
 

A finite element analysis of the push-out test : influence of test
conditions
Citation for published version (APA):
Dhert, W. J. A., Verheyen, C. C. P. M., Braak, L. H., Wijn, De, J. R., Klein, C. P. A. T., Groot, de, K., & Rozing, P.
M. (1992). A finite element analysis of the push-out test : influence of test conditions. Journal of Biomedical
Materials Research, 26(1), 119-130. https://doi.org/10.1002/jbm.820260111

DOI:
10.1002/jbm.820260111

Document status and date:
Published: 01/01/1992

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 25. Aug. 2022

https://doi.org/10.1002/jbm.820260111
https://doi.org/10.1002/jbm.820260111
https://research.tue.nl/en/publications/73c1498d-ac01-4c75-852a-741da8eabc9e


A finite element analysis of the push-out test: 
Influence of test conditions 

W. J. A. Dhert:$ C.C. E M. VerheyenF't L. H. Braak: J. R. de Wijn: C. P. A.T. Klein; 
K. de Groot: and P. M. Rozingt 
*Biomaterials Research Group, Department of Biomaterials, School of Medicine, University of 
Leiden; 'Biomaterials Research Group, Department of Ortkopaedic Surgery, University Hospital 
Leiden; $Eindhoven University of Technology, Faculty of Mechanical Engineering, Eindhoven, 
The Netherlands 

The commonly used method for quantita- 
tive evaluation of the strength of a bone- 
implant interface is the push-out test. In 
order to give an impulse to standardiza- 
t ion and to  ga in  more insight  in  the  
biomechanics of the push-out test, a finite 
element analysis of this test was per- 
formed. This study focused on the influ- 
ence of test conditions on the push-out 
results. The influence of the following 
four parameters on the interface stress 
distribution was tested: (a) clearance of 
the hole in the support jig, (b) Young's 
modulus of the implant; (c) cortical thick- 
ness; and (d) implant diameter. The dis- 
tance between the implant and the support 
jig turned out to be very critical for the 
occurrence of peak stresses in the inter- 
face. Variations of the Young's modulus of 
the implants resulted in a wide range of 
interface shear stresses. Variation of the 
cortical thickness showed a reciprocal 

relationship between cortical thickness 
and interface shear stress. However, the 
interface stress distribution remained 
uniform under the specific test circum- 
stances. These findings also hold for vari- 
ations in implant diameter. The present 
investigation shows that the clearance of 
the hole in the support jig, and the Young's 
modulus of the implant are parameters 
which most strongly influence the inter- 
face stress distribution. The clearance of 
the hole in the support jig is the most criti- 
cal parameter, but also the parameter that 
can be control led most  easily.  Lack 
of standardization with regard to these 
parameters can lead to uninterpretable 
test results. It is recommended that the 
clearance of the hole in the support jig is 
at least 0.7 mm and that push-out results 
are only compared with each other when 
materials with similar Young's modulus 
are concerned. 

INTRODUCTION 

The biocompatibility of an orthopedic or dental implant can be investi- 
gated by the use of various methods among which testing the strength of the 
healed implant-bone interface by the push-out test is used frequently.'-15 
Since this push-out model is used widely, comparisons of test results between 
different materials and centers are very interesting. In Table I, a survey is 

$To whom correspondence should be addressed at Department of Biomaterials, Build- 
ing 55, School of Medicine, University of Leiden, Rijnsburgerweg 10, 2333 AA Leiden, 
The Net herlands. 
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given of various push-out results on hydroxylapatite coatings with approxi- 
mately equal surface  characteristic^.^^^^^-^^^'^-'^ There exists a wide variety of re- 
sults that makes comparisons between these studies difficult. For instance, at 
12 weeks follow-up, mean push-out strengths are reported between 8.2 for 
freshly tested spe~imens , l~ ,~~ and 54.8 MPa for formalin-fixed  specimen^.^ This 
large difference might be partially due to the method of specimen prepara- 
tion (fresh versus formalin fixation), but in another study Klein' reported a 
push-out strength of 34.5 MPa for freshly tested specimens. Thus, with iden- 
tical specimen preparation, there still exists a large scatter in data. It was al- 
ready stated by Black" that when a push-out test is used, the test conditions 
need to be described thoroughly. Furthermore, it is necessary to gain more 
insight into the biomechanical characteristics of the push-out model. In this 
study a finite element analysis of the push-out test was performed in which 
the effect of frequently varying parameters (plug-hole clearance, Young's 
modulus of implant, cortical thickness, and implant diameter) on the interfa- 
cial shear strength was calculated. 

The analysis done was a linear one and only a first step toward a complex 
analysis in which damage mechanics and nonlinear material behavior have 
to be incorporated to predict the failure process during a push-out test. In 
this analysis the three-dimensional state of stress is important, but also the 
criteria by which this state of stress is evaluated. In our analysis we compare 
the average shear stress calculated in a classical manner with the shear 
stresses calculated in a finite element model. The linear elastic behavior of 
this model gives insight into the regions of high stresses and probably these 
regions are starting points for cracks; but crack forming or other damage 
phenomena were not the point of interest in our analysis. 

METHODS 

The finite element model was based on the "single cortical push-out 
model" which is characterized by implantation of a cylinder in cortical bone. 
This model has the advantage of being generally applicable in the testing of 
implant fixation in diaphyseal cortical bone of any bone type (for instance, 
femur, humerus, or tibia) or species, and is used as a standard model for the 
push-out test in our g r o ~ p . ~ , ~ ~ ~ - ' , ' ~  In general, this test has the same biomechani- 
cal characteristics as the push-out tests used by other groups.'," After a cer- 
tain period of time, the test animals are sacrificed, and a semicircular piece of 
bone containing the implant is sawn out and placed on a support jig (Fig. 1). 
Periosteal bone overgrowth was neglected in the finite element model since 
in practice we remove this bone by polishing3 The implant is pushed out 
from the surrounding bone. The peak-force that results in movement of the 
implant is considered as the push-out force. The contact area of bone to im- 
plant is calculated or estimated from the implant diameter and the thickness 
of the bone surrounding the implant. The "interfacial shear strength" is cal- 
culated using the following formula: 

F 
7 i - x d x f  

S =  
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I I 
Figure 1. Schematic drawing of the push-out test. F = force applied on 
implant; I = implant; C = cortex; J = support jig; y = coordinate along 
the interface. Geometrical parameters, varied in the analysis: x = Clearance 
of hole in support jig, d = implant diameter, t = cortical thickness. 

where S represents the interface shear strength (MPa), F the push-out force 
(N), d the plugdiameter (mm), and f the average cortical thickness (mm). 

In our model the push-out test can be considered to be axisymmetric, and 
a two-dimensional finite element model was developed, using quadrangular 
ring elements. The grid-composition and element distribution are shown in 
Figure 2. The final density of the element mesh was determined by incremen- 
tal mesh refinements in the regions of the highest stresses. In this model, the 
cortical bone was considered to be homogeneous, linear elastic, and isotropic, 
with a Young’s modulus of 15 GPa, and a Poisson ratio of 0.3. At the interface 
between bone and implant continuity in the displacements was assumed. Be- 
tween the support jig and the bone only vertical forces were working, and 

tr.tt elL,1+ 
n 

4 ~ i ~ : ~ r r  1 1  1 1 -  

Figure 2. Graphical representation of the two-dimensional finite element 
model showing grid-composition and element distribution. 
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friction at this interface was neglected. The stiffness of the support jig was 
considered to be infinite high. An axial load of 100 N was applied from the 
medullar site on the implant. Based upon practical considerations, the follow- 
ing values were chosen for the initial test parameters: 

x: Clearance of hole in support jig = 0.7 mm 
E :  Implant Young’s modulus (Ti-6A1-4V) = 110 GPa 
t :  Cortical thickness = 3 mm 
d: Implant diameter = 5 mm 

In the next step, one of 
the following schedule, 
initial value: 

the parameters x, E, t ,  and d was varied according to 
while the other three parameters were kept at their 

x = 0.1, 0.3, 0.5, 0.7, 1.0 mm 
E = 2,5,lO, 25, 50,100,200,400 GPa 
t = 1, 2, 3,4 mm 
d = 3, 4, 5, 6, 7 mm 

The parameter values chosen in this study cover most test set-ups which are 
reported in literature. 

For each single combination of x, E, t ,  and d, the principal stresses in the 
first layer of elements in the bone along the bone-implant interface were cal- 
culated. From these data the interfacial shear stress was determined. A com- 
parison was made between the situation where the parameters x, E, f, and d 
have ideal values, and situations where these parameters have more extreme 
values resulting in an unequal interface stress distribution. All calculations 
were performed on a personal computer, using the GIFTS* finite element 
analysis package. 

RESULTS 

Clearance of hole in support jig ( x )  

Varying x results in the interface stress patterns as shown in Figure 3.  It is 
obvious that the distance between implant and support jig influences the in- 
terface stress considerable. A small oversize of the hole in the support jig, 
represented by a value for x of 0.1 mm, results in high stresses at the site 
where the jig edge supports the bone (lateral). When x is increased, the inter- 
face stress distribution becomes more uniform. 

Implant Young’s modulus ( E )  

In Figure 4, the interface stress patterns are shown for E varying between 
2 and 400 GPa. The interface stress distribution shows to be most uniform for 
implants with a Young’s modulus of approximately 50 GPa. At lower Young’s 

*Version 4.3, CASA/GIFTS Inc., Tucson, AZ. GIFTS is a general finite element analy- 
sis package that can be used for solving linear problems in the field of statics, dynam- 
ics, and thermoanalysis. Pre- and postprocessing facilities are available. 
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Figure 3. Interface stress distributions for implant-support jig distances 
( x )  varying between 0.1 mm and 1.0 mm. Ti = interface stress in MPa. Leg- 
end indicates x in mm. 

moduli, the interface stress distribution becomes less uniform, and the higher 
stress values are located at the site from which the load is applied on the im- 
plant (medial). Increasing E does not affect the interface stress distribution 
considerable, although the interface stress will be a little higher at the site 
where the jig edge supports the bone (lateral). 

Cortical thickness (t) 

In Figure 5, the interface stress patterns are shown for t varying from 1 to 
4 mm. The stresses are represented as a function of the relative position 
along the cortex (percentage of cortex). A decrease in t results in a progres- 
sive increase of the interface shear stress, but without strongly affecting the 
stress distribution. This increase is explained by the reciprocal relationship 
between shear stress and cortical thickness at constant force. 

Implant diameter (d)  

Varying d from 3 to 7 mm revealed that the interface stress distribution is 
hardly affected by this, both with respect to the shape and to the position of 
the curves. Therefore, it is stated that d has not a significant influence on the 
interface stress distribution. 

In Figure 6, the interface stress patterns are shown for the reference situa- 
tion (curve 1) with a relative equal stress distribution, and a situation where 
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Figure 4. Interface stress distributions for the implant Young’s Moduli (E) 
varying between 2 and 400 GPa. Ti = interface stress in MPa. Legend indi- 
cates E in GPa. 

the stress distribution is very unequal (curve 2) due to variation of both the 
parameters x and E .  

DISCUSSION 

In the present investigation some practical biomechanical aspects of the 
push-out test have been evaluated. Comparing push-out results of various in- 
vestigators is very interesting to get a proper evaluation of the fixation in 
bone of a material. It was discussed recently that test circumstances can sub- 
stantially inf hence the push-out  result^.^"^" Black18 published a survey of fac- 
tors that can influence test results and which need to be standardized or at 
least mentioned. In the present study the authors aimed at the biomechanics 
of the practical situation to gain more insight in the test itself, and in the 
comparability and reliability of results from different push-out tests. 

The authors chose the following parameters as being most relevant: 
(a) clearance of the hole in the support jig, (b) Young’s modulus of the im- 
plant, (c) cortical thickness, and (d) implant diameter. 

With respect to the clearance of the hole in the support jig, it was shown 
that a small oversize of the hole results in high stresses at the site where the 
jig edge supports the bone. A clearance of more than 0.7 mm decreases this 
peak to a minimum. Most of the tests described in the literature do not pay 
any attention to this critical factor, or surprisingly suggest a tight clearance 
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Figure 5. Interface stress distributions for the cortical thickness ( t )  varying 
from 1 to 4 mm. Ti = interface stress in MPa. Stresses are here represented 
as a function of the relative position along the cortex from 0% (inner site of 
cortex) to 100% (outer site with support jig). Legend indicates t in mm. 

to be ideal. This is not the case, on the contrary, when the clearance is for in- 
stance 0.1 mm, the resulting unequal stress distribution gives test results that 
are difficult to evaluate and that do not reflect the actual ultimate shear 
stress. Comparing the stress distributions for a clearance of 0.1 mm and 
1.0 mm, there occurs at a constant load of 100N for x = 0.1 mm, a stress peak 
which is almost four times higher than the maximum stress calculated for 
x = 1.0 mm (see Fig. 3). Thus, the clearance is a critical parameter, but can be 
controlled easily. Shiradzi-Ad12’ recently stated that to get a uniform stress 
distribution along the interface, it is theoretically required not to support the 
sample under the implant, but to support the bone around the implant. Our 
study confirms these results partially, however with regards to the practical 
execution of a push-out test, we suggest that it is still easier to support the 
sample using a jig with an adequately oversized hole. 

Varying the Young’s modulus of the implant revealed again that the inter- 
face stress distribution is in most situations not uniform. A low Young’s 
modulus results in considerable higher stresses at the medial site of the cortex, 
from which the load is applied on the implant. A high Young’s modulus results 
in slightly higher stresses at the lateral site of the cortex where the jig edge 
supports the bone. But in the latter situation the interface stress distribution 
is much more uniform compared to the situation of a low Young’s modulus of 
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Figure 6. Interface stress distributions for two situations that can occur in 
practice. Curve 1 shows the reference situation, and curve 2 shows a situa- 
tion where parameters are changed in unfavorable values. 

the implant. These findings show that the strength of the bone-implant inter- 
face of materials with different Young’s moduli is uninterpretable by push- 
out test. In most situations, the Young’s modulus of the implant cannot be 
standardized or influenced, since the major goal of a push-out test is the evalu- 
ation of materials that might vary with respect to their Young’s moduli. The 
relevance of push-out testing of a material with a low Young’s modulus is 
therefore limited to comparing different follow-up periods or to a compari- 
son with other materials having the same Young’s modulus. 

The cortical thickness and implant diameter did hardly inf hence the inter- 
face stress distribution. The actual stress values did change when varying the 
cortical thickness, but the uniformity of the stresses along the interface did 
not change considerable. It is suggested that in the situations described in 
this study, the influence of both the cortical thickness as well as the implant 
diameter on the interfacial stress distribution can be neglected. Thus, when 
the other parameters are standardized for, variations of the cortical thickness 
( t )  and implant diameter (d), and thus of the t/d ratio, will not necessarily lead 
to uninterpretable results. 

In some situations, a uniform interface stress distribution was found, how- 
ever, in most situations this stress distribution was not uniform. This is illus- 
trated in Figure 6, where the stress patterns of both a reference situation 
(equal stress distribution) and an extreme situation (unequal stress distribu- 
tion) are shown. Both situations can occur in practice, and the resulting stress 
patterns show the problems that will exist when comparing the two situa- 
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tions. It is questioned what the consequences are of a nonuniform stress dis- 
tribution. A stress peak along the interface represents the area where during 
the actual push-out test the interface will initially break. Calculation of the 
shear stress in such a situation by simply dividing the push-out force by 
the contact area will not give a reliable representation of the true interfacial 
shear stress. This means that the calculated "stress" can only be regarded as a 
number that is specific for the test circumstances. This number is hard to 
compare with data obtained from other situations with a different interface 
stress distribution. Therefore, the authors state that such comparisons will 
only give rise to more confusion in interpreting and comparing push-out re- 
sults. The only comparisons that are meaningful in a situation of nonuniform 
stress distribution are within the specific standardized experiment at differ- 
ent follow-up periods. It is obvious that in such a situation comparisons of a 
specific material with others has to rely on other evaluations like histology or 
electron microscopy as well. 

There are several limitations in the present investigation. Our model repre- 
sents a static situation under a given load, well below the stress that is neces- 
sary for fracture. We did not investigate the fracture mechanics of the 
interface by the push-out test. Furthermore, bone is not isotropic or linear 

and these factors can influence the interface stress distribution. For 
instance the variability in Young's modulus of the bone surrounding the im- 
plant is a relevant parameter, and this will be the topic of a future investiga- 
tion. We assumed that there was a situation of 100% bone-bonding, and no 
fibrous tissue interlayer, which are factors that can vary and thus influence 
the interface stress pattern. We ignored possible upgrowth of endosteal (tra- 
becular) bone in the model, which for practical situations means that up- 
growth is not existing or has been removed.',*' Another factor of influence is 
the surface characterization of the implant material. A rough surface with a 
high Young's modulus will give stress peaks at microlevel that can influence 
especially the fracture mechanics. Implant fixation can be a result of bonding 
with bone or of mechanical interlocking. Our model addresses the situation 
of bone bonding. If implant fixation is a result of mechanical interlocking, 
this model is only suitable up to a certain scale of surface texture (roughness). 
Of course, when the scale of the surface texture attains a large value, the 
push-out test loses its basic aspects of measuring plain shear stresses, and be- 
comes a test of a construction. 

CONCLUSIONS 

According to the evaluation of the push-out model by finite element analy- 
sis, variation of the clearance of the hole in the support jig (x) and Young's 
modulus of the implant ( E )  results in different stress distributions along the 
interface. Therefore these variations lead to uninterpretable test results. In 
order to optimize the push-out test and to avoid peak stresses, the clearance 
of the hole in the support jig should be at least 0.7 mm. Materials with differ- 
ent Young's moduli should not be compared with each other in push-out 
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tests. Although it is possible to optimize the conditions of a push-out test, the 
results of such a test always need to be interpreted with the typical uncer- 
tainties of a biological system in mind. 

This work was financially supported by the Netherlands Technology Foundation 
(STW). 
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