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INTRODUCTION 
Acetabular implant failure is an important cause for the failure 

of a total hip replacement, even more so than the failure of the 

femoral component [3]. From the two main options of 

acetabular implants available to the surgeon ( cementless / 

cemented ), the cementless implants represent an important 

portion of all surgeries. One of the main reasons for premature 

failure of cementless acetabular implants is a lack of primary 

stability of the implant achieved during surgery. Securing the 

prosthesis at the endpoint of insertion as well as making sure 

that the proper angle has been reached contribute in an 

important way to this primary stability [2]. Determining 

whether or not one has reached the insertion endpoint, as well 

as assessing the angle of insertion are challenging tasks for the 

surgeon since no quantitative feedback is available to the 

surgeon on these parameters.  

 

Vibrational-based methods are since long a standard in the 

non-destructive testing field to investigate the mechanical 

integrity of systems ( e.g. condition monitoring of bridges ). 

More recently these methods have also been applied to 

biomechanical problems and  have shown promising results as 

a tool to provide the surgeon with feedback on the  stem-bone 

fixation of the femoral component of a THA during surgery 

[1]. Pastrav et al. [1] showed that vibrational analysis can give 

a reliable indication whether or not the insertion endpoint has 

been reached as well as give an indication on amount of 

primary stability obtained by the surgeon.  

 

This paper studies the application of vibrational analysis as a 

tool to provide feedback for the surgeon on the primary 

stability and orientation of the acetabular implant during 

surgery. 

 

 

METHODS 

A simplified finite element model ( figure 1 ) of the bone – 

pelvis system is developed. The model comprises an 

acetabular implant, an inserter, fixed to the implant and used 

by the surgeon to insert the implant, and a model of the pelvic 

bone. Using this model two experiments were simulated in 

silico : the insertion process of the acetabular implant into the 

pelvic bone and aligning the acetabular implant under 

different angles at its endpoint of insertion.  

 
Figure 1: The simplified model comprises;  

1) Inserter, 2) Acetabular implant, 3) Pelvic bone model 

( the figure depicts half of the model ) 

  
The insertion of the implant  was performed in three steps ;  

the implant was press-fitted at an insertion depth of 4 mm, 4.5 

mm and 5 mm, which is the endpoint of insertion. During 

these insertion steps, the contact between the bone and the 

implant changes from simple circumferential contact around 

the implant rim to full spherical contact between the bone and 

the implant. The interference overlap between the implant and 

the pelvic bone was 0.03 mm. At each insertion step a non-

linear implicit calculation [ MSC Nastran SOL 600] was 

performed to determine the contact and stress conditions due 

to the press fit after which a modal analysis was computed 

extracting the first 30 eigenfrequencies and mode shapes of 

the bone-implant-inserter system. A similar approach was 

followed to  investigate the influence of different angles, 

where for different angles the contact and stress conditions 

were calculated after which a modal analysis was performed.   

 

To investigate the sensitivity of these modal parameters to 

changes in insertion depth and angle, the vibrational results 

from the different simulation step were compared with each 

other. Using the modal assurance criterion ( MAC (*) ) 

comparable modes were extracted from the different steps in 

the analysis.  
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Where φa and φb  are the mode shapes of two different 

simulation steps. 

 

The change in the vibrational behavior between the steps was 

then quantified in term of the difference in resonance 

frequencies, the correlation between comparable mode shapes 

as well as the occurrence of mode switching or mode creation.  

 

The vibrational data can also be used to update the material 

characteristics of the system. The assumption is that during 

insertion the inserter-cup system is not changing, however the 

boundary conditions of our system are. Modeling these 

boundary conditions as a set of translational springs, these 

boundary conditions can be updated using the vibrational data. 

 

 

RESULTS AND DISCUSSION 

The difference between the first two steps of the insertion 

process, from 4mm to 4.5mm of insertion, is characterized by 

a small change in vibrational behaviour, as indicated by the 

MAC ( fig. 2.a )  shows the MAC matrix ) and a limited 

change in the eigenfrequencies of the system ( average : 3.50 

%, standard deviation : 3.92 % ). This is to be expected since 

the type of contact does not change between these two steps. 

Tracking the change in eigenfrequency shift allows to 

differentiate between the two steps.  

 

A much larger change in vibrational behavior takes place from 

going from 4.5 mm ( cylindrical contact  ) of insertion to 5 

mm of insertion. 5 mm of insertion represents an optimal 

insertion  ( full contact between the cup and the host bone ). 

This change is characterized by an important difference in 

mode shapes as indicated by the low MAC ( fig. 2.b ) values ( 

only 9 modes still have a correlation over 65 % ) as well as 

important shifts of the eigenfrequencies ( average : 35.92 %, 

standard deviation 45.74 % ) of the modes that still correlate. 

The differences in vibrational behavior allow for a clear 

differentiation between the two insertion steps (4.5 and 5 mm).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar observations can be made when the influence of 

inserting the prosthesis under a different angle is investigated, 

although the type of change in vibrational behavior is different 

from the change observed between different steps in the 

insertion process. The eigenfrequencies are characterized by a 

downward shift in frequency ( average -4.51%, standard 

deviation 6.14 % ). The MAC values are lower and a 

considerable amount of mode switching occurs. 

 

Prevous results show that tracking changes in mode shapes, 

eigenfequencies and mode switching allows to distinguish 

between the different contact/angle conditions. However for 

these results to be useful, this information needs to be 

processed to give the surgeon quantitative information on the 

fixation strength he has reached during surgery. Using the 

vibrational data to update the boundary conditions allows for a 

quantification of this vibrational data . Table 1 shows the 

results obtained with this sensitivity-based updating approach 

for the different steps in the insertion process.  

 

 

CONCLUSIONS 

This study shows the feasibility of using vibrational methods 

as a  method to provide feedback to the surgeon on whether or 

not he has reached the insertion endpoint. The method also 

proved to be sensitive to different angular configurations of 

the bone-implant system. The changes noted in the vibrational 

behavior can be processed to update the boundary conditions 

of a simplified model, providing quantitative feedback to the 

surgeon. The values obtained from this updating method were 

in line with expectations about an improved fixation at the 

insertion endpoint. 
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Updated Spring Stiffness 

 ( N/mm ) 

Insertion Depth ( mm ) 

 4  4.5 5  

KX 3.1953
e
2  3.5278

e
2  2.095

e
3  

KY 1.7029
e
3 2.1933

e
3  1.2341

e
4  

KZ 3.1956
e
2  3.5279

e
2  2.095

e
3  

Table 1 : The results from the sensitivity-based updating 

procedure 
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Figure 2 a) MAC matrix 4 mm – 4.5 mm of insertion 

            2 b) MAC matrix 4.5 mm – 5 mm of insertion 

 


