary’s radius and height
were 8.5 mm and 190 mm, respectively, which corresponds approximately to materials used in the
operating room. The bone sample was modeled by a cylinder with a radius equal to 50 mm and a
height of 40 mm, in which a hemispheric cavity was realized at the upper surface. The bone cavity
diameter was varied between 48.5 and 50.9 mm . Following (20, 32), the top edge of the acetabulum
was smoothed in order to avoid unphysical stress concentrations by considering a radius of curvature
of 2 mm at the top of the cavity. The aforementioned geometrical configuration corresponds to a

simplistic model of the human pelvic zone, which will be discussed in Section 4.

All material properties corresponding to the subdomains (£2,, Q; and ©,) described in Fig.
1a were assumed to be homogeneous, isotropic and elastic. The ancillary (subdomain ©,) and the AC
implant (subdomain ;) were assumed to be made of stainless steel and titanium alloy TiAl6V4,
respectively. The bone subdomain €, was assumed to be composed of trabecular bone. Table 1
presents several values of the Young modulus of trabecular bone tissue E, corresponding to the
physiological range (5, 36) which were used for this study. The elastic properties of the ancillary and

of the implant are also given in Table 1.
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Figure 1 Mechanical and geometrical configurations for the a) in silico and b) in vitro models. a) Schematic representation of
the geometrical configuration of the model including the ancillary (£2;), the implant (£2;), and the bone sample (£). I'f and
Iy correspond to the contacting surfaces of the implant and the bone, respectively. I'}; is the fixed boundary of the bone
sample. The coordinate r, runs along the bone-cavity arc I';. The maximum value of the polar gap g is obtained for r.= 0. b)

Experimental configuration of the axial pull-out test.

Table 1 Material properties of the three subdomains considered in the model. The corresponding reference numbers are
indicated.in the last line.

. ) Young’s modulus Poisson ratio Reference value
Subdomain Material .
(GPa) v E, (GPa)
Ancillary 2, Stainless steel 210 0.3 -
Implant ©; Titanium alloy 113 0.3 -
Bone sample 2, Trabecular bone 0.1-0.9 (5, 36) 0.3(34) 0.2 (36, 37)
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2.1.2. Numerical simulation method

For the simulation of the mechanical problem corresponding to the insertion and to the pull-out of
an AC implant into bone tissue, nonlinear geometrically elastic solids were considered under quasi-
static loading conditions and the inertia force was neglected. The problem was expressed in terms of
large displacements. Numerical analyses were carried out using Ansys® Workbench software (v. 17.0,
Canonsburg, US).

An axisymmetric condition was applied on the boundaries located on the z-axis (Fafz;"see Fig 1a).

The bottom side of the bone sample (I},*, Fig 1a) was assumed to be fixed. At the initial state t = 0, the
outer boundary of the AC implant I;° and the internal boundary of the bone hemispherical cavity I}’
were assumed to be close but out-of-contact. Then a vertical quasi-static displacement U, (t) applied at

the top surface of the ancillary I}* in the axial direction (z):

u=1[0, U,@®]" inIg", 1)
where U, (t) is a piecewise three-step function defined by:
do X (t/Ty) for0 <t <Ty,
U,(t) = do for Ty <t < T, )

do X (T, + Ty —t)/Ty for T, <t <T,+Ty

with T;=1 (s) and T,=1.2 (s). The imposed displacement history U, (t) (see Fig. 2) was incremented
with a step of At = 0.001s. Since a quasi-static regime was considered, the time step unit (s) was
only indicative and did not affect the simulation results, which did not depend on the values chosen for
T, and T,.

As indicated in Fig. 2, an insertion or push-in phase was imposed in the time range t € [0,1] s, which
corresponds to a linearly decreasing variation of U,(t) between U,(t = 0) = 0 mm (i.e., the initial
value) and U,(t = 1) = d,. Next, the imposed displacement remained constant in the time interval
t € [1,1.2] s. Eventually, the AC implant was pulled out of bone tissue by imposing a linear increase
of U,(t) until the implant was completely detached from bone tissue. The system was controlled in

displacement.



Primary stability of AC implants 7

0 T N T T

€

E

DN

c

(5] :

5 o

S Push-in phase Holding Pull-out phase

o phase:

5 do I : ‘ )
0 0.5 1 1.5 2 22

Time [s]

Figure 2 Variation of the displacement applied to the top of the ancillary I'% in the axial direction (z) as a
function of time.

The vertical reaction force (denoted by R,(t) in what follows) corresponding to the vertical force
applied to the ancillary was determined at each time step by integrating the vertical components of
reaction stress tensor over the top surface I* of the ancillary. The maximum value of the imposed
displacement dy was chosen so that Ry(T;) = Fo, where Fq corresponds to the press-fitting force. The
pull-out force was defined as the maximum value of R,(t) obtained during the pull-out phase, which
corresponds to an indication of the AC implant primary stability.

The contact interaction at the BIl I'¢ = I;F U I;° was governed at each time step by the unilateral
contact condition together with the static Coulomb’s friction law which, within a quasi-static

framework (38), writes:

|tr| —puty <0
ty =0
g <0 ®3)
ty'g=0
where ty = —n'on, t; = — t'on with n and t the normal and tangential unit vectors of the bone

surface; u is the friction coefficient at the BII; g is the gap function which corresponds to the normal
distance between the bone’s cavity surface [I'; and the implant surface I'f (Fig 1a). The contact

algorithm used to solve the Coulomb contact condition was the Augmented Lagrangian method (39).
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2.1.3. Mesh generation and numerical convergence

The finite element mesh used to run the numerical simulation was slightly changed depending
on the geometrical parameters, but it typically contained around 2,500 quadrilateral Lagrange elements
and 200 contact elements, leading to a global system with about 15,000 degrees of freedom. The
quadratic interpolation function was used, which is appropriate to mesh a curved geometry (see Fig.
1a). The mesh size had to be finer around the bone cavity surface (size 0.2 mm), assumed to be the
“slave” surface in the computational contact conditions, compared to the “master” surface, i.e., the AC
implant outer surface. Refining the mesh around the bone cavity surface was also required to avoid
numerical problems in the resolution due to a non-uniform unit normal vector, both contacting
surfaces being non-planar (see Fig. 1).

A convergence study was performed (data not shown) to verify that the chosen values of time
increment step (4t) and element sizes were sufficiently small to obtain converged solutions. Numerical
convergence was checked with different mesh sizes at the contacting surfaces. The contact algorithm
used to solve the Coulomb contact condition was the Augmented Lagrangian method (39).

2.1.4. Parametric study
A parametric study was carried out in order to determine the influence of |, E,and IF on the PO

force, which is an indicator of the AC implant primary stability (32). A two-step methodology was

adopted. First, the effects of the parameters were studied independently by varying one parameter at a

time (i.e., One-Factor-At-Time OFAT design) and keeping the two other parameters equal to their

reference values (see subsections 3.2.1, 3.2.2, 3.2.3) which have been identified experimentally (see
section 2.2.2) and confirmed by literature. This screening allowed to identify an “optimal” stability
condition (see section 3.2.4) relating IF and . Second, the effects of the coupled variations of the set

(IF, Ep, 1) were investigated with reference to the “optimal” parameters (see details in subsection

3.2.4).

The influence of the following parameters was investigated:

o Different values of the diametric interference fit IF comprised between 0.1 mm and 2.5 mm were
considered according to values found in (6, 32, 34, 40, 41). The reference value for the
interference fit was assumed to be IF" = 1 mm, which is a standard value used in clinical practice
(40).

o A wide range of values of the friction coefficient u (between 0.1 and 1) was considered in order to
simulate the physiological range of friction for various types of implant surface in contact with
trabecular bone (14, 31, 32, 42) and for different clinical situations of the BIl. The value x = u" =

0.3 was taken as the reference value following (43).

e The range of variation of the bone Young’s modulus is indicated in Table 1.
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2.2. Invitro experimental measurements
2.2.1. Experimental configuration

An in vitro experimental test was carried out in order to compare with the numerical model
described above. The experimental protocol was described in detail in (21) and is briefly recalled in
what follows. A 50-mm nominal diameter AC implant of (Cerafit HAC, Ceraver, Roissy, France)
made in titanium alloy TiAl6V4 and coated with hydroxyapatite (HA) was used. A bovine femur,
obtained from the local butcher shop, was prepared by cutting the sample in a plane perpendicular to
its axis in the proximal region in order to obtain a sufficient amount of trabecular bone. A
hemispherical cavity was reamed at the upper surface of the bone sample using the reamer provided by
the manufacturer, which was held in a clamp. Bone cavities with different diameters (within the range
of 48-52 mm) were successively created in the same bone sample in order to consider different values

of the interference fit, similarly as what was done in (23).

The dedicated ancillary was screwed into the AC implant, which was positioned so that its
longitudinal axis was aligned with the cavity symmetry axis, as shown in Fig. 1b. The AC implant was
then inserted into the cavity by performing a series of impacts with a surgical mallet (1.3 kg) until the
surgeon judged that it was completely inserted according to his proprioception, similarly as in the
clinical practice.

After the AC implant insertion, a pull-out test was carried out using a mechanical testing device
(MTS Systems Corporation, Eden Prairie, Minnesota, US) equipped with a force sensor (FGP
instrumentation, Les Clayes-sous-Bois, France). The bone sample was rigidly fixed to the bottom part
of the frame of the device through a clamp. The top part of the ancillary was attached to the top part of
the rigid frame (Fig. 1b). A pull-out test was realized in displacement-controlled mode with a
gradually increasing upward displacement (0.4 mm/s). Finally, the maximum value of the force
necessary to pull the AC implant out of the bone cavity was measured and is referred to as the pull-out
(PO) force in what follows. The impaction and pull-out protocols were realized consecutively for each

tested value of the interference fit comprised between 0 and 2 mm.

2.2.2. ldentification of the reference parameters

A comparison between experimental and numerical tests is a simple way of defining a reference
set of parameters. The stars in Fig. 3 indicate the variation of the PO force as a function of the
interference fit IF obtained experimentally. The experimental results show that the PO force increases
as a function of the IF when IF < 1.5 mm, reaches a maximum value of 560 N for IF = 1.5 mm, and

then decreases when the value of the IF becomes more important (IF = 2 mm).
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The range of variation of IF considered in Fig. 3 was obtained from (6, 32, 34, 40, 41). For low
values of IF, the variation of the pull-out force as a function of IF is shown to be linear, with a slope
depending on (Y, Ep). The reference value of p=0.3 was chosen based on results obtained in the
literature (43). Then, the value of E, was chosen so that the slope of the curve representing the
variation of the PO force as a function of IF obtained from simulations coincides with the
experimental results by using a least square fitting method. This method leads to value of E;,=0.2 GPa,
in good agreement with results obtained in (36-37). Numerical simulations with three different values
of the press-fitting force Fy (1, 2.5 and 5 kN) were then performed. These values were chosen
according to experimental press-fitting force F, found by our group (20-26) using an instrumented
hammer. Only three values were tested for the PO force because the aim was not to determine with
precision the value of Fq but to provide an order of magnitude of a reasonable value to be used in the
other computations. However, it was not possible to directly compare the experimental values of F,
which were obtained in transient regime using impact lasting several milliseconds with the numerical
values of Fy, which are computed in a static mode since we do not consider transient regime (see
subsection 4.3 for a discussion on this approximation). Here, we focus on the pull-out force because it
is a suitable indicator of AC primary stability (32). Figure 3 also shows the variation of the PO force
as a function of the interference fit IF obtained numerically. When IF is lower than 0.6 mm, the PO
force does not depend on F,. The value of the press-fitting force Fo = 2.5 kN leads to a relationship
between PO force and IF which is the most consistent with the experimental data. In this case, a
maximum value of the PO force equal to 531.8 N is reached for IF = 1.4 mm. By using the set of
parameters (L = 0.3, E, = 0.2 GPa and Fy = 2.5 kN), the mean relative error between the five
experimental results and the corresponding numerical results is equal to 13 %. Thus, these parameters

were chosen as the reference set (noted with a star superscript in what follows).

800 r x w ;
Simulation
_E_ _

— 600 D Fo=1 kN
Z . .
. Simulation
g 400 - a F,=2.5kN
y—
@) Simulation
® 200+ * TRy =5kn

% Experiment

0 0.5 1 15 2 2.5
Interference fit [mm]
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Figure 3. Variation of the pull-out force as a function of the interference fit. The experimental data is indicated
with stars. The numerical results are calculated for different values of the press-fitting force with p = 0.3 and E,
= 0.2 GPa.

3. Results
3.1. Reference configuration

Figure 4 shows the variation of the vertical reaction force Ry(t) at the upper surface of the
ancillary obtained using FE simulations. Three regimes associated to the three phases of controlled
displacement may be clearly identified. At the beginning of insertion phase, R,(t) = O because no
contact occurs between the implant and bone tissue. As soon as the contact is established (segment AB
in Fig. 4), R,(t) decreases as a function of the penetration depth until a predetermined value F, = -2.5
kN. During the insertion phase, the slope of R, with respect to time, is first constant and then changes
after around t = 0.8 s, which will be discussed in section 4. After the holding phase (segment BC)
during which R, is constant, the AC implant is pulled-out and the reaction force R, increases from
negative to positive values until Ry(t) reaches a maximum value of 444.8 N, referred to as the pull-out
(PO) force, obtained for t = 1.3 s. Then, R,(t) decreases until the implant is completely removed from
the bone cavity aftert =1.9s.

— 1500 : f ! : f :

E : : :

" POforcek_____g_________g___g_ |

g = 444.8 A g § D

S no contact : f 1 o

- -500 | 1 cantact]

Q 1

j pull-out ph

§ 21500 | ull-out phase i

< 3 ‘ :

=] - I 1 o

_§ F0 2500 B C |

8 I { . I

< 0 05 1 15 2
Time [s]

Figure 4 Variation of the reaction force R, as a function of time for the reference values: . =0.3, E, = 0.2 GPa
and IF" = 1 mm. The press-fitting force F, is taken equal to 2.5 kN.

Figure 5 shows the variation of the frictional stress tr, the contact pressure ty and the polar gap g
(defined by the normal distance between the implant and bone surfaces) as a function of the
curvilinear coordinates r, (which follow the internal surface of the bone cavity, see Fig. 1a) in the case

of Fig. 4 for t = 1.1 s (when maximum insertion is achieved). In the non-contact region (i.e. for r,<r."
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= 26.8 mm), g > 0 while t;y = 0 and ty = 0, as expected. The maximum value of g is obtained at the
bone cavity dome. In the contact region (r, > r.), t> 0 and ty > 0, as expected. Moreover, in the
contact region, we verified (data not shown) that |t| = u ty, which indicates that sliding conditions
are obtained during the insertion phase until the maximal penetration depth is reached. The model
predicts a maximum contact pressure t, = 10.69 MPa and a maximum frictional stress t; = 2.99 MPa
near the equatorial rim, at the coordinate r. = 37.35 mm. All these results constitute a validation of the
FE model.

02— x x w T w 12
~ o o - %
€ 015} S 19 %
E “s %
< (7]
g o1} N 16 &
= - - —Polar Gap N P
C_g 0.05 F Contact Pressure tN » ~ . 13 g
R | Frictional Stress t_ e g
0 | | N O O

0 5 10 15 20 25 ¢ 40

Arc Length re [mm]

Figure 5 Variation of the polar gap g, the contact pressure ty and the frictional stress tr as a function of arc length coordinate
r. at the maximum penetration depth of the AC implant (t = 1.1 s). The polar gap, the frictional stress and the contact pressure
are calculated for the reference values: " = 0.3, E,'= 0.2 GPa and IF” = 1 mm. The press-fitting force is taken equal to 2.5
kN. The coordinate r, = r, = 26.8 mm indicates the separation of the contact region with the non-contact region on the bone

cavity.

3.2. Parametric study

3.2.1. Effect of variations of the friction coefficient

Figure 6 shows that the value of the friction coefficient pu influences the time dependence of the
reaction force R,. For all values of x, R4(t) first decreases linearly at the beginning of the push-in
phase, which corresponds to a constant macroscopic rigidity of the bone-implant system. For relatively
low values of p (1 < 0.3), the macroscopic rigidity increases after around t = 0.8 s, while for higher

values of 1, the macroscopic rigidity stays constant during the entire push-in phase.

The value of the PO force is shown to depend on . When p = 0, R,(t) behaves similarly during the
push-in and the pull-out phases and the PO force is equal to zero. Figure 7 shows the variation of the
PO force as a function of the friction coefficient p (for E,= E, and IF = IF). As shown in Fig. 7, the
PO force is shown to increase as a function of p for low values of |, reaches a maximum value equal

to 919 N for p = 0.6 and then slowly decreases.
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Figure 6 Variation of the reaction force R, applied to the ancillary as a function of time for different values of the friction
coefficient . The results are shown for constant values of the bone Young’s modulus E, = E,'= 0.2 GPa, and the

interference fit IF = IF"= 1 mm. The press-fitting force is taken equal to 2.5 kN. The curve corresponding to the reference
value for u = p"= 0.3 is indicated with a solid grey line.
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Figure 7 Variation of the pull-out (PO) force as a function of the friction coefficient x for constant values of E, = E,'= 0.2

GPaand IF = IF"= 1 mm. The press-fitting force is taken equal to 2.5 kN for all simulations.

3.2.2. Effect of variations of the bone Young’s modulus Ey,

Figure 8 shows that for all values of E,, R, first decreases linearly as a function of time at the
beginning of the push-in phase, which corresponds to a constant macroscopic rigidity of the bone-
implant system. For relatively low values of E, (E, < 0.2 GPa), the macroscopic rigidity increases
after around t = 0.8 s, while for higher values of E,, the macroscopic rigidity stays constant during the
entire push-in phase.



14 M. L. Raffa et al.

Z. 1000 x x x

o
(ne
(¢B]
o 0
o
% _____ E,=0.1GPa
§ -1000 ——E, =0.2GPa |
L ~—-E, =03GPa
S -2000 —E,=05GPa|
< ! T/ | E, =0.9GPa
38 -3000 J J J
< 0 0.5 1 1.5 2

Time [s]

Figure 8 Variation of the reaction force R, applied to the ancillary as a function of time for different values of trabecular
bone Young’s modulus Ey, and for constant values of the friction coefficient p = "= 0.3 and of the interference fit IF = IF"=
1 mm. The press-fitting force is taken equal to 2.5 kN. The curve corresponding to the reference value E," is indicated with a
solid grey line.

The value of the PO force is shown to depend on E,. Figure 9 shows that the PO force increases

as a function of E, for low values of E, and then reaches a maximum value of 667 N for E, = 0.35
GPa. The PO force then slowly decreases for E, > 0.35 GPa.

800 x x x x

PO force [N]
Y D
o o
o o

N
o
o

0 ! ! ! !
0 200 400 600 800

Bone Young's modulus Eb [MPa]

Figure 9 Variation of the pull-out force as a function of the bone Young’s modulus E,, for constant values of p = p "= 0.3 and

IF = IF"= 1 mm. The press-fitting force is taken equal to 2.5 kN for all simulations.
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3.2.3. Effect of variations of the interference fit IF

Figure 10 shows that for all values of IF, Ry(t) first decreases linearly as a function of time at the
beginning of the push-in phase, which corresponds to a constant rigidity of the bone-implant system.
For relatively low values of IF (IF <1 mm), the rigidity increases after around t = 0.8 s, while for

higher values of IF, the rigidity stays constant during the entire push-in phase.
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Figure 10 Variation of the reaction force R, applied to the ancillary as a function of time for different values of the
interference fit IF and for constant values of the friction coefficient u = u "= 0.3 and of the bone Young’s modulus E, = E,"=
0.2 GPa. The press-fitting force is taken equal to 2.5 kN. The curve corresponding to the reference value IF” is indicated with

a solid grey line.

The value of the PO force is shown to depend on IF. Figure 11 shows that the PO force increases as a
function of IF for low values and then reaches a maximum value Py = 532 N (referred to as optimal
PO force in what follows) for a given interference fit IF;= 1.4 mm (denoted optimal interference fit in
what follows). The couple (IF,, Pg) corresponds to the optimal stability condition for the reference
values E,” and p’. The optimal stability condition is an important information from a clinical
perspective because it corresponds to the interference fit that should be obtained by the surgeon in

order to maximize the implant stability.
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Figure 11 Variation of the pull-out force as a function of the interference fit IF for constant values of p = u "= 0.3 and E, =
E, "= 0.2 GPa. The press-fitting force is taken equal to 2.5 kN for all simulations.

3.2.4. Effect of combined variations of the three parameters IF, g and Eb

Figure 12 shows that a nonlinear dependence of the PO force as a function of IF, like results shown in
Fig. 11, is obtained for all investigated values of . The results show that the optimal pull-out force Py
increases as a function of u. Moreover, the optimal interference fit 1F, first increases as a function of

M, for p €{0.1;0.25}, and then decreases for pu > 0.25.
1000 w x x :
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Figure 12 Variation of the pull-out force as a function of the interference fit IF for several values of friction coefficient .
The value of the bone Young’s modulus E,, is taken equal to the reference value E,” = 0.2 GPa. The value of the press-fitting
force is taken equal to 2.5 kN. The optimal values of interference fit and the corresponding maximal pull-out forces (I1F,, Pg)
are indicated by grey diamonds.

Figure 13 shows that for three different values of E,, IF, first increases as a function of u until it
reaches a maximum, then slowly decreases. The initial slope does not depend on E,; however, the

maximum value of 1F, decreases as a function of E, and it is reached for lower values of u as E,
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increases. Therefore, for u > 0.2, a smaller interference fit should be considered when E, increases in

order to obtain optimal primary stability conditions.
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Figure 13. Variation of the optimal interference fit IF, as a function of the friction coefficient . for several values of the bone

Optimal Interference fit IFO [mm]

o
H

Young’s modulus E,,. The value of the press-fitting force is taken equal to 2.5 kN for all simulations.

Figure 14 shows that the optimal PO force P, increase for x lower than around 0.5 and then reaches a
maximum. Therefore, for all values of E,, increasing x higher than around 0.5 does not improve the
primary stability if the optimal interference fit is considered by the surgeon. However, P, decreases

when E; decreases for relatively high values of p.
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Figure 14 Variation of the optimal pull-out force Pq as a function of the friction coefficient . for several values of the bone

Young’s modulus Ep. The value of the press-fitting force is taken equal to 2.5 kN for all simulations.
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4. Discussion

The present study aims to provide more insight on the interaction between an AC implant and bone
tissue, leading to a better understanding of the biomechanical determinants of the AC implant primary
stability, which is an important parameter for the surgical success (35). The AC implant primary
stability depends on the bone mechanical properties (E,), on the friction coefficient («) and on the
interference fit (IF). The influence of these three parameters was investigated within their respective
physiological range, using FEM-based analyses. Moreover, the mechanical behavior of the model was

confirmed experimentally (see Fig. 3).

An originality of the present numerical study lies in the extensive parametrical investigation of the
effect on the pull-out force of combined variations of the apparent Young’s modulus of bone tissue (E;
€ {0.1-0.9} GPa), the interference fit (IF € {0.1-2.5} mm) and the friction coefficient (u € {0.1-1}).
One novelty is to propose an evaluation of optimal primary stability conditions depending on IF, u and
Ep. The optimal interference fit value 1F,, which maximizes the pull-out force, is found to be related to
1 (see Fig. 12) and to E, (see Fig. 13). The strong correlation between the different parameters may
therefore require particular attention of the implant manufacturers and of the surgeons in order to
maximize the AC implant primary stability.

4.1 Comparison with the literature

4.1.1 Pull-out force

As shown in Fig. 7, the PO force is found to increase as a function of x for 4 < 0.6. Spears, Morlock
(32) found a pull-out force comprised between 234 and 798 N (with an insertion load increasing from
1to 4 kN) for IF = 1 mm and p = 0.3, which agrees with the results obtained herein. In the present
study, a press-fitting force of 2.5 kN was applied and the PO force was equal to 445.4 N (see Fig. 7)
for IF = 1 mm and p=0.3. However, Spears (32) found a decreasing variation of the pull-out force as a
function of x for 4 € {0.1-0.5}. Such a variation between the pull-out force and the friction coefficient
may be difficult to understand because it could lead to obtain a maximal value of the PO force when u
=0.

The values of the PO forces obtained in the present numerical study are also consistent with the
experimental results obtained by Le Cann, Galland (13) , where the authors found values of the PO
force comprised between 296.2+53.6 N and 539+19.5 N, using bovine bone samples with an insertion
load comprised between 1.8 and 4 kN and an interference fit of 1 mm. Although the results obtained
by Le Cann, Galland (13) are useful to qualitatively validate the present model, the lack of information
on the friction coefficient at the BIl and on the bone mechanical properties did not allow a more

accurate comparison.
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4.1.2 Optimal stability conditions

As shown in Fig. 13, the optimal value of the interference fit IF, depends on p and on E,, which
constitutes an originality of the present work. The results emphasize the importance of the frictional
behavior of the BII; which is not straightforward to determine as it depends on many factors such as
implant surface treatment and bone quality (43). Previous numerical results confirm our findings
concerning the existence of an optimal primary stability condition linking press-fitting and friction
phenomena. Namely, Le Cann, Galland (13) implemented a 3-D model of a Sawbone block (E, =
0.284 GPa, v = 0.3) with a central hemispheric cavity in which a rigid hemispheric cup was inserted
and then pulled-out within a quasi-static framework in a displacement-controlled mode. A friction
coefficient u = 0.25 was considered and three values of interference fit were taken into account: 0.5, 1
and 1.5 mm. They found that the best implant stability was obtained for IF = 1 mm, which agrees with
our results (IF, = 1-1.6 mm for E, = 0.2 GPa). Other authors (32, 33) found using numerical
approaches in 2-D and 3-D framework that the best stability condition was obtained for a friction
coefficient x = 0.2 and an interference fit of 1 mm.

Some authors carried out experimental pull-out test on AC implants (40, 41) and gave some
indications about an optimal stability condition in terms of interference fit. Namely, Kwong, O'Connor
(40) proposed the value IF = 1 mm as the optimal one; other authors (41) suggested a larger
interference fit, IF = 2-3 mm. Nevertheless, the above cited studies did not provide any quantitative
indications about the quality of bone tissue and frictional properties of the contacting surfaces.

It remains difficult to accurately compare the present numerical results with experimental data because
of the lack of quantitative information on the friction coefficient and of the difficulty of precisely
machining a perfectly hemispherical cavity into bone tissue. Note that the interest of a numerical
approach over an experimental one is that it provides the possibility of considering independent

variations of each aforementioned parameter, which is difficult to achieve experimentally.

4.1.3 Polar gap

The present work focuses on the dependence of the PO force on the biomechanical environment of the
AC implant. Although the PO force is an indicator of the AC implant stability (32), other factors such
as for example the polar gap also influence the surgical outcome (44). The polar gap should be
minimized in order to improve osseointegration quality, so that bone formation may occur in an
appropriate manner (9). Spears, Morlock (32) found values for the polar gap comprised between 0.3
and 2 mm at the end of the insertion process for IF = 1 mm, while Yew, Jin (34) found values for the
polar gap comprised between 0.2 and 0.3 mm under the same conditions. These results agree with the
present study (see Fig. 5), where a maximum polar gap of 0.2 mm is found for 4 = 0.3, IF =1 mm and
E, = 0.2 GPa (reference set of parameters). However, Spears, Morlock (32) created a 2-D

axisymmetric model of the superior region of a human pelvis in which a 1 mm-thick layer of cortical
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bone (Young’s modulus = 15.6 GPa) was considered at the bone cavity rim. The presence of cortical

bone may lead to a slightly different biomechanical situation (see section 4.3).

4.1.4 Contact stresses and Bone-Implant Contact

As shown in Fig. 5, the maximal value of the contact stresses in the reference configuration is found to
be localized at the bone-cavity-equatorial rim. A similar behavior is also found for all tested numerical
configurations (data not shown). These results are in good agreement with previous works by several
authors (5, 6, 13, 32, 44), which established that the contact between the AC implant and the
surrounding bone tissue mostly occurs around the equatorial rim. As shown in Fig. 5, the maximum
value of the contact pressure during the full-insertion phase for the reference configuration is found to
be equal to around 11 MPa. This result is in good agreement with the results obtained by Udofia, Liu
(45) using a 3-D FE model where the contact pressure (averaged over the peri-equatorial zone of the
acetabulum for IF = 1 mm) was found to be equal to 15 MPa.

Spears, Morlock (32) determined the bone-implant contact ratio (BIC) for an interference fit equal to 1
mm and a press-fitting load of 4 kN. They showed that the BIC decreases from 50 % for « = 0.2 to 38
% for x = 0.4. In this study, we found that the BIC is equal to 70% for a friction coefficient p = 0.3
(see Fig. 5). The BIC values estimated in the present study are slightly higher compared to those
obtained by Spears, which may be explained by the presence of the cortical bone in their model.

4.1.5 Comparison with experimental results

The experimental data shown in Fig. 3 agree with the numerical behavior described in subsection
3.2.3. Note that a similar behavior of the pull-out force as a function of the interference fit was also
obtained in (23, 24). The differences between the numerical and experimental results may be
explained by various experimental errors such as for example: i) the degradation of the mechanical
properties (in terms of stiffness and friction) at the BIl due to the multiple testing configurations, ii)
the measurement of the pull-out force and iii) possible errors in the cavity reaming. Despite all these
uncertainties, in the case of trabecular bone in contact with porous-coated metal, the values of E, = 0.2
GPa and p = 0.3 found using the empirical approach described above are in good agreement with
typical values obtained in the literature (14, 31, 32, 36, 42).

4.2 Physical interpretation of the results

4.2.1 Push-in phase

The results shown in Figs. 6, 8 and 10 indicate that two regimes may be distinguished during the push-
in phase. First, the macroscopic rigidity (noted MR in what follows) of the bone-implant system,
which is given by the slope of the force as a function of the displacement U, stays constant as a

function of time. Note that this first regime may last during the entire push-in phase, in particular for
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relatively important values of |, E, and IF (u > 0.3, E, > 0.2 GPa and IF > 1 mm). During this first
regime, the contact between bone and the implant is restricted to the equatorial rim and occurs in
sliding mode, which corresponds to the results shown in Fig. 5. The constant MR may be explained by
the fact that the macroscopic configuration does not evolve as a function of time and the reaction force
Ra is transferred to bone tissue through the equatorial rim only. During this first regime, MR was found
to increase as a function of p, E, and IF. Note that this result cannot be deduced directly from Figs. 6,
8 and 10 which show the variation of R, as a function of time, while the penetration d, obtained at time
t = 1s is not the same for all configurations (see subsection 2.1.2). The increase of the MR as a
function of u may be explained as follow. The contact conditions at the BIl correspond to a sliding
mode occurring at the equatorial rim where the normal n of the BII is approximately perpendicular to
the z axis. Therefore, an increase of Y leads to an increase of R, which is given by the tangential stress
ty at the BII. Similarly, the increase of MR as a function of IF (respectively Ep) may be explained by
the fact that the normal stress ty at the Bll increases as a function of IF (respectively E,), which leads

to a higher value of R, due to the Coulomb’s law (sliding occurs at the BII).

In a second regime, the MR increases as a function of time during the push-in phase after a certain
time which depends on the configuration, in particular in the case of Fig. 6 (respectively Fig. 8 and 10)
for p < 0.3 (respectively E, < 0.2 GPa and IF <1 mm). The increase of MR as a function of time may
be explained by the fact that the contact area progressively increases since the bottom of the AC
implant starts being in contact with bone tissue.

4.2.2 Dependence of the pull-out force

The nonlinear variation of the PO force as a function of p shown in Fig. 7 may be explained as
follows. For relatively low values of |, increasing p leads to an increase of the tangential stresses at
the equatorial rim, which in turn leads to an increase of the PO forces. However, when p becomes
relatively important (around 0.6), it becomes difficult to insert the AC implant into the bone cavity due
to the important friction during the push-in phase, which explains the decrease of PO force as a
function of the u. Thus, these two competing phenomena explain the optimal conditions of implant

stability obtained for a given value of p.

Similar phenomenological explanations may be used to understand the results obtained in Figs. 9 and
11. Namely, for relatively low values of IF (respectively E,), increasing IF (respectively E) leads to
an increase of the normal stress ty in the equatorial rim, which in turn leads to an increase of the PO
forces as a function of IF (respectively Ep). However, when IF (respectively E,) becomes too high, it
starts being difficult to insert the AC implant into the bone cavity, which explains the decrease of PO
force as a function of the IF (respectively Ey). Therefore, these two competing phenomena explain the

optimal conditions of implant stability obtained for a given value of IF (respectively E,).
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The PO force has important clinical implications because it corresponds to an estimation of the AC
implant primary stability. Consequently, the PO force should be maximized in clinical practice as far
as possible. One of the difficulties of this problem is that the different parameters influencing the
implant stability (4, E, and IF) are determined by different stakeholders since p depends on the
implant manufacturer and on the patient, E, depends on the patient bone quality and IF depends on the
surgeon. The results obtained in Figs. 12, 13 and 14 may be used to help the surgeons and implant
manufacturers optimize AC implant primary stability. In particular, the surgeon should optimize the IF
given the fact that p and Ey are fixed and are determined by the patient and the implant manufacturer.
The results shown in Fig. 13 show that for relatively low values of the friction coefficient (u < 0.2),
the optimal value of the IF increases as a function of p independently on the bone elastic modulus E;.
However, for relatively low values of the friction coefficient (1 < 0.2), surgeons should take into
account E, as well as p to determine the optimal value of IF. In particular, for a given value of y, IF

should be lower when E, increases in order to optimize AC implant primary stability.

From the point of view of the implant manufacturers, the results shown in Fig. 14 indicate that
increasing the friction coefficient u higher than 0.5 is not useful because it does not lead to an increase

of the optimal PO force Pq.

4.3 Limitations

This study has several limitations. First, a 2-D axisymmetric approximation is considered, while
reaming of the bone cavity may lead to irregular shapes such as for example elliptical shapes, which
may be due to the bone deformation (35). Note that obtaining a perfectly hemi-spherical bone cavity is
difficult to achieve in the clinic. The precise determination of the optimal interference fit value is a
complex problem and we therefore considered an idealized and standardized configuration.

Second, bone material properties were homogeneous, elastic and isotropic because this assumption
allows to assess the influence of a small number of parameters in a controlled configuration.
Trabecular bone in the acetabulum is known to be heterogeneous and anisotropic because of the
remodeling phenomena related to the complex mechanical stress field occurring around the implant.
Note that the effect of the bone anisotropy on the primary stability of AC implants has been
investigated in a previous paper by our group (4). Furthermore, the chosen reference value for the
bone Young’s modulus E,” = 0.2 GPa is in agreement with a recent experimental and numerical
campaign carried out by Henys and Capek (37). The behavior of bone tissue during the insertion of an
AC implant is likely to be elastoplastic, which was not taken into account in this study. However, a
recent study (46) recommends considering plasticity models for numerical simulations when a
deformation of the bone tissue beyond the yield strength is likely to occur, which is not the case in our
study. Although some studies (5, 13) took into account elastoplastic effects, the influence of plasticity

on the macroscopic behavior of the AC implant remains unclear.
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Third, a quasi-static configuration was considered and all dynamic aspects were neglected, similarly as
what was done in (13, 32, 33). Note that a previous study (20) by our group precisely focused on the
insertion process of an AC implant by considering a dynamic modeling. Considering a dynamic
modeling is important to model the insertion that is realized with hammer impacts. However, using
dynamic modeling would not modify the pull-out test, which is the main subject of the present study.
Fourth, the cortical bone layer near the cavity rim was not considered in order to model the
experimental configuration, to simplify the geometrical configuration and to study the influence of a
limited number of parameters. Note that the cortical layer may also be removed during the surgical
reaming procedure.

Fifth, the proposed model should be validated experimentally. However, this is a difficult task due to
all the approximation described above and to the fact that it remains difficult to measure with precision
the actual friction coefficient, interference fit and bone elastic modulus (bone being heterogeneous,
viscoelastic and anisotropic). Instead, we simply provide a comparison between the numerical and
analytical results. Moreover, a design of experiments (DOE) approach (47) would have been useful to
investigate the influence of the various parameters on the PO force and to create a surrogate model of
the bone-implant system in terms of primary stability. In the present study, we made the simplest
choice of an OFAT (one-factor-at-time) design to perform a preliminary screening, which allowed to
identify the existence of an “optimal stability condition” linking the interference fit and the friction
coefficient. Then, the study of the interaction between the interference fit, friction coefficient and bone
Young’s modulus was made only with reference to the optimal stability condition because this
condition is of clinical relevance and should clearly be pointed out. Future studies should consider a
full DOE analysis.

5 Conclusions

The present study investigates the dependence of the AC implant primary stability on its environment
including the interference fit, the friction coefficient and bone properties. This study emphasizes the
existence of an optimal primary stability condition, which depends in a coupled manner on the friction
coefficient, on the bone properties and on the interference fit. The numerical results are found to be
consistent with experimental measurements as well as with previous experimental and numerical
studies. These results may be useful to improve clinical practice (such as for example, the drilling
procedure) or the AC implant conception by providing a better understanding of the phenomena
occurring at the BIl. However, the proposed in silico model needs to be improved in order to better
match the clinical conditions. Accordingly, the real configuration of the human hemi-pelvis together
with the anisotropy of the trabecular bone must be considered. To this aim, a 3-D FEM-based

investigation will be carried-out.
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