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Cementless total knee arthroplasty (TKA) implants rely on interference fit to achieve initial stability. However,
the optimal interference fit is unknown. This study investigates the effect of using different interference fit on the
initial stability of tibial TKA implants. Experiments were performed on human cadaveric tibias using a low
interference fit of 350 pm of a clinically established cementless porous-coated tibial implant and a high inter-
ference fit of 700 pm. The Orthoload peak loads of gait and squat were applied to the specimens with a custom-
made load applicator. Micromotions and gaps opening/closing were measured at the bone-implant interface
using Digital Image Correlation (DIC) in 6 regions of interest (ROIs). Two multilevel linear mixed-effect models
were created with micromotions and gaps as dependent variables. The results revealed no significant differences
for micromotions between the two interference fits (gait p = 0.755, squat p = 0.232), nor for gaps opening/
closing (gait p = 0.474, squat p = 0.269). In contrast, significant differences were found for the ROIs in the two
dependent variables (p < 0.001), where more gap closing was seen in the posterior ROIs than in the anterior ROIs
during both loading configurations. This study showed that increasing the interference fit from 350 to 700 pm

did not influence initial stability.

1. Introduction

Total knee arthroplasty (TKA) is the most common and successful
surgical procedure to treat osteoarthritis (OA), offering pain relief,
improvement of knee function, and providing a better quality of life for
patients (Bellemans et al., 2005). However, as the number of TKAs in-
creases, so do revision surgeries due to failure, with aseptic loosening
being the most frequent indication (29.8%) (Khan et al., 2016; Singh
etal., 2019). There is also an increased incidence in younger patients (<
65 years) receiving TKAs, who tend to have higher activity levels and
more demanding lifestyles (Aggarwal et al., 2014). According to implant
registries (Khan et al., 2016; National Joint Registry for England, Wales,
2019), younger patients have around 2.5 times higher risk of revision
compared to older patients. Moreover, tibial components are considered
the weak link of the TKA and show more loosening than femoral com-
ponents (Crook et al., 2017; Dyrhovden et al., 2017; Napier et al., 2018).

The bone in the proximal tibia is responsible for the mechanical
support of the tibial component, where good initial stability is a pre-
requisite for successful long-term performance (Gao et al., 2019). The
tibial baseplate is partially in contact with cortical and trabecular bone
and transfers mainly axial compressive forces while the tibial stem &
winglets transfer axial and shear forces along with bending loads
through the trabecular bone (Ponziani et al., 2017). Previous studies
have shown a clear relationship between bone mineral density (BMD)
and tibial component migration, where patients with higher BMD
showed less migration of the tibial component (Petersen et al., 1999).
This suggests that good bone quality contributes to implant fixation (Li
and Nilsson, 2000).

The press-fit fixation of tibial components is mainly achieved by the
contact of the implant stem & winglets with the trabecular bone. During
implantation, the tibial cavity is prepared to be slightly smaller than the
external dimensions of the implant stem & winglets. This difference in
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dimensions between the bone and the implant, known as interference fit
(Campi et al., 2018), may affect the initial stability (Gao et al., 2019;
Shirazi-Adl et al., 1993). The frictional properties between the bone and
the surface coating can also affect primary stability.

Primary stability can be investigated by quantifying micromotions at
the bone-implant interface. Animal studies have shown bone ingrowth
at the interface when micromotions are < 40 pm, but when micro-
motions > 150 pm can lead to fibrous tissue formation, compromising
the primary stability (Bragdon et al., 1996). Furthermore, the implant
does not always fully match the bone surface prepared during surgery,
causing gaps at the bone-implant interface. It has been shown that bone
can bridge interfacial gaps up to around 2 mm (Goodman et al., 2013).
These gaps may not be constant, as they might be considerably affected
by the dynamic loads applied during daily activities. Hence, these dy-
namic gaps may jeopardize ingrowth and secondary stabilization of the
implant.

The amount of interference fit can potentially improve primary sta-
bility by providing a more reliable press-fit fixation. However, the
optimal amount of interference is still unknown. If the interference fit is
too low, it may lead to insufficient primary stability and cause migra-
tion, loosening, and implant failure. In contrast, a higher interference fit
could cause large bone stresses that could lead to bone abrasion during
implantation, permanent bone deformation and local fractures, and
necrosis after surgery (Campi et al., 2018). Therefore, the purpose of this
study was to investigate the effect on the primary stability of increasing
the interference fit from 350 pm of a clinically established (Lass et al.,
2013; Sampath et al., 2009) knee design to 700 pm by measuring the
bone-implant interface micromotions and gaps opening/closing when
subjected to two loading conditions. In addition, the influence of bone
quality, loading configuration (gait and squat), and regions of interest
(ROIs) on the primary stability were evaluated.

2. Material and methods
2.1. Specimen preparation

First, six pairs of relatively young cadaver donor knees (< 60 years
old) were selected to enable bones with good bone quality and to ensure
a realistic experimental comparison to the clinical situation. After
dissection, an experienced surgeon (AG) performed the tibial cuts and
implantation according to surgical guidelines. Then, two cementless e.
motion® tibial components designs (e.motion® Knee System; Aesculap
Tuttlingen, Germany; Fig. 1) with different coating thickness and surface
coating were implanted in each pair of fresh-frozen human cadaver
tibias (Table 1).

The right tibias were implanted with low interference fit components
with a 350 pm coating thickness and a standard Plasmapore® surface
coating, while the left tibias were implanted with high interference fit
components with a 700 pm coating thickness. This thicker coating was
achieved by prolonging the standard coating procedure, which also led

Low Interference Fit
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Table 1
Specimen details for age, Body Mass Index (BMI), sex, implant size used, and the
loading forces for gait and squat.

Specimen Age BMI Sex  Implant Load Gait  Load squat
number size N) N)
1 57 2874 M 6 2718 2684
2 60 23.4 F 4 1725 1703
3 60 3038 F 4 2300 2271
4 59 3089 F 4 2143 2116
5 47 2849 F 4 1960 1935
6 50 3631 F 3 2430 2400
55+ 30
5 +4

The last row shows the average +SD of age and BMI of the cadaver specimens.

to changes in surface characteristics. As a result, the high interference fit
implants had a larger grain morphology with a higher roughness (Ra =
52.21 + 6.83 pm vs 41.51 + 0.99 pm) and a slightly higher dynamic
coefficient of friction (0.85 £ 0.15 vs 0.78 + 0.12). After implantation,
the exterior of the specimens was painted with a speckle pattern to
facilitate the measurement of bone-implant micromotions and gaps
opening/closing. The extensive protocol for preparing the bone speci-
mens before testing has been described previously (Berahmani et al.,
2017a; Sanchez et al., 2021).

2.2. Loading conditions

Mechanical experiments were performed in an MTS machine (MTS
Systems Corporation, Eden Prairie, Minnesota, USA) with a custom-
made load applicator that included a femoral component and a tibial
insert that matched the sizes of the tibial implants (Table 1). The load
applicator was fixed at 14 degrees of flexion for gait and 92° for squat
(Fig. 2A), according to the peak axial forces (Average 75) from the
Orthoload database (Bergmann et al., 2014; Bergmann, 2008). The
Orthoload loading configuration (Table 1) was adjusted to the cadaver
specimen bodyweight (BW). The varus/valgus moment was also inte-
grated into the setup by applying the axial force at a medial offset of 9
mm for gait and 3.6 mm for squat (Halder et al., 2012; Kutzner et al.,
2017), while other degrees of freedom were fixed. The femoral condyles
of the load applicator were aligned with the deepest point of the tibial
insert for both loading configurations.

During preconditioning, the specimens were subjected to cyclic
loading for 15 min at 1 Hz, at the same axial force levels as applied
during the final experiment (see Table 1), followed by a 15-min resting
period. A Digital Image Correlation (DIC)-recording was taken before
loading, representing the “unloaded” situation. Then, the specimen-
specific load was applied in a quasi-static manner at a rate of 100 N/s.
After achieving the full-scale load, another DIC-recording was taken
under static conditions, representing the “loaded” situation. This pro-
cedure was repeated three times at each measurement location. The

High Interference Fit

Fig. 1. Tibial components with different interference fits. Due to the adapted production method, the high interference fit implant had a higher roughness and a

slightly higher dynamic coefficient of friction.
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Fig. 2. A) Experimental setup for gait at 14° and squat at 92°. B) The 6 Regions of interest (ROIs) defined at the bone-implant interface for the anterior lateral and
medial (AL, AM), posterior medial and lateral (PM, PL), the medial side (M), and lateral side (L). Micromotions are parallel to the interface (white arrows), and gap

opening/closing are perpendicular (black arrows).
tibial bones were fixed at the distal end with bone cement (PMMA).

2.3. Micromotion and gap measurements

Relative displacements between bone and implant were measured in
six regions of interest (ROIs - Fig. 2B) using DIC. The DIC measurements
were performed following a previously developed experimental protocol
(Berahmani et al., 2017b), using a resolution of approximately 7.5
pm/pixel. The following six ROIs were defined at the bone-implant
interface: anterior lateral (AL), anterior medial (AM), posterior medial
(PM), posterior lateral (PL), medial (M), and lateral (L). The position of
the DIC system was changed for each specific ROI in order to cover all
regions, and the loading-unloading sequence was repeated for each
specific ROL

The relative displacements between the “unloaded” and “loaded”
images were determined for each ROI by defining a local coordinate
system in the DIC software (GOM Correlate, Freeware, 2017. GOM Inc.,
Braunschweig, Germany) based on the interface orientation. Within this
coordinate system, micromotions were quantified as the shear compo-
nents of the relative displacements, while gaps motions as the normal
components (Fig. 2B). Then, the interfacial gaps were classified as
opening gaps when the difference between the relative displacements
was positive and closing gaps when the difference was negative. The
micromotions and gaps opening/closing for each ROI were averaged for
the three repetitions.

2.4. Bone quality measurements

Before cutting the tibial bones and implanting the tibial components,
a CT scan (Aquilion ONE GENESIS and VISION, Canon Medical Systems)
was used for the bone specimens with a slice thickness of 0.5 mm and a

voxel size of 0.39 mm. A calcium hydroxyapatite phantom calibration
(Image Analysis, Columbia, KY) was scanned along with each specimen
to determine the relationship between calcium values and bone mineral
density (BMD) (Keyak et al., 2005). The images obtained from the CT
scans were converted to surface meshes (Mimics 20, Materialize,
Leuven, Belgium) and subsequently aligned according to the tibial
anatomical axis in a Matlab script (Matlab R2019a, The MathWorks,
Inc., Natick, Massachusetts, United States). The bone quality was then
measured 5 mm below the joint line and using an ROI with a thickness of
10 mm, representing the position of the tibial baseplate on the bone and
the area around the tibial stem & winglets (Fig. 3). The average BMD
results for each pair of cadaver specimens are given in Table 2.

2.5. Statistical analysis

Two multilevel linear mixed-effect statistical models were created in
STATA (Release 16. College Station, TX: StataCorp LLC) with micro-
motions and gaps opening/closing as dependent variables. The ROIs,
BMD, interference fit, and loading configuration were considered inde-
pendent variables, while cadaver specimens were considered subject
factors. A log-transformation was performed in the micromotions results
to meet normality, but this was not necessary for the results of the gaps.
The models were then divided by loading conditions, and post hoc
pairwise comparisons were made to analyze the interaction between all
the ROIs. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Micromotions

Although the mean micromotions results for the high interference fit
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Fig. 3. Bone mineral density (BMD) measurements in the proximal tibial bone. The ROI has 10 mm thickness and is 5 mm below the tibial plateau.

Table 2
Bone mineral density (BMD) results for the left and right cadaver specimens; the
last row shows the average +SD.

Specimen number BMD (G/CM3) LEFT KNEE BMD (G/CMS) RIGHT KNEE

1 0.23 0.22
2 0.16 0.16
3 0.16 0.17
4 0.21 0.21
5 0.27 0.26
6 0.19 0.21
0.20 +0.04 0.21 + 0.04

implants were slightly larger compared to the low interference fit im-
plants (Fig. 4A), the results of the statistical model revealed no signifi-
cant differences between the interference fits in gait (p = 0.755) nor in
squat (p = 0.232). In contrast, significant differences were found for the
ROIs (p < 0.001), presented in the post hoc analysis.

The post hoc results are shown in Fig. 4B, where the pairwise com-
parisons between the ROIs are represented as contrasts of predicted
marginal means with a 95% confidence interval (CI) for the two inter-
ference fit implants. Only the pairwise comparisons different from zero
(red line) are statistically significant, represented with blue dots. No
significant pairwise comparisons were found during gait since there was
only a slight variation in micromotions between the ROIs for both im-
plants. During squat, the comparisons of L vs AL, M vs AL, PM vs AL, and
AM vs the rest of the ROIs were significant for the low interference fit
implant. In comparison, only PL vs AM and PM vs AM were significant
for the high interference fit. Hence, this means that the AM and AL had
lower micromotions than the other ROIs in the low interference fit
implant, while in the high interference fit only AM showed lower
micromotions.

3.2. Interfacial gaps

The mean gaps results are shown in Fig. 5A for the different ROIs.
Almost all values were negative, indicating that gap closing occurred
upon loading. Except for a small opening motion (positive gap) in the
AM ROI for the low interference fit implant during squat. Like the
micromotions results, the interference fit did not affect the opening or
closing of the gaps, neither in gait (p = 0.474) nor squat (p = 0.269).
Moreover, the statistical model results were significant for the ROIs (p <
0.001). During both loading configurations, the posterior ROIs (PL and
PM) demonstrated the most substantial amount of closing (average =
-151 pm) compared to the anterior ROIs (average = -27 pm).

In the post hoc analysis (Fig. 5B), most of the pairwise comparisons
between ROIs were statistically significant, except for the comparisons
within the two anterior, the two posterior, and lateral-medial ROIs.
Furthermore, PL vs AL, PM vs AL, M vs AM, PL vs AM, PM vs AM, and PM
vs L comparisons were significant for the two loading conditions and
interference fits. This showed a higher contrast in the opening and
closing gaps between the ROIs, especially in the anterior and posterior
ROIs. There were also more significant comparisons for the low inter-
ference fit than for the high interference fit due to lower anterior gaps.

3.3. Bone quality

The statistical model showed that bone quality had no significant
effect on the primary stability of two interference fit implants (micro-
motions p = 0.688 and gaps p = 0.455). As shown in Table 2, most of the
specimens had similar density values with 0.20 + 0.04 g/cm® (mean +
SD) for the left and 0.21 + 0.04 g/cm® for the right specimens.

4. Discussion

The purpose of the current study was to assess the effect of the size of
the interference fit on the primary stability of tibial TKA components.
This was done by measuring the micromotions and gaps opening/closing
at different ROIs at the bone-implant interface during the peak forces of
gait and squat. The results indicate no significant differences in micro-
motions or gaps between the low (clinically established) and the high
interference fit implants. Furthermore, both bone quality and loading
configuration did not show an effect on the primary stability of the tibial
implants. However, significant differences were found between the
defined ROIs.

Remarkably, in this study, squatting did not lead to higher micro-
motions nor bigger gaps than gait. In the Orthoload dataset, the peak
axial forces in the superior-inferior (SI) direction were quite similar for
both loading configurations. Moreover, the shear forces in the anterior-
posterior (AP) and medial-lateral (ML) directions were 10-20 times
smaller than the axial loads (Kutzner et al., 2010). It is also likely that
the contact point on the tibia was similar during both loading configu-
rations due to the ultra-congruent implant used in the Orthoload dataset,
which may influence the AP and ML load transfer (Trepczynski et al.,
2019). The e.motion® implant used in our study is also highly
congruent, although with a rotating platform bearing. Since no rota-
tional loads were applied, the tibial insert remained at the same position
relative to the tibial baseplate during gait and squat. Therefore, the
insert position (and coordinate system) is consistent with that of the
fixed-bearing implant used in the Orthoload dataset.

Our findings of gaps opening/closing are comparable to another
study of a tibial implant with a stem and four pegs during stair descent
loads (Bhimji and Meneghini, 2014). They also showed the largest gap
closing in the posterior regions, and the lowest closing with even some
opening in the anterior regions. Furthermore, another study has a
similar implant design as in our study (Yang et al., 2020), where they
showed the different parts of the walking and squatting cycle. Consid-
ering that the peak axial forces from Orthoload were taken at 50 % of the
gait cycle and 70 % of the squat, the results of specimen 3 are compa-
rable to our study with micromotions in the anterior regions below 40
pm during squat. Also, there is some variation of micromotions results
between the specimens and the ROIs; however, there was no distinction
between shear and normal motions to make a better comparison.

BMD measurements were located at the proximal tibia, considering
the position of the implant baseplate on the bone and the interaction
between the trabecular bone and the implant stem & winglets due to
interference fit. The cadaver specimens appeared to have good bone
quality, which may be the result of selecting relatively young cadaver
donors (55 =+ 5 years), as it is more representative of the indication for
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Fig. 4. Low and high interference fit implants results for gait and squat loading. A) Mean micromotions on different ROIs with standard error. B) Contrast of
predictive marginal means between ROIs with 95% CI. The blue dots show statistically significant results since they are different from zero; the comparisons passing

through zero (red line) are non-significant.

patients with cementless implants. According to another study on
femoral components where BMD values were obtained in a similar
manner (Berahmani et al., 2015), BMD values < 0.15 g/cm3 could
indicate low bone quality, which is lower than was measured in the
current tibias. Still, not much information is available on volumetric

values of tibial BMD (Torres-Del-Pliego et al., 2013). Moreover, the
limited number of specimens combined with small bone quality varia-
tions was not sufficient to demonstrate a relationship between the pri-
mary stability of the tibial component and bone quality.

In this study, we aimed to investigate the effect of interference fit on
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the primary stability of tibial TKA components. This interference fit can
be varied by the manufacturer by adjusting the thickness of the implant
coating or downsizing the instrumentation. Intuitively, a higher inter-
ference fit should have a better fixation, as it should generate higher
compressive stresses and frictional shear forces at the interface. On the
other hand, it could also generate more plasticity around the implant,
limiting the additional stability. Interestingly, our results did not
demonstrate this mechanism. One possible explanation for this
discrepancy is that a larger interference fit could cause bone abrasion
and permanent bone deformation during implant insertion. As a result,

part of the compressive capacity of the bone is lost during the insertion
phase, meaning that the nominal interference fit designed into the sys-
tem is not the same as the actual interference fit achieved during surgery
(Berahmani et al., 2018).

Unfortunately, it was not possible to measure bone damage after
implantation without further damaging the bone when extracting the
tibial component. In a previous study with press-fit femoral components,
we found that the implantation process caused bone damage. The
components were removed by cutting the posterior condyles, similarly
to another study (Berahmani et al., 2018). Then using HR-pQCT, we
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could visualize and quantify the amount of permanent bone deforma-
tion. This damage can be quite substantial (up to 1.5 mm) and may
depend on the amount of interference fit designed into the system. While
for the femoral component, the compressive forces are partially acting
on cortical bone. The tibial component relies directly on the contact
between the trabecular bone and the tibial stem & winglets, resulting in
even more bone abrasion and deformation when inserting the
component.

The results of our study showed that micromotions in both tibial
components did not exceed the bone ingrowth threshold of 40 pm,
suggesting good primary stability that could lead to better long-term
stability. The results are also in line with our previous study with
press-fit femoral TKA components (Sanchez et al., 2021), which corre-
spond with the clinical results on the e.motion® implant with 350 ym
interference fit, where the survival rate was 96.2% for cementless TKA
components after 8.3 years postoperatively (Lass et al., 2013). However,
the opening and closing motions were larger than the shear micro-
motions, ranging from practically zero in the anterior regions up to 160
pm in the posterior regions. The exact implications of these motions on
bone formation at the interface are uncertain since micromotion
thresholds determined in the past were based only on shear motions.
Clearly, excessive motions could inhibit osseointegration and secondary
fixation, but defining the exact threshold requires further investigation.
Nonetheless, considering that the standard interference fit implant has a
good clinical track record and the similarity between the outcomes for
the two systems, increasing the interference fit to 700 pm can be ex-
pected to provide equally good primary stability. Hence, it can be
considered as a good range for an interference fit.

4.1. Limitations

The main limitation of our study was the variability between speci-
mens since tibias can vary in size, shape, and material properties
depending on patient-related factors such as age, anatomy, and weight
(Tissakht et al., 1995). Variability is an inevitable and essential factor to
consider when using cadaveric bones as they have non-homogeneous
material properties (Han et al., 2020; Yang et al., 2020). It can help to
have more realistic results and to evaluate the press-fit fixation of tibial
implants. Few studies like this were performed with cadaver bones (Han
et al., 2020; Yang et al., 2020), while most previous studies used
sawbones specimens (Bhimji and Meneghini, 2012; Luring et al., 2006;
Navacchia et al., 2018). There may also be differences in the cut accu-
racy and the implant position, which we tried to minimize by using one
highly experienced surgeon. The implantation of the tibial components
was done by mimicking the clinical situation as closely as possible,
rather than milling the tibias to exact specifications. Based on visual
inspection, all implants were well-seated, although small gaps were seen
at the interface in some regions. More importantly, there were no
noticeable changes before and after preconditioning, and there were
also no remarkable differences between the two implant systems.

Another limitation is the loading condition, as only the peak axial
forces from gait and squat were used with an offset that simulated the
varus-valgus moment. Additionally, with the absence of the PCL in the
cadaver experiment, the loading condition in squat may not have
simulated adequate femoral roll-back. It is possible that a more posterior
point of load application, and therefore a larger flexion moment, would
have altered the anterior opening and closing motions. Another study
(Yang et al., 2020), reported substantial motions in the anterior regions
(up to 200 pm), while these motions were only found in the posterior
regions in our study. This suggests that an additional flexion moment
influences the pivot point of the tilting motion of the tibial component
under compressive loading. A 3-degree posterior slope was integrated
into the implant design, contributing to the AP shear forces. However,
the forces from the Orthoload dataset were obtained with a posterior
slope of around 7°. Ideally, an implant-specific loading configuration
would be derived, and subsequently applied in a testing apparatus with a
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6-degree of freedom loading applicator. From a practical point of view,
simplifications in loading conditions have to be made in experimental
testing conditions. These tests can be used to validate FE models, which
are subsequently more suitable to apply and investigate the effect of full
loading cycles with all force components involved.

The DIC technique was used to directly measure the micromotions
and gaps opening/closing at the bone-implant interface. This technique
has the advantage of providing more accurate quantification of micro-
motions and gaps, compared to studies using linear variable differential
transducers (LVDTs) (Bhimji and Meneghini, 2012; Chong et al., 2010;
Crook et al., 2017). In addition, we included a distinction between
micromotions and gaps, which was not always clear in previous studies.
However, our results are measured at specific locations, and it could be
that the micromotions and gaps patterns are different at other locations.
Again, linking this cadaveric experiment with FE analyses may allow
assessing micromotions and gaps along the whole bone-implant
interface.

4.2. Conclusion

The results presented here demonstrate that, in this experimental
setup, increasing the interference fit from 350 pm (clinically established
design) to 700 pm does not affect the primary stability at the bone-
implant interface of tibial TKA. While micromotions values were all
below the threshold allowing bone ingrowth, the dynamic gaps at the
interface were quite substantial, especially in the posterior ROIs. Since
this type of implant has given satisfactory clinical results, it can be ex-
pected that the results of gaps opening/closing were also under a
threshold that can guarantee good primary stability. Hence, an inter-
ference fit of 700 pm can be considered an adequate range for press-fit
fixation for this type of implant.
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