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The hemispherical acetabular cup (AC) implant is used during total hip replacement surgery and
is inserted in the acetabulum using impacts applied with an orthopedic hammer. When performing
this press-fit procedure, a compromise must be found between i) a sufficient primary stability
necessary to reduce the relative micromotions at the bone-implant interface, which may lead to
the formation of fibrous tissue around the implant and ii) excessive stresses around the implant,
which may lead to bone tissue necrosis. However, the assessment of the AC implant primary
stability, which depends on the bone implant contact area, remains difficult. One potential ap-
proaches to retrieve the AC implant insertion properties is based on impact signal analyses. The
aim of this study was to investigate numerically the dynamic response occurring between the
hammer, the ancillary and bone tissue during impacts. For this purpose, a tridimensional axisym-
metric model was developed to simulate the insertion processes of the AC implant into bone tissue
during impacts. Different values of interference fit (0.5 to 2 mm) and impact velocities (1 to 2
m/s) were considered. For each configuration, the variation of the force applied between the ham-
mer and the ancillary was analyzed and an indicator I was determined based on the impact mo-
mentum of the signal. Finite element simulations were performed and results were compared to
the experiments. The value of the polar gap decreases versus the impact velocity and increases
versus the interference fit. The bone implant contact area was significantly correlated with the
resonance frequency (R2=0.94) and the indicator (R2=0.95). The results show the potential of
impact analysis to retrieve the bone-implant contact properties.
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1. Introduction

Hip arthroplasty has now become a standard surgical intervention. However, failures still oc-
cur and may have dramatic consequences such as pain, additional surgeries and immobilization peri-
ods [1,2]. Aseptic loosening has been identified as one of the most current causes of failure [3,4] and
may be related to the implant primary stability, which is determinant for the quality of osseointegra-
tion phenomena. A compromise must be found between 1) a sufficient primary stability necessary to
reduce the relative micromotions at the bone-implant interface, which may lead to the formation of
fibrous tissue around the implant [5] and ii) excessive stresses around the implant, which may lead to
bone tissue necrosis [6]. However, it remains difficult to assess the implant primary stability, which
depends on the bone implant contact area. In particular, the surgeons use empirical approaches to
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assess the acetabular cup (AC) implant stability based on the noise produced by impacts, which is not
sufficient to estimate accurately the bone-implant contact area. Experimental methods were developed
to assess the femoral stem stability, loosening and insertion endpoint using vibrationnal techniques. However,
the aforementioned methods remain difficult to be employed intraoperatively and are restrained to the stem.
More recently, our group has studied the time variation of the force applied between the hammer and the
ancillary during impacts produced to insert the AC implant. The AC implant insertion obtained by reproducible
mass drops could first be assessed by following the impact contact duration [7]. Then, the impact momentum
was found to be a more precise indicator [16] of the implant status because it could predict the implant in vitro
stability [9]. A last study showed that the approach could also be employed using an instrumented impact
hammer [10]. However, despite the development of a simple analytical model considering the AC implant as
a flat punch [8], the physical phenomena responsible for the variation of the signal retrieved during such im-
pacts remains unclear. A better understanding of the mechanical interaction occurring at the bone-implant
interface would be of interest to improve the performance of the device under development.

The aim of this study is to improve the understanding of the biomechanical phenomena occurring
during the AC implant impaction process and to validate the use of our impact signal analysis to
predict the bone-implant contact area. To do so, the impaction of the AC implant into a bone cavity
was modeled using a two-dimensional axisymmetric finite element model. Different values of inter-
ference fit and impact velocity were used to obtain different insertion conditions.

2. Material and methods

This study used parameters derived from a previous experimental study [10] to simulate the inser-
tion process of an AC implant into bone tissue. The reader is referred to [10] for further details. A
hemispherical cavity was machined at the upper surface of a bovine bone sample which was held in
a clamp, as shown in Fig. 1(a). The AC implant was positioned so that its longitudinal axis was
aligned with the axis of the cavity. The AC was then inserted into the cavity by performing a series
of impacts with a hammer (1.3 kg). Then, impacts realized at "moderate" energy (maximum force
comprised between 2500 and 4500 N) were made and the history of the force as a function of time
A(t) was recorded for each impact.

In this study, all materals were modeled as linear isotropic elastic materials. Table 1 shows the
material properties used for each medium in the system. The properties of the other materials were
chosen accordingly to the material used in [10]. Mechanical properties of bone were chosen similarly
as what was done in [11].

Table 1: Mechanical properties used in the model [11] .

Material Density (kg/m?) Young modulus (GPa) Poisson's ratio
Hammer 8300 210 0.3
Ancillary/AC implant 4430 113 0.3
Bone 480 0.553 0.3

A 2D-axisymmetric finite element model was employed to simulate the experiments described
above. Figure 1 (b) shows the configuration which consists of three separated media: the bone sample
Qb, the AC implant (merged with the ancillary) Q¢ and the hammer Qy. The hammer Qy consist of
two cylinders to represent the hammer (radius 25.6 mm and height 75 mm) and the sensor (radius 6
mm and height 20 mm). The ancillary (cylinder with radius 8.5 mm and height 380 mm) was glued
to the AC to form Qc. The AC had an outer radius of 25.5 mm and a thickness varying linearly as a
function of the angle between 2.9 (at the cup dome) and 3.7 mm (at the cup rim), which corresponds
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to the properties of the implant used experimentally (Cerafit Uncemented Hip Prosthesis, Ceraver,
Roissy, France) [10]. The bone sample was designed as a cylinder (radius 50 mm and height 40 mm)
with a hemispheric hole at the top of the sample with a radius varying between 49 and 50.5 mm,
according to the interference fit level.
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Figure 1: Representation of (a) the experimental setup; (b) simulation domains and (c) finite element mesh

The numerical simulation was performed by the Ansys software (ANSYS Inc., Canonsburg, PA,
USA). The mesh corresponding to the geometrical configuration described in Fig. 1 (¢) resulted in
approximately 1900 eight-nodded elements with quadratic behavior well suited to mesh an irregular
geometry. Different numerical simulation were carried out using the mechanical model described
above. Various conditions were considered based on the experiments realized in [10]. The simulation
protocol can be divided into two successive phases.

The first phase (denoted "insertion stage" in what follows) includes N successive impacts of Qx
on Q. where the initial velocity of Qp is equal to V. The number N of impacts comprised in the
insertion phase was determined so that one additional impact leads to an AC implant additional in-
sertion inferior to 1 um. The time duration between the different impacts was chosen so that the
system is at rest at the beginning of each new impact. At the end of each impact, the hammer velocity
was reset at the prescribed value V.

The second phase ("measurement stage", which corresponds to what has been done in experiments
[8]) starts after the insertion stage. It was composed by a unique impact of Qn on Q. occurring with
an impact velocity equal to 0.4 m.s™!, which corresponds to a relatively weak impact energy.

Different configurations (including both the insertion and measurement stages) were simulated
with different values of the impact velocity and of the interference fit. The impact velocity was varied
between [1 m.s'; 2 m.s™!] by step of 0.25 m.s™' while the interference fit was varied in the interval
[0.5 mm; 2 mm] by step of 0.25 mm, which was obtained by varying the cavity diameter between 49
and 50.5 mm. The total number of simulation (including the insertion and measurement stages) was
equal to 35.
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The variation of the force A(t) applied between the hammer and the ancillary was determined for
the impact realized during the measurement stage. A quantitative indicator /, referred as impact mo-
mentum, was computed determined by:

1= —— [ZA(t)dt (1)

Ag(tz—t1) “l1

where t;=0.16 ms, t2=0.310 ms. The value of Ap was arbitrarily set equal to 3500 N in order to obtain
values of the indicator / comprised in the interval [0;1].

A frequency analysis of A(?) was realized and the frequency for which the power spectrum reaches
its maximum value was determined and referred to as resonance frequency in what follows. At the
end of each procedure, the polar gap, defined by the distance between implant surface and bone tissue
at the bottom of the AC implant was determined.

3. Results & Discussion

Figure 2 shows the vertical displacements of the hammer and the ancillary (fixed to the AC im-
plant) obtained for an interference fit of 1 mm and an impact velocity VO of 1.5 m.s™'. As shown in
Fig. 2, the hammer bounces on the ancillary after each impact. Moreover, the vertical position of the
ancillary (and the AC implant) decreases after each impact. The difference of vertical position of the
AC implant obtained before and after the impact decreases as a function of the impact number, which
indicates that the AC implant insertion is more important at the beginning of the procedure. After
around 18 impacts, the position of the AC implant weakly varies before and after the impact, which
indicates that the AC implant is fully inserted.
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Figure 2: Position of the hammer impacting surface (solid line) and the ancillary top surface (dashed line)
obtained during the impaction with an interference fit of 1 mm and an impact velocity of 1.5 m.s—1. The
origin (z = 0) of the ordinate axis corresponds to the position of the bottom of the bone hole

Figure 3 shows impact signals corresponding to the time variation of the force applied between
the hammer and the ancillary for the impact realized during the measurement phase with an interfer-
ence fit of 1 mm and different impact velocities. Figure 3 shows that the force signals of the meas-
urement stage significantly vary as a function of the impact velocity. Figure 4 shows the variation of
the impact momentum / derived from the signals shown in Fig. 3 as a function of the contact area
when the impact velocity and the interference fit vary. A linear regression analysis shows a significant
correlation (R% = 0.95) between I and the contact area. The results obtained in Fig. 4 indicate that the
impact momentum is correlated to the contact area, which is an important parameter for the implant
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success. These results indicate that the impact momentum may constitute an important parameter to
determine the insertion condition of the AC implant.
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Figure 3 Five signals corresponding to the time variation of the force applied between the hammer and the
ancillary for the impact realized during the measurement phase for different values of the impact velocity
and an interference fit equal to 1 mm
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Figure 4 Variation of the impact momentum I as a function of the contact area for different values of the in-
terference fit and of the impact velocity

The results shown in Fig. 5 shows that the model predicts an increase of the resonance frequency
as a function of the contact area. This results is in agreement with the empirical analytical model
developed in [8] which assumes a flat punch configuration.

CONCLUSION

In summary, the results obtained herein show the potential of the impact momentum to provide
useful information on the implant insertion. When considering a force sensor included into the surgi-
cal hammer, the technique presents the advantage of being easily integrated into the operating room.
Compared to vibrationnal techniques, this approach would be easy to handle and would not add
additional time to the surgery. More detail results and discussion may be found in [12].
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Figure 5 Variation of the resonance frequency as a function of the contact area for different values of the in-

terference fit and of the impact velocity
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