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A B S T R A C T   

Cementless femoral total knee arthroplasty (TKA) components use a press-fit (referred to as interference fit) to 
achieve initial fixation. A higher interference fit could lead to a superior fixation, but it could also introduce more 
damage to the bone during implantation. The purpose of the current study was to investigate the effect of 
interference fit on the micromotions and gap opening/closing at the bone-implant interface. Experimental tests 
were performed in six pairs of cadaveric femurs implanted with femoral components using a low interference fit 
of 350 μm and a high interference fit of 700 μm. The specimens were subjected to the peak loads of gait and 
squat, based on the Orthoload dataset. Digital Image Correlation (DIC) was used to measure the micromotions 
and opening/closing in different regions of interest (ROIs). Two linear mixed-effect statistical models were 
created with micromotions and gap opening/closing as dependent variables. ROIs, loading conditions, and 
implant designs as independent variables, and cadaver specimens as random intercepts. The results revealed no 
significant difference between the two interference fit implants for micromotions (p = 0.837 for gait and p =
0.065 for squat), nor for the gap opening/closing (p = 0.748 for gait and p = 0.561 for squat). In contrast, 
significant differences were found between loading and most of the ROIs in both dependent variables (p <
0.0001). Additionally, no difference in bone deformation was found between low and high interference fit. 
Changing interference between either 350 μm or 700 μm did not affect the primary stability of a femoral TKA 
component. There could be an interference fit threshold beyond which fixation does not further improve.   

1. Introduction 

Primary fixation of the implant to the bone is crucial for the long- 
term performance of total knee arthroplasty (TKA) (Chong et al., 
2010), particularly in younger patients with a longer life expectancy 
(Kienapfel et al., 1999) and in older patients with low bone quality 
(Newman et al., 2017). For cementless implants, the primary fixation 
depends, amongst other parameters, on the press-fit provided by the 
implant system and on the frictional properties of the surface coating, 
which also allows for bone ingrowth on the long term (Campi et al., 

2018; Witmer and Meneghini, 2018; Damm et al., 2015). Primary sta
bility is often expressed as the amount of relative displacement between 
the implant and the bone under physiological loads, referred to as 
micromotions (Abdul-Kadir et al., 2008; Tissakht et al., 1995). Animal 
studies have shown that if micromotions at the bone-implant interface 
are below 40 μm, bone will grow into the implant surface, while if 
micromotions are above 150 μm, a fibrous tissue formation will interfere 
with osseointegration and may eventually lead to aseptic loosening 
(Kienapfel et al., 1999; Abdul-Kadir et al., 2008; Reimeringer et al., 
2013). 
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Press-fit fixation is achieved during surgery when the femoral 
component is impacted onto the bone, which is cut slightly larger than 
the internal dimensions of the implant. This size difference between 
implant and bone is called interference fit and is responsible for the 
compressive stresses acting at the bone-implant interface (Campi et al., 
2018). Hence, in theory, a larger interference fit or higher press-fit 
should lead to higher compressive stresses that allow for higher fric
tional shear forces, and therefore, a superior fixation. However, these 
interface stresses can also cause some abrasion and permanent bone 
deformation during the insertion of the implant (Damm et al., 2015; 
Abdul-Kadir et al., 2008), which negatively influences the press-fit. This 
permanent bone deformation is found predominantly in the anterior 
flange and the posterior condyles (Fig. 1), due to the clamping mecha
nism of femoral press-fit implants (Berahmani et al., 2018). 

Ideally, full contact between the implant and the bone is achieved 
during surgery to facilitate long-term fixation through osseointegration. 
However, the bone cuts do not always match the implant, which creates 
gaps between the implant and the bone (Pettersen et al., 2009). 
Although bone ingrowth is possible even for interface gaps of 1–2 mm 
(Goodman et al., 2013), these gaps may open and close during physio
logical loading and may influence primary and secondary fixation. 

The most optimal interference fit of femoral TKA components is still 
unclear. A better understanding of micromotions at the bone-implant 
interface, and the effect of surface morphology, interference fit, bone 
damage, and loading conditions thereon, could provide more informa
tion about the mechanism of fixation of cementless femoral implants. 
The objective of the current study was therefore to investigate the effect 
of interference fit on micromotions and gap opening/closing occurring 
at the bone-implant interface of a femoral TKA component during 
experimental testing. 

2. Material and methods 

2.1. Specimen preparation 

Six pairs of fresh-frozen human cadaveric femurs (average age 55) 
were used in this study (Table 1). After dissection, an experienced or
thopedic surgeon (AG) prepared the femur cuts following the surgical 
guidelines (Aesculap AG, Tuttlingen, Germany) thereby taking into ac
count that the nominal cuts of the bones fit perfectly to the internal 
surface of the implants before coating. Next, the specimens were scan
ned with a high resolution peripheral quantitative computed tomogra
phy (HR-pQCT - Xtreme CT II, SCANCO Medical AG, Brüttisellen, 
Switzerland) at a resolution of 61 μm. After all femurs had been scanned, 
they were implanted with two cementless e.motion® femoral compo
nents (e.motion® Knee System; Aesculap Tuttlingen, Germany) with 
different coating thickness (sizes are provided in Table 1). Low inter
ference fit implants with a thickness of 350 μm and Plasmapore® 
coating were used for the right femurs, while high interference fit im
plants with a thickness of 700 μm and a similar surface coating were 
placed in the left femurs. 

After implantation, the femurs were cut proximally and cast in bone 

cement (PMMA). Subsequently, a speckle pattern was applied using 
black and white spray paint following a previous experimental protocol 
(Berahmani et al., 2017) to facilitate Digital Image Correlation (DIC) 
measurements. The specimens were thawed at room temperature for 3 h 
before applying the speckle pattern and allowed to dry for 16 h before 
performing the experiments. 

2.2. Surface morphology 

The high interference fit implants were generated by taking the low 
interference fit implants out of the manufacturing process just before 
being coated. The thicker coating was then applied to these implants at a 
medical coating manufacturer (DOT GmbH, Rostock, Germany). The 
coating characteristics were determined using confocal microscopy to 
assess the resemblance with low interference fit coating. Although both 
coatings were applied to the femoral components using similar 
manufacturing process, small differences in grain size were observed 
with the low interference fit having a finer grain morphology coating 
compared to the high interference fit (Fig. 2). In addition, a slightly 
lower roughness value was found for the low interference fit coating as 
compared to the high interference fit coating with Ra of 41.51 ± 0.99 μm 
and 52.21 ± 6.83 μm, respectively. 

2.3. Loading conditions 

Mechanical experiments were performed in an MTS machine (MTS 
Systems Corporation, Eden Prairie, Minnesota, USA) using a custom- 
made load applicator that integrated the tibial component and insert 
(Fig. 3A). First, specimens underwent a preconditioning loading regime 
for 15 min at 1 Hz using the same forces as used for the micromotions 
measurements (Table 1). The peak loads of gait and squat were applied 
to the reconstructions based on the Orthoload database (Average 75 - 
Bergmann, 2008) and adjusted to the cadaver donors bodyweight (BW). 
After a resting period of 15 min, the full-scale load was applied at 
100N/s. For squat loading, only 50% of the maximum load was applied 
to prevent distal fractures of the femurs at the PMMA fixation base 
(Berahmani et al., 2017). 

Varus-valgus moments reported in the Orthoload database were 
incorporated by offsetting the axial force medially at 9 mm for gait, and 
3.6 mm for squat (Halder et al., 2012; Kutzner et al., 2017) Furthermore, 
the specimens were fixed distally at 14 degrees of flexion (gait) and 90◦

(squat), coinciding with the flexion angles at peak load (Bergmann, 
2008). 

2.4. Micromotion measurements 

Micromotions at the implant-bone interface were measured using 
DIC at different regions of interest (ROIs) during three repetitions. For 
gait, 9 ROIs were defined: anterior flange (ANT); anterior, distal, and 
posterior region of the medial (MA, MD, MP) and lateral (LA, LD, LP) 
views; and the medial and lateral posterior condyles (CM, CL). For squat, 

Fig. 1. HR-pQCT images of cadaver specimens after removing implants, the 
rectangles show an implant imprint in the anterior flange and in the poste
rior condyles. 

Table 1 
Specimen details for age, Body Mass Index (BMI), sex, implant size, and loading 
forces for gait and squat. The last row shows the average ± SD of age and BMI of 
the cadaver bone donors.  

Specimen 
number 

Age BMI Sex Implant 
size 

Load 
Gait (N) 

Load 50% 
Squat (N) 

1 57 28.74 M 7 2718 1342 
2 60 23.4 F 5 1725 852 
3 60 30.38 F 5 2300 1136 
4 59 30.89 F 4 2143 1058 
5 47 28.49 F 5 1960 968 
6 50 36.31 F 4 2430 1200  

55 
± 5 

30 ± 
4      
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only 6 ROIs were included, as measurements were not possible in the 
posterior condyles and the anterior flange (Fig. 3A). A first image was 
taken without loading and a second image after loading, then the rela
tive displacements induced by the loading regime were determined by 
comparing the “loaded” with the “unloaded” images. 

The shear and normal components of the displacement were calcu
lated using DIC software (GOM Correlate, Freeware, 2017. GOM Inc., 
Braunschweig, Germany) by defining a local coordinate system based on 
the orientation of the interface in the image. Micromotions were defined 
as the shear component, while opening and closing of the interface were 
defined as the normal component of displacement (Fig. 3B). 

2.5. Quantification of permanent bone deformation 

The implants were cut through the distal condyles to remove these 
without further damaging the bone. Afterwards, the femurs were scan
ned again using HR-pQCT (Xtreme CT II, SCANCO Medical AG, Brütti
sellen, Switzerland). The images were converted to surface meshes 
(Mimics 20, Materialise, Leuven, Belgium) and remeshed (3-Matic 12, 
Materialise, Leuven, Belgium). The pre- and post-implantation surface 
meshes were then registered onto each other at the bone surfaces outside 
of the interface region using coherent point drift (CPD) and iterative 
closest point (ICP) algorithms. These surface registrations were 
compared to quantify the permanent deformation on the exterior of the 
bone generated during implantation and subsequent loading, which was 
referred to as damage in this paper. 

2.6. Statistical analysis 

Two multilevel linear mixed-effect models were created in STATA 
(Release 15. College Station, TX: StataCorp LLC) for the dependent 
variables of micromotions and gap opening/closing during gait and 
squat loading. Design (low and high interference fit), loading conditions, 
and the ROIs were the independent variables, while cadaver specimens 
were considered as the random intercepts. For micromotion results, a 
log-transformation was performed to meet normality, but this was not 
necessary for opening and closing results. Moreover, a pairwise com
parison was made for all the ROIs. A p-value < 0.05 was considered as 
statistical significant. 

3. Results 

3.1. Interface micromotions 

Statistical analysis of the micromotions in the multilevel models 
revealed no significant difference between low and high interference fit 
implants (p = 0.837 for gait and p = 0.065 for squat). The mean 
micromotions are summarized in Table 2. During gait, the largest 
micromotions (Fig. 4) were found in the posterior condyles (CM, MP), 
followed by the medial anterior region (MA). For squat, the largest 
micromotions were seen in the distal regions (LD, MD). The ROIs with no 
significant difference were MD, LD, LP for gait and MP, LP, MA for squat. 

Fig. 2. Scanning electron microscopy images (SEM, NeoScope JCM-5000) of the low interference fit coating (left) and high interference fit (right).  

Fig. 3. A) Experimental setup for gait loading at 14◦ and 
squat loading at 90◦. B) The 9 Regions of interest (ROIs) for 
gait defined at the bone-implant interface for the anterior 
flange (ANT); the anterior, distal, and posterior region of the 
medial (MA, MD, MP) and lateral (LA, LD, LP) views; and the 
lateral and medial condyles (CL, CM) For squat, the anterior 
flange and the condyles were not measured, so there are 6 
ROIs. Micromotions are parallel to the interface (white ar
rows), and gap opening/closing perpendicular (black 
arrows).   
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3.2. Interfacial gaps 

Similar to the findings for the micromotions, no significant difference 
was found between implant interference fits for the gaps results (p =
0.748 for gait and p = 0.561 for squat). The positive values indicated a 
gap opening, whereas the negative values a gap closing. The mean 
opening and closing are presented in Table 2. During gait (Fig. 5), gap 
opening is negligible and gap closing is noticed mainly in the distal 

regions (MD, LD). In contrast, for squat there is gap opening in the 
anterior regions (MA, LA), and gap closing in the posterior regions (MP, 
LP). No significant differences were found in the ROIs LP, MA, MP for 
gait and MA for squat. 

3.3. Permanent bone deformation 

After removal of the implants from the femurs, visual inspection of 

Table 2 
Results for mean micromotions and mean gap opening/closing with 95% confidence interval (CI) for both interference fits during gait and squat.  

Interference fit LOADING CONDITIONS MEAN MICROMOTIONS (μm) 95% CI (μm) MEAN OPENING/CLOSING (μm) 95% CI (μm) 

Low Gait 25 18 32 -17 -27 -6 
Squat 28 20 37 14 -1 30 

High Gait 30 20 40 -16 -29 -3 
Squat 31 23 40 14 0 28  

Fig. 4. Mean micromotions with standard error of mean at the ROIs (MA: medial anterior; LA: lateral anterior; MD: medial distal; LD: lateral distal; MP: medial 
posterior; LP: lateral posterior; ANT: anterior flange; CM: medial condyle CL: lateral condyle) of low and high interference fit implants. During squat, measurements 
were not possible in the anterior and posterior condyles. 

Fig. 5. Mean opening (positive) and closing (negative) with a standard error of mean at the ROIs (MA: medial anterior; LA: lateral anterior; MD: medial distal; LD: 
lateral distal; MP: medial posterior; LP: lateral posterior) of low and high interference fit implants. 
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the specimens did not show a clear distinction between the imprints that 
the low and high interference fit implants had made on the bone. While 
in some cases, the high interference fit revealed more bone compression 
than the low interference fit, in other cases the effect was reversed. For 
example, in Fig. 6, the specimen 1-High interference fit had more 
damage around the condyles than the 1-Low interference fit, whereas 
specimen 3-Low interference fit had more damage than the 3-High 
interference fit. 

The results of the HR-pQCT registration, represented in distribution 
plots (Figs. 7 and 8) quantify the permanent deformation seen after 
implant removal with negative values indicating bone compression; the 
positive values were neglected to focus on the damage on the anterior 
and posterior regions. The posterior condyles displayed more damage 
and nearly all specimens had an implant imprint, except specimens 4 
and 6 for the low interference fit implants. Overall, almost no difference 
in damage was found between the implant designs. 

4. Discussion 

The goal of this study was to assess the effect of interference fit on 
primary stability between two cementless femoral TKA components. In 
our study we found no significant difference in stability between the two 
interference fits. 

The lack of difference between micromotions of low and high 
interference fit implants could be attributed to the amount of damage 
that is introduced to the bone during the insertion of the implant. Per
manent bone deformation was mainly found in the condyles and ante
rior flange, which is similar as reported by another study (Berahmani 
et al., 2018). However, in our study, there was almost no difference in 
bone damage seen between the two implants. Bone damage was quan
tified through a surface registration of HR-pQCT scans made before and 
after implantation. Although the resolution of the HR-pQCT scans (61 
μm) should be sufficient to pick up a 350 μm difference in an interfer
ence fit, perhaps another approach for deformation measurements that 
involves volumetric-based registration, such as used in digital volume 
correlation (Rapagna et al., 2019), may provide more insight into the 
actual damage profiles, and the effect of interference fit. 

The loading configuration had a significant effect on both dependent 
variables (micromotions and opening/closing). During gait, the load 
was applied to the distal condyles, which is where the most gap closing 
was measured (MD and LD). Under the same loading configuration, the 
largest micromotions were seen in the anterior and posterior ROIs (MP, 
MA, CM, CL), where the force was aimed parallel to the bone-implant 

interface. Conversely, during squat, the force was applied to the poste
rior condyles, so closing was mainly seen in the posterior ROIs (MP, LP), 
while opening was seen in the anterior ROIs (MA, LA), as the forces were 
aimed perpendicular to these interfaces. Similarly, the largest 

Fig. 6. Posterior regions of bone specimens after removing implants, the arrows show the edges of the implant imprint into the bone.  

Fig. 7. Permanent bone deformation after implant removal shown at the 
anterior flange (left) and posterior condyles (right) for the low interference fit 
implants. The distribution plots give a quantification of the amount of 
bone damage. 
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micromotions were found in the interfaces parallel to the load vector, in 
the distal ROIs (MD, LD). We also saw differences between the medial 
and lateral ROIs, due to the medial distribution of the load. Our results 
are comparable to Berahmani et al. (2017), the small differences in 
micromotions may be attributed to the loading regime, implant designs, 
coating thickness, and bone quality. 

Our experimental results of micromotions and interfacial gaps of the 
e.motion® implant are below the threshold of good primary stability. 
This is in agreement with clinical results from cementless e.motion® 
femoral component with an interference fit of 350 μm, where there was 
a survival rate of 100% at 5.6 years postoperatively in TKA hybrid im
plants (Chavoix, 2013). In addition, another study showed a survival 
rate of 96.2% for cementless TKA components and 96.3% for hybrid TKA 
components after 8.3 years postoperatively (Lass et al., 2013). 
Currently, the standard e.motion® Knee System is designed with an 
interference fit of 350 μm. Based on the results of the current study, it 
can be expected that allowing for manufacture tolerances or increasing 
the interference fit to 700 μm still provides a good initial fixation. 

4.1. Limitations 

In order to be able to load the implant-bone interface, some con
cessions had to be made to the loading configuration. Firstly, we had to 
reduce the load to 50% to avoid the fracture risk during the squat load. 
Secondly, rather than applying a full loading cycle, we were only able to 
apply the peak forces of gait and squat. Thirdly, only the axial force from 
Orthoload was considered, ignoring the shear forces that may cause 

larger micromotions (Chong et al., 2010), and the patellar forces that 
can stabilize the force to the femoral condyles (Berahmani et al., 2016). 
Finally, it was only possible to measure the micromotions outside of the 
bone-implant interface. Nevertheless, this study could be used to vali
date FE models of implant-bone interface mechanics, which in turn 
could evaluate the effect of full loading cycles and all the forces involved 
in this type of activities directly at the bone-implant interface. 

Femur preparation was performed using standard surgical in
struments, mimicking the clinical situation as closely as possible. One 
limitation related to this choice is the cutting errors that may have 
occurred. Unfortunately, due to the angular difference between the 
cutting planes, the differences between the condyles, and the variation 
in implant size, we were unable to determine a reproducible reference 
point for the quantification of bone cuts that could be subtracted from 
the theoretical interference fit. However, in a previous study with a 
different femoral component (Berahmani et al., 2017), the cutting errors 
were measured using a 3D optical scanner (ATOS 3D-scanner, GOM 
GmbH, Braunschweig, Germany). That study reported cutting errors of 
80–170 μm in the AP direction (dependent on the implant system). 
While these errors are 2–4 times smaller than the difference in inter
ference fit that was studied here, they may still have influenced the 
primary fixation. 

Other limitations in our study were the conditions used in our lab
oratory, which were different from a real TKA surgical procedure. To be 
able to make the HR-pQCT scans, it was necessary first to make the 
bones cuts, then the implantation of the femoral components. Thus the 
re-freezing cycles of the bones could have affected their properties. 
Besides, there may be differences in bone quality between the bone 
specimens, and some deviation between bone cuts on the right and left 
knee or implant position. However, these forms of variability should be 
considered to robustly evaluate the primary fixation of press-fit 
components. 

These limitations do not reduce the validity of our study since few 
studies have reported on femoral micromotions, and most of these used 
linear variable differential transducers (LVDTs) (Conlisk et al., 2018; 
Cristofolini et al., 2008). However, LVDTs measure micromotions at a 
certain distance from the bone-implant interface, and therefore can also 
introduce a fraction of bone deformation into the measurements 
(Gortchacow et al., 2012). In addition, to our knowledge, we are the first 
study to include the normal micromotions results and quantify the dif
ference in gap opening and closing. 

4.2. Conclusion 

Experimental tests were performed on cementless femoral implants 
with two different interference fits to investigate the primary stability 
using micromotions and gap opening. The results did not demonstrate 
significant differences between the designs. Moreover, the bone defor
mation results do not show a distinction between low and high inter
ference fit implants. Nevertheless, the results for micromotions and gap 
opening, as obtained in this study, indicate that the implants with high 
interference fit are likely to perform as good as the low interference fit 
implants during the immediate postoperatively situation. 
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