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A B S T R A C T   

The initial fixation of cementless tibial trays after total knee arthroplasty is critical to ensure bony ingrowth and 
long-term fixation. Various fixed-bearing implant designs that utilize different fixation features, surface coatings, 
and bony preparations to facilitate this initial stability are currently used clinically. However, the role of 
tibiofemoral conformity and the effect of different tray fixation features on initial stability are still unclear. This 
study assessed the implant stability of two TKA designs during a series of simulated daily activities including 
experimental testing and corresponding computational models. Tray-bone interface micromotions and the 
porous area ideal for bone ingrowth were investigated computationally and compared between the two designs. 
The isolated effect of femoral-insert conformity and fixation features on the micromotion was examined sepa-
rately by virtually exchanging design features. The peak interface micromotions predicted were at least 47% 
different for the two designs, which was a combined result of different femoral-insert conformity (contributed 
79% of the micromotion difference) and fixation features (21%). A more posterior femoral-insert contact due to 
lower tibiofemoral conformity in a force-controlled simulation significantly increased the micromotion and 
reduced the surface area ideal for bone ingrowth. The maximum difference in peak micromotions caused by only 
changing the fixation features was up to 33%. Overall, the moment arm from the insert articular contact point to 
the anterolateral tray perimeter was the primary factor correlated to peak and average micromotion. Our results 
indicated that tray-bone micromotion could be minimized by centralizing the load transfer and optimizing the 
fixation features.   

1. Introduction 

Total knee arthroplasty (TKA) provides reliable outcomes for pa-
tients suffering from osteoarthritis (Ritter et al., 1995). Cementless im-
plants were developed to potentially preserve native bone stock and 
improve implant longevity (Dalury, 2016; Meneghini and Hanssen, 
2008). Although the early designs presented a high failure rate due to 
aseptic loosening, newer generation cementless TKA implants, which 
consist of bioactive surface coatings that allow for bony ingrowth, have 
shown excellent outcomes comparable to the cemented TKA (Harwin 
et al., 2017; Nam et al., 2017). The initial fixation of the cementless 
tibial tray to the host bone is critical to bony ingrowth onto the porous 
surface of the implant. To achieve bone ingrowth, interface micro-
motions should ideally be less than 50 μm (Grewal et al., 1992; Ryd 
et al., 1995), whereas fibrous tissue would potentially develop instead 
when micromotions exceed 150 μm (Pilliar et al., 1986). Fixed-bearing 

knee prostheses are by far the most common type of total knee 
replacement (Kurtz, 2009). Various fixed-bearing tibial designs are 
currently marketed that utilize different articulations, surface coatings, 
fixation features, and bony preparations to facilitate the initial fixation. 
However, the role of implant design features, such as articular confor-
mity and dwell position, stems, keels, and pegs, on the initial cementless 
fixation is not well understood. 

In vitro experiments have been performed to evaluate the fixation 
performance for different implant fixation features by comparing the 
tray-bone relative displacement measured at several distinct locations 
around the tray-bone interface (Alipit et al., 2021; Bhimji and Mene-
ghini, 2012; Kraemer et al., 1995; Meneghini et al., 2011; Yoshii et al., 
1992; Small et al., 2019). However, these relative displacements may 
not represent the actual interface micromotions, as those may occur 
between markers, or at interfacial locations that are occluded. (Yang 
et al., 2020). Finite element methods have also been commonly used to 
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investigate the tray-bone interface micromotions that cannot be 
accessed experimentally, and to determine which designs and associated 
features influence micromotion (Chong et al., 2016; Hashemi & 
Shirazi-adl, 2000; Taylor et al., 2012; Tissakht et al., 1995). Tissakht 
et al. (1995) assessed the immediate post-operative fixation for three 
fixation types (close-fit, press-fit, and screw fixation) and found that the 
screw fixation resulted in the lowest micromotion. The same finding was 
reported in another study which compared the interface micromotions 
between fixations with inclined porous-coated pegs and screws 
(Hashemi & Shirazi-adl, 2000). However, only simple axial loads were 
tested in these studies, whereas Bhimji and Meneghini (2012) found that 
physiological loading can generate larger micromotion and better detect 
differences between devices than simplified loading. Chong et al. (2016) 
utilized a validated tibial model to investigate micromotion for three 
implant designs under peak physiological loading conditions and found 
the tibial component with a mini keel showed better fixation than 
standard stem design. Taylor et al. (2012) have reported, however, that 
peak micromotions did not necessarily occur at the peak loads, high-
lighting the need to examine whole activity cycles. 

To our knowledge, no study has investigated the effect of design on 
implant stability under a variety of activities of daily living with a 
validated computational model. Previous studies evaluated and 
compared the fixation performance between different implant designs 
under the same boundary conditions (Chong et al., 2016; Taylor et al., 
2012). The impact of the conformity in the tibiofemoral articulation 
(which results in different tibiofemoral kinematics) was not considered. 
Also, the loading was typically directly applied to the tray or the insert at 
specific points in those studies, without considering the physiological 
femoral-insert contact and load transfer. 

Hence, the objective of this study was to assess tray-bone interface 
shear and normal micromotion of two TKA designs during a series of 
daily activities, with the consideration of design-individual kinematics. 
Four previously-validated deformable tibial models were used with load 
and boundary conditions to replicate an experimental test series. The 
predicted tray-bone relative displacements were verified through com-
parison to experimental measurements with the same implant designs. 
The tray-bone interface micromotions and the porous area ideal for bone 
ingrowth were further investigated computationally and compared. The 
isolated effect of femoral-insert conformity and fixation features on the 
micromotion was examined separately by virtually exchanging implant 
design features (cone/keel, pegs, or both). It was hypothesized that a 
higher tibiofemoral conformity would generate less tray-bone micro-
motion due to the more centralized loading. 

2. Methods 

2.1. Experimental testing 

2.1.1. Implant configurations 
Two fixed-bearing and cruciate-retaining cementless knee systems 

were evaluated in this study. The Design I fixed-bearing tibial base has 
an intermediate-length cruciform stem with stepped proximal porous 
coating and four peripheral cylindrical pegs with a scalloped feature to 
ease implantation (Fig. 1a). The Design II tibial tray includes a large 
central keel and four bullet cruciform pegs (Fig. 1a). The underside of 
the tray is a porous metallic matrix. Note that Design II is commercially 
available and has good clinical results with respect to fixation (Harwin 
et al., 2017; Restrepo et al., 2020; Tarazi et al., 2020), while Design I is 
in pre-clinical development. Both designs were evaluated with their 
respective cruciate-retaining tibial insert and femoral component. The 
Design I knee system contains a more conforming tibiofemoral articular 
surface than Design II (Fig. 1b). The Design I higher conformity is hy-
pothesized to improve fixation by providing better control of condylar 
translation and centralizing the contact on the tibia. 

2.1.2. Mechanical testing 
Six cadaveric specimens (Five males and one female, Caucasian; Age: 

74.8 ± 12.8 years; Height: 172.0 ± 4.8 cm; Weight: 68.6 ± 12.5 kg) 
were implanted with a Design I tibial tray on one side and an equivalent 
size Design II tibial tray on the contralateral side by an experienced 
orthopaedic surgeon (total of 12 knees). The implanted tibiae were 
extracted from the specimen and cemented into fixtures. Target marker 
couples were placed at the anterior surface of the tray and rim of the 
tibial cortex (Fig. 2a). Each implant construct, including the implanted 
tibial base and bone, the articulating insert, and the femoral component, 
were mounted into the AMTI VIVO simulator to simulate gait (GT), deep 
knee bending (DKB, also referred to as ‘squat’ in ASTM standard), and 
stair descent (SD) activities (Fig. 2a). Experimental boundary conditions 
were derived from telemetric implant data and ASTM F3141-15 stan-
dard. The flexion/extension rotation degree of freedom (DoF) were 
kinematically driven while medial/lateral (ML), anterior/posterior 
(AP), superior/inferior (SI), varus/valgus (VV), and internal/external 
(IE) DoFs were load controlled. Prior to loading, arrays of infrared 
emitting diodes were mounted to the tibia and femoral fixturing and the 
location of the implanted components were digitized using an infrared 
stylus (Optotrack Certus, NDI, Ontario, Canada) (accuracy of 0.1 mm 
from the manufacturer). The three-dimensional locations of these arrays 

Fig. 1. (a) Geometries of the Design I and II tibial trays (porous coating surface was indicated as green color). (b) The corresponding femoral-insert articular surfaces 
of the two designs (Blue – Design I; Red – Design II). (c) The alignment of equivalent sizes of the Design I (size 5) and Design II (size 4) tibial bases in computational 
models. The Design I stem was 7 mm longer than the Design II keel. 
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were tracked through the loading activities, capturing the relative po-
sition of the femur on the tibia. The transformations between the two 
bodies were resolved using a Grood and Suntay kinematic description 
(Grood and Suntay, 1983). To ensure consistent application of loading 
cycles and an overall duty cycle for the construct, 50 cycles of each 
activity were performed after bedding-in under cyclic compression at a 
rate of 0.33Hz. Relative displacements between marker couples were 
recorded with the ARAMIS DIC system (GOM GmbH, Braunschweig, DE) 
(ISO 9513’s 0.5 class of accuracy from manufacturer) for the last ten 
cycles. 

2.2. Computational modeling 

2.2.1. Baseline model set-up 
Four previously validated deformable tibial models (Yang et al., 

2020, 2021) (All Caucasian females; Age: 62.3 ± 11.4 years; Height: 
158.2 ± 1.3 cm; Weight: 66.0 ± 22.7 kg) and best-fitting mid-size (size 
5) Design I tibial tray were utilized with loading and boundary condi-
tions to replicate the experimental testing, using ABAQUS/Standard 
(SIMULIA, Providence, RI). Equivalent sizes of the Design I (size 5) and 
Design II (size 4) knee systems were virtually implanted into the tibia 
models with a perfect overlap of the trays (Fig. 1c). The femoral 
component was meshed with rigid surface elements. The deformable 
TKA components and tibial bones were meshed with first-order tetra-
hedral elements and modeled with different material properties 
(Table 1). The mesh sizes and the number of materials to characterize 
tibial properties were identified from convergence studies in our pre-
vious work (Yang et al., 2020) and were also adopted here (Table 1). The 

interaction between the tibia and the porous coating was modeled with a 
1.0 friction coefficient based on test data from the manufacturers. The 
contact between the polyethylene and metal components (insert-tray 
and insert-femoral) was modeled with a 0.04 friction coefficient (Godest 
et al., 2002). The porous and solid portions of the tray were tied 
together. For comparative purposes, the effect of interference fit was 
assessed over a range of press-fit (10, 25, 50, and 100 μm) for both 
designs. 

Fig. 2. (a) Experimental set up with one of the cadaveric specimens. Highlighted three marker couples (medial, central, and lateral) were used to measure the tray- 
bone relative displacements. (b) Computational representation using one of the validated cadaveric tibia models. Full field tray-bone relative displacements across 
the shaded region were predicted, which covered the measured locations. 

Table 1 
Material properties used in the computational models. Approximately 400 ma-
terial properties were used for modeling the tibiae (1 material property per 4 
mg/cm3 bone apparent density).  

Components Density 
(g/cm3) 

Elastic 
moduli 
(MPa) 

Poisson’s 
ratios 

Mesh density 

Femoral - Rigid – – – 1 mm 
Insert - 

UHMWPE 
0.94 571.6 0.45 1 mm 

Tray solid - 
Titanium 

4.50 110,000 0.31 1 mm 

Tray porous - 
Titanium 

1.50 2200 0.083 0.75 mm 

Cortical bone ≥1 ≤9922.6 0.3 0.75 mm at 
interface, 1.5 mm 
on the surface 

Trabecular 
bone 

≤1 ≥79.6 0.3 0.75 mm at 
interface, 1.5 mm 
on the surface  
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The deformable implant-bone constructs were virtually mounted 
into the VIVO simulator model (Fitzpatrick et al., 2016) and loaded via 
the respective femoral components to simulate GT, DKB, and SD activ-
ities (Fig. 2b). The femoral-actuator and the initial femoral-insert rela-
tive positions at the beginning of each activity cycle were reconstructed 
by registering measured point clouds (experimentally collected by the 
Optotrack system prior to loading) to respective geometry files. For this, 
the iterative closest point algorithm was used, and the root-mean-square 
error of the registration was less than 0.5 mm. The VIVO output kine-
matics/loading conditions (FE kinematically-driven; IE, SI, ML, and VV 
force controlled; same as in experiments) averaged across the tested 
specimens were applied to the models. To exactly reproduce 
design-individual femoral-insert AP translations of the two designs, the 
AP DoF of the models was kinematically driven using the experimental 
AP kinematics averaged from all the tested specimens implanted with a 
size-5 Design I or size-4 Design II tray, respectively, for each activity. 
Two cycles of each activity were simulated to reach a steady state 
(identified from a convergence study), and the subsequent computa-
tional results were extracted from the second simulated cycle. The 
computational time ranged from 10–12 h for each simulation (using 
10/32 processors, Intel Xeon Gold 6134 CPU @3.20Hz, 8 CPU cores). 

The tray-bone relative displacement of an anterior region covering 
the experimental marker positions was investigated computationally 
(Fig. 2b). Surface node pairs at the anterior surface of the tray and bone 
within the region were defined as the marker couples for predicting the 
tray-bone displacements. The predicted marker relative displacements 
were then compared with experimental measurements. In order to 
evaluate the potential impact of variation in material properties, the 
elastic properties of the four tibia models were calculated using both an 
upper- and lower-bound elastic-density relationship (Anderson et al., 
1992; Rho et al., 1995), respectively. For understanding the difference, 
bone apparent density ranging from 0.1–1.7 g/cm3 corresponded to 
371.8 MPã16.9 GPa and 53.9 MPã10.0 GPa when using the upper- and 
lower-bound elastic-density relationship respectively. 

2.2.2. Model with virtually exchanged design features 
In order to compare and evaluate the fixation performance of 

different design features, the bottom fixation features of the Design I and 
II tibial trays were virtually exchanged (HyperMesh, Altair Engineering 
Inc., Troy, Michigan) (Fig. 3), where the respective insert, insert locking 
mechanism, and the tibial base shape maintained unchanged. Additional 
tray models were created by selectively exchanging one fixation feature 
(pegs or the stem/keel) from the other design to investigate the effect of 

each fixation feature on the tray-bone interface micromotion. For 
example, Design I cruciform stem with Design II cruciform pegs using 
Design I tibial base; Design II keel with Design I cylindrical pegs using 
Design II tibial base. A total of eight configurations (including the two 
initial configurations) were evaluated (Fig. 3). 

The virtual design configurations were incorporated into the baseline 
models and tested under the corresponding boundary conditions. When 
Design I or II articulations were used, the corresponding AP kinematics 
were applied. For example, the Design I tray using Design II pegs was 
tested under the Design I kinematics/loading conditions with the use of 
Design I insert and femoral components (the underlining indicated as 
‘Design I tibiofemoral conformity’ subsequently); The Design II tray 
using the Design I stem was tested under the Design II kinematics/ 
loading conditions with the use of Design II insert and femoral compo-
nents (indicated as ‘Design II tibiofemoral conformity’). For computa-
tional efficiency, the original material properties of the validated tibia 
models were used for these tests without including variation in material 
properties. 

2.3. Data analysis 

2.3.1. Marker relative displacements 
For each activity of the experimentally tested specimens, the DIC 

images were post-processed to extract the relative distance of the lateral, 
central, and medial marker couples. The minimum distances between 
the marker couples were subtracted from the maximum distances over 
the activity cycle. This difference was averaged across all specimens 
with the same implant construct to determine a composite average tray- 
bone relative displacement. Considering the bone variations (bone 
anatomy and properties) between specimens and the two designs were 
implanted separately into the tibiae from the same specimen, a paired T- 
test was performed using Minitab (Minitab, LLC, State College, PA) to 
determine whether the means from these two groups differ. The hy-
potheses (H0: μdifference = 0 vs. Ha: μdifference∕=0) were tested at the 0.05 
significance level. The percentage cycle where the maximum distance 
was observed was indicated on the plot showing the SI-loading & 
femoral AP low-points. The femoral AP low-point kinematics were 
calculated by averaging the medial and lateral lowest femoral points 
relative to the tibial insert through the activity cycle, and then averaged 
from all the tested specimens implanted with a size-5 Design I or size-4 
Design II tray, respectively. 

The same algorithm was used in computational simulations. For each 
activity, the relative displacement between the pre-selected node pairs 

Fig. 3. Eight fixation configurations (two type of stems, pegs, and femoral-insert articular conformity). The porous coating surface was indicated as green. The initial 
Design I and II configurations were indicated in the figure. 
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was averaged across the same tibia models using the upper- and lower- 
bound material properties to determine the composite average tray- 
bone relative displacement. The computational predictions were then 
compared with the experimental measurements. 

2.3.2. Tray-bone interface micromotions 
In this study, we defined the tray-bone interface micromotion as the 

relative motions between the tray and the tibia contact surface. In the 
computational models, the changes in the distance (considering both 
shear and normal components) between the nodes at the tray bottom 
surface and the nearest node on the tibia implantation surface were used 
to represent the tray-bone interface micromotion. For each activity of 

the specimens, the micromotion at the tray-bone interface was predicted 
for each model configuration. The full-field micromotion contour map 
for the frame having the peak micromotion was also presented. The 
maximum value of the interface micromotions through the entire ac-
tivity cycle was compared to study the effect of tibiofemoral conformity 
and fixation design features on the interface micromotion. Additionally, 
the liftoff and shear components of the interface micromotion were also 
compared for a more comprehensive investigation. 

2.3.3. Surface area ideal for bone ingrowth 
Micromotion less than 50 μm was reported as ideal for bone ingrowth 

(Grewal et al., 1992; Ryd et al., 1995). However, micromotion exceeding 

Fig. 4. Comparison between measured marker relative displacements at three locations (medial, central, and lateral) and the predictions from the computational 
models (averaged from the four simulated specimens) at the pre-defined anterior tray-bone surface. The prediction bounds (shaded areas) were generated by 
perturbing the tibial material properties within reported ranges. Error bars indicated the range of experimental measurements from all twelve physically- 
tested specimens. 
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150 μm may inhibit bone formation (Engh et al., 1992; Pilliar et al., 
1986). In this study, the porous surface area experiencing micromotion 
less than 50 μm (indicated as SA<50 μm) was calculated as another 
indicator for assessing the cementless fixation. The percentage of the 
surface area experiencing micromotions <50 μm and >150 μm (indi-
cated as SA%<50 μm and SA%>150 μm subsequently) was also calcu-
lated. These data were compared between the simulated models. 

2.3.4. Data analysis summary 
Marker relative displacements were firstly measured from experi-

mental tests. The predicted marker displacements were then compared 
with those measurements to verify the computational models. For each 
design, the femoral low-point kinematics and femoral-insert contact 
position at the frame having the peak marker displacement were 
investigated. 

After validation, the tray-bone interface micromotion and the surface 
area ideal for bone ingrowth were investigated computationally to 
evaluate the fixation performance of different implant designs. The 
isolated impact of articulation conformity and fixation design features 
were studied and discussed respectively. The outcomes in the next Re-
sults section were presented in the same order. 

3. Results 

3.1. Experimental measurements 

The maximum marker relative displacements for the Design II knee 
system (mean ± SD: 104.5 ± 47.3 μm) were consistently higher 
compared with Design I (56.4 ± 18.7 μm). A statistically significant 
difference was found between the two groups (P = 0.022), with a 
(− 86.0 ~ − 10.3 μm) 95% confidence interval for the difference in the 
marker relative displacements between Design I and Design II. 

For Design II, the tray-bone relative displacements were the highest 
in stair descent activity, followed by gait, and were much smaller in deep 

knee bending activity. For Design I, the tray-bone relative displacements 
were very similar in gait and stair descent. For the activities generating 
higher tray-bone relative displacements (gait and stair descent), the 
central regions consistently had the maximum displacements (Fig. 4). 

3.2. Comparison of measured and predicted marker relative 
displacements 

Higher maximum marker relative displacements were also predicted 
for the Design II group (158.2 ± 22.7 μm) compared with the Design I 
group (93.2 ± 17.1 μm). The difference was statistically significant at α 
= 0.05 level (P = 0.003), with a (− 87.9 ~ − 42.1 μm) (Design I vs. 
Design II) 95% confident interval. The computational predictions 
correctly represented the experimental trends (the order of maker 
displacement between the two designs, for each design among the three 
activities, and for each activity among the three marker locations) and 
were within the measurements in magnitude (Fig. 4). 

The maximum marker relative displacement occurred at the same 
percent cycle both experimentally and computationally (Fig. 5). The 
peak tray-bone relative displacement occurred at (17%, 25%, 21%) (GT, 
SD, DKB) and (17%, 31%, 21%) of the activity cycle for Design I and II, 
respectively. For gait and stair descent activities, the peak marker dis-
placements did not occur at the frames having the maximum axial loads 
but were associated with the femoral-insert posterior translation (Fig. 5- 
left). The corresponding femoral-insert contact locations of the Design II 
knee system were on average of 2.5 and 4.0 mm more posterior than 
Design I for gait and stair descent activities, respectively (Fig. 5-right). 

Note: The marker relative displacement was the only parameter that 
was both experimentally measured and computationally predicted in 
this study. The results below this point were all investigated 
computationally. 

Fig. 5. (Left) The AP movement of the lowest femoral points and the axial forces during gait and stair descent activities for the two designs. The percentage cycles 
where the peak marker relative displacement occurred were marked out. (Right) The femoral-insert contact locations at the frame having peak marker relative 
displacement. Note: The Peak marker relative displacement and interface micromotion occurred at the same frame. 
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3.3. Tray-bone interface micromotion 

The peak tray-bone interface micromotion predicted for the Design II 
knee system was on average at least 47% larger than those predicted for 
Design I (Fig. 6). The liftoff and shear components of the micromotion 
had the same trend as the total micromotion (Fig. 6). For better 

visualization of the resulting micromotion variations and distributions, 
the full-field interface micromotion contour maps are presented for the 
first specimen during stair descent activity (the activity had the highest 
micromotions), which covered all the fixation configurations (Fig. 7). 

Fig. 6. Predicted peak interface micromotion (mean ± SD) for each fixation configuration during all activities. Data of the initial Design I and II models were 
indicated in bars with bold edge. (The micromotion differences between Design I and II were calculated by comparing the bold edged blue bars versus bold edged red 
bars in different categories). 
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3.3.1. Effect of articulation conformity on micromotion 
The peak micromotion changes caused purely by the conformity 

difference were on average 34.8, 76.6, and 15.4 μm (GT, SD, DKB), 
which accounts for 73%, 84%, and 62% of the total micromotion dif-
ferences during the three activities, with the greater tibiofemoral con-
formity showing the better fixation performance (Fig. 6). 

3.3.2. Effect of fixation features on micromotion 
The peak micromotion changes caused purely by the design feature 

difference were on average 12.8, 14.9, 9.5 μm (GT, SD, DKB), which 
accounts for the remaining 27%, 16%, and 38% of the total micromotion 
differences, with the Design I fixation features having the better fixation 
performance. 

For all fixation configurations, the pattern using Design I cruciform 
stem with Design II cruciform pegs always resulted in the lowest peak 
interface micromotions (indicated as the ‘lower micromotion configu-
ration’), whereas its opposite configuration, Design II keel with Design I 
cylindrical pegs, consistently had the highest micromotions (indicated 
as the ‘higher micromotion configuration’) (Figs. 6 and 7). The peak 
micromotions predicted for the ‘higher micromotion configuration’ 
were on average of 36.8 (34%), 46.1 (34%), and 13.5 μm (116%) larger 
than those predictions for the ‘lower micromotion configuration’ under 
the same conditions during GT, SD, and DKB activities, respectively. 

3.4. Surface area ideal for bone ingrowth 

The SA%<50 μm and SA%>150 μm were investigated and compared 
(Fig. 8). The predicted SA%<50 μm for Design I ranged from 78% to 
92% for the two activities generating the highest micromotion (GT and 
SD), without any SA%>150 μm. In comparison, Design II generated 
lower values for SA%<50 μm, ranging from 71% to 81%, and higher 

values for SA%>150 μm, ranging from 0% to 10%. Both designs ach-
ieved 100% SA%<50 μm during deep knee bending activity. The ‘lower 
micromotion configuration’ was predicted to consistently have the 
highest SA%<50 μm for gait and stair descent activities, ranging from 
81% to 95% using Design I articulation and from 72% to 85% using 
Design II articulation. In comparison, the ‘higher micromotion config-
uration’ generated the highest SA%>150 μm, ranging from 0% to 3% 
using Design I articulation and up to 14% using Design II articulation. 

The SA<50 μm was investigated to assess the potential for osseoin-
tegration (Fig. 9). The predicted SA<50 μm for Design I was on average 
9.9 (53%), 9.7 (56%), and 8.7 cm2 (37%) larger than Design II during 
GT, SD, and DKB activities, respectively. Among all the fixation con-
figurations, the initial configuration of Design I consistently had the 
highest SA<50 μm, although the ‘lower micromotion configuration’ had 
the highest SA%<50 μm. This was because Design I had a larger initial 
porous area. Similarly, the initial configuration of Design II consistently 
had the lowest SA<50 μm, even though the ‘worst configuration’ had the 
lowest SA%<50 μm. 

The initial porous coating areas for the equivalent sizes of the Design 
I (size 5) and II (size 4) were 32.3 and 23.7 cm2, respectively. Design I 
had 37% more porous area than Design II, with 2.4 cm2 more at pegs, 
5.0 cm2 more around the stem, and 1.2 cm2 more on the baseplate 
(Fig. 1). The initial porous coating area of the ‘lower micromotion 
configuration’ was 29.9 or 28.7 cm2 when using the Design I or II tray 
baseplate, respectively. The initial porous coating area of the ‘-higher 
micromotion configuration’ was 27.3 or 26.1 cm2. 

3.5. Effect of interference fit for tray in bone on micromotion 

The maximum interface micromotion predicted with 100 μm inter-
ference fit reduced on average by 33% compared to the line-to-line fit 

Fig. 7. The predicted full-field interface micromotion contour maps at the frames having peak micromotion for each fixation configuration. (The presented plots 
were from the first specimen during stair descent activity, which had the maximum micromotion in this study). 

Fig. 8. The predicted proportion (mean ± SD) of porous coating surface area experiencing micromotions <50 μm and >50 μm for each fixation configuration at the 
frame having peak micromotions during gait and stair descent activities. Data of the initial Design I and II models were indicated with * and in bold font. (D1 – Design 
I; D2 – Design II) Note: Deep knee bending activity always had 100% area experiencing micromotion less than 50 μm, and the data were thus not shown. 
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(Fig. 10). The impact of interference fits gradually decreased as the 
value of the interference fit increased. 

4. Discussion 

The initial fixation of cementless tibial trays after total knee 
arthroplasty is crucial to bone ingrowth onto the porous surface of the 
implants. This study experimentally and computationally assessed the 
fixation stability of two TKA designs. The tray-bone interface micro-
motion and the surface area ideal for bone ingrowth were investigated 

computationally. The effect of tibiofemoral conformity and fixation 
designs on the micromotion was isolated and evaluated by virtually 
exchanging the fixation features. In this study, the Design I and II tibial 
trays were implanted to the tibia model at the same location, with the 
outer edge profiles overlapped perfectly, which is thus the most ideal for 
comparison. 

In this study, the tray-bone anterior surface relative motions during 
gait, deep knee bending, and stair descent were measured from six 
cadaveric tibia pairs implanted with Design I and II. Statistically sig-
nificant differences (μdifference = 48.1 μm, P = 0.022) was found between 
two design groups, with Design II groups consistently showing larger 
surface displacements. The computational predictions were verified 
with the measured surface tray-bone relative displacements and differ-
entiated between locations and activities. The predicted marker relative 
displacements accurately captured the trend and were within the range 
of measurements in magnitude, which improved the reliability of the 
outcomes from the computational simulations. The predicted peak 
interface micromotion consistently occurred at the anterior edge of the 
tibial baseplate, same as the location reported by Glenday et al. (2021) 
and Navacchia et al. (2018). We also found that the peak micromotion 
did not necessarily occur at the frame having the peak axial load but was 
more associated with the femoral-insert posterior translation. This result 
was similar to those of a previous study (Taylor et al., 2012), where it 
was reported that the peak micromotions for level walking occurred 
when there were lower axial forces but moderate varus-valgus moments. 
These findings highlight the need to examine the whole activity cycle to 
determine the implant fixation stability. 

Consistently lower tray-bone relative displacements were experi-
mentally observed for the Design I knee system comparing with Design II 
during all activities, which indicated a potentially better fixation per-
formance. However, these measured marker relative displacements may 
not represent the actual interface micromotions. The outcome from 
computational simulations supported the experimental findings. It was 
found that the Design I knee system showed better initial fixation sta-
bility than Design II in terms of both peak micromotion and porous area 
favorable for bone ingrowth (SA<50 μm). The peak interface micro-
motions predicted for Design II were at least 47% larger than those 
predictions for Design I. The difference in peak micromotions was a 

Fig. 9. The predict surface area (mm2) (mean ± SD) favorable for bone ingrowth (<50 μm) for each fixation configuration at the frame having peak micromotions 
during all three activities. Data of the initial Design I and II models were indicated with * and in bold font. Note: Deep knee bending activity always had 100% area 
experiencing micromotion less than 50 μm, and the values in the bottom plot were thus equal to the total porous surface area of each fixation configuration. 

Fig. 10. The impact of interference fits on tray-bone micromotion predictions. 
(The presented data were from the first specimen during stair descent activity, 
which had the maximum micromotion in this study. 
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combined result of the different femoral-insert articulation conformities 
and fixation designs. For the two activities generating the highest 
micromotions (GT and SD), the effect of conformity contributed an 
average of 79% of the peak micromotion difference, and the effect of 
fixation features accounted for the rest 21%. 

The influence of conformity on the micromotion was caused by the 
corresponding change in femoral-insert AP translations. The femoral- 
insert contact location at the frame having peak micromotions was 
found to be 2.5–4.0 mm more posterior for Design II than Design I during 
the activities generating the highest micromotions (GT and SD). The 
greater posterior offset of the load maximized the flexion-extension 
moment and anterior tray micromotions (Fig. 6). This was in line with 
our previous findings that a more posterior tray-bone alignment and an 
increased posterior load resulted in more micromotion due to the same 
mechanism (Yang et al., 2020, 2022). Although lower tibiofemoral 
conformity may lower the wear rate (Brockett et al., 2017; Luger et al., 
1997), it reduces the implant stability in terms of the tray-bone interface 
micromotion. However, it should be noted that Design II is commercially 
available and has demonstrated excellent clinical outcomes in multiple 
studies with five-year follow-up (Harwin et al., 2017; Restrepo et al., 
2020; Tarazi et al., 2020). 98.4% survivorship for aseptic loosening as 
the endpoint were reported in 296 Design II TKAs (Restrepo et al., 
2020). 

Previous studies have shown that the fixation features could have a 
considerable impact on the interface micromotion (Alipit et al., 2021; 
Bhimji and Meneghini, 2014; Chong et al., 2016; Hashemi & Shirazi-adl, 
2000; Meneghini et al., 2011; Taylor et al., 2012). In this study, the 
predicted peak interface micromotions from models using the Design I 
fixation features were on average of 11% less than those predictions 
from models using the Design II fixation features during GT and SD 
activities under the same boundary conditions. For single fixation 
feature comparison (stem or peg), the Design I cruciform stem resulted 
in less micromotion than the Design II keel, while the Design II bullet 
cruciform pegs presented a better performance in resisting micromotion 
than the Design I cylindrical pegs. For the combined configurations of 
the studied fixation features, the maximum difference in peak micro-
motions between the ‘lower micromotion’ (Design I stem with Design II 
pegs) and the ‘higher micromotion configuration’ (Design II keel with 
Design I pegs) was up to 65.0 μm (33%). This finding indicated the 
potential to reduce cementless interface micromotion by optimizing the 
fixation features. 

The cementless fixation relies on the bone ingrowth into the porous 
spaces of the tibial component. More contact area with osseointegration 
indicates a stronger fixation. Several studies have investigated the 
prosthesis area with micromotion below threshold values to assess the 
implant fixation (Chong et al., 2016; Glenday et al., 2021). In the current 
study, the porous surface area experiencing micromotion less than 50 
μm (SA<50 μm) was investigated as another indicator for assessing 
cementless fixation stability. The predicted SA<50 μm for Design I was 
on average of 42% larger than Design II during GT and SD activities, 
which indicated much stronger fixation stability for Design I. It should 
be noted that although the ‘lower micromotion configuration’ consis-
tently generated the lowest peak interface micromotions and had the 
highest SA%<50 μm, Design I still had the larger SA<50 μm than the 
‘lower micromotion configuration’ due to the more initial porous area. 
Similarly, Design II always had the smallest SA<50 μm even though the 
‘higher micromotion configuration’ generated higher micromotions 
than Design II. This finding was in line with a previous study (Chong 
et al., 2016), where it was observed that the design with larger micro-
motions could have a greater extent of osseointegration. Hence, solely 
using the peak interface micromotion (or using SA%<50 μm) may not be 
enough to evaluate the implant fixation performance, as the fixation 
strength is determined by how much bone grows into the porous surface, 
and these parameters (peak micromotion and SA%<50 μm) are not 
direct indicators. Therefore, we suggest investigating porous surface 
area favorable for bone ingrowth as the priority indicator to assess 

cementless fixation. This finding also implied the potential to improve 
implant stability by intentionally increasing the porous coating coverage 
without the need to minimize the micromotion, which might be the best 
solution for cementless implant designs that require enough fixation 
stability while maintaining low articulation conformity. However, the 
drawback of the excessive use of porous coating (For example, increase 
the difficulty for revision and increase the risk of stress shielding) were 
not discussed here and thus needed attention. 

This study has limitations to note. Firstly, the computational analysis 
was based on four validated tibiae specimens. Although much better 
than the previous studies that use a single tibia, caution should still be 
taken when extrapolating our findings to a larger patient population. 
Secondly, the same contact parameters at the porous-bone interface 
were used for the two designs without considering the impact of 
different porous coating techniques. However, our previous study 
showed less than 10% difference in micromotions when perturbing the 
coefficient of friction from 0.6 to 1.4. Therefore, the influence of the 
possible difference in contact friction between the two evaluated designs 
was limited. Thirdly, no interference fit was assumed between the 
prostheses and the bone for direct comparison of features. Although the 
impact of interference fits was considerable (Fig. 10), the achieved 
interference fit is potentially lower due to the removal of further ma-
terial during implantation (Abdul-Kadir et al., 2008), and the 
pre-stresses caused by the interference fit would reduce over time due to 
the viscoelasticity of bone (Norman et al., 2005). Therefore, the actual 
influence of interference fits on the micromotion would likely be smaller 
than the predicted value. Finally, the isolated effect of fixation design 
features on micromotion could be validated by experiments applying the 
same AP kinematics to different implant designs. Future studies are 
expected to verify our findings by doing so. 

In general, this study assessed the primary stability of two cementless 
TKA designs during a series of daily activities, with the consideration of 
design-individual kinematics. The impact of tibiofemoral conformity 
and fixation designs were isolated by virtually exchanging the fixation 
features, which allowed the investigation of the isolated effect of these 
two factors. The tibiofemoral conformity had the most significant 
impact on the tray-bone interface micromotion. A more posterior 
femoral-insert contact due to lower conformity significantly increased 
the micromotion and reduced the surface area ideal for bone ingrowth. 
The impact of different fixation designs was relatively smaller but still 
considerable, indicating the potential to improve implant stability by 
optimizing the fixation designs. However, cautions should be taken for 
the corresponding changes in the porous coating area when changing 
fixation designs. Solely using the peak interface micromotion was not 
enough to evaluate the fixation performance as the design with larger 
micromotions could have a greater extent of osseointegration. The 
workflow presented in this study could be used as a benchmark for 
assessing future implant designs. 
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