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Background:Articular geometry of knee implant has a competing impact on kinematics and contactmechanics of
total knee arthroplasty (TKA) such that geometry with lower contact pressure will impose more constraints on
knee kinematics. The geometric parameters thatmay cause this competing effect have not beenwell understood.
This study aimed to quantify the underlying relationships between implant geometry as input and its
performance metrics as output.
Methods: Parametric dimensions of a fixed-bearing cruciate retaining implant were randomized to generate
a number of perturbed implant geometries. Performance metrics (i.e., maximum contact pressure, anterior–
posterior range ofmotion [A-P ROM] and internal–external range ofmotion [I-E ROM]) of each randomized design
were calculated using finite element analysis. The relative contributions of individual geometric variables to the
performance metrics were then determined in terms of sensitivity indices (SI).
Results: The femoral and tibial distal or posterior radii and femoral frontal radius are the key parameters. In the sag-

ittal plane, distal curvature of the femoral and tibial influenced both contact pressure, i.e., SI= 0.57; SI= 0.65, and
A-P ROM, i.e., SI=0.58; SI=0.6, respectively. However, posterior curvature of the femoral and tibial implants had
a smaller impact on the contact pressure, i.e., SI = 0.31; SI = 0.23 and a higher impact on the I-E ROM, i.e., SI =
0.72; SI = 0.58. It is noteworthy that in the frontal plane, frontal radius of the femoral implant impacted both
contact pressure (SI = 0.38) and I-E ROM (SI = 0.35).
Conclusion: Findings of this study highlighted how changes in the conformity of the femoral and tibial can impact
the performance metrics.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Total knee arthroplasty (TKA) has been used in patients with severe
knee osteoarthritis to relieve pain and regain functional mobility [1–5].
Success of TKA is highly influenced by design and geometry of the im-
planted prosthesis [6,7]. One of the main design characteristics of a
knee implant is its conformity that is defined as the difference between
the corresponding femoral and tibial curvature in sagittal or frontal
plane [8]. Conformity has a direct impact on the performance of TKA
(i.e., contact mechanics and kinematics of prosthetic components)
[8–11]. However, conformity demonstrates a conflicting impact on ki-
nematics and contact mechanics such that a high conformity design de-
creases contact pressure at the articulating surfaces but it adversely
restrict the kinematics [12]. Although existence of this competing
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interaction has beenwell-documented in literature, geometric variables
that may mediate this conflicting association are still not known.

The conflicting impact of conformity on TKA performance has been
utilized as an important design principle in optimizing the geometry
of TKA. For example, Sathasivam and Walker [12,13] recommended a
high frontal but moderate sagittal conformity to make an optimum
compromise between the conflicting needs of contact mechanics and
kinematics. Essner et al. [14] suggested a lower sagittal conformity,
achieved by increasing the posterior radius of sagittal tibia, to produce
the most favorable compromise. Moreover, Willing and Kim [8] pre-
sented a cruciate retaining designwith high frontal but low sagittal con-
formity to minimize wear subject to the kinematic considerations.
Willing andKim [10] also suggested asymmetric conformitywith slight-
ly less conformity on the lateral side to improve kinematics subject to
thewear considerations. This conflicting relationship has beenmore re-
cently verified computationally through a Pareto trade-off curve [11].
All previous studied have attempted to preserve an equal weighting
on contactmechanics and kinematics. However, in some circumstances,
esign parameters to knee implant performance: Conflicting impact of
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Table 1
Geometric design variables whichwere defined onmedial and lateral sides of the implant.

Geometric
variable

Description Minimum
(mm)

Maximum
(mm)

TP Tibia posterior radius 20 70
TD Tibia distal radius 20 55
TA Tibia anterior radius 20 70
TF Tibia frontal radius 15 70
FP Femoral posterior radius 14 25
FD Femoral distal radius 20 55
FF Femoral frontal radius 15 70
W Distance from most distal point on condyles

to midline in frontal plane
20 25
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it is inevitable to scarify one performance metric (contact mechanics or
kinematics) on behalf of the other performance measure. For example,
young patients who need higher mobility will require less conformity
designs to facilitate their wide range of activities. On the other side,
elderly patients with less physical activity need more durability and
may benefit from a more constrained design. Available studies are un-
able to answer how to change conformity so as to produce the least ad-
verse effect on the sacrificed metric. In these cases, it is important to
understandwhy andhow conformitymay establish a conflicting impact
on the performance of TKA. In fact, understanding what geometric pa-
rameters may establish this competing relationship can lead to an
optimized implant. To address this gap, the underlying relationships
between the geometric variables and resultant performance metrics
need to be quantified.

Considering the contributions of individual geometric variables is
challenging as these are highly coupled such that the effect of one
dimension on the output performance is fully dependent on themagni-
tude of other dimensions [12]. Thus, the performance of a TKA design is
dictated through a complicated interaction of geometric variables. Finite
element (FE) analysis is a powerful computational technique that
allows us to estimate the strain and stress experienced by the joints
in vivo, providing that the model input parameters are based on
in vivo data. Moreover, probabilistic methods have been combined
with FE solvers to evaluate the impact of various parameters on the clin-
ical performance of TKA, including design geometry [6,7], component
alignment [15–17] and loading variability [18,19]. Compared to the de-
terministic FE studies, probabilistic FE studies provide a more holistic
understanding of the causal relationships between the various factors
contributing to the overall performance outcome. Beside this, principal
component analysis (PCA) has been combined with these probabilistic
studies [18,20–22]. This approach enables us to model the complicated
interactions between input variables and output metrics in terms of
sensitivity indices.

The present study aimed to quantify the relationships between
various geometrical features of a knee implant and their resultant
performance metrics. The implant performance was outlined in terms
of maximum contact pressure and kinematic range of motions
(i.e., anterior–posterior [A-P] range of displacement and internal–exter-
nal [I-E] range of rotation). Such investigations enlighten the competing
effect of implant geometry on its performance metrics and can poten-
tially lead towards optimized implant designs.

2. Materials and methods

Femoral and tibial insert geometries of a knee implant were
parameterized and randomized to generate a wide range of designs
(Section 2.1). Randomized geometries were analyzed in finite element
simulation to calculate (1) the maximum contact pressure, (2) the A-P
range of displacement and (3) the I-E range of rotation (Section 2.2).
The resultant probabilistic database, containing randomized geometries
as inputs and corresponding performance metrics as outputs, were an-
alyzed through PCA to quantify the sensitivity of implant performance
due to changes in different geometric variables (Section 2.3).

2.1. Parametric tibiofemoral models

A computer aided design (CAD) model of a fixed-bearing cruciate
retaining knee implant was created in CATIA software (V.5, Dassault
Systemes, MA, USA). Femoral and tibial dimensions of the model were
parameterized through a total number of sixteen geometric variables,
associated with the medial and lateral femoral and tibial components
(Table 1 and Fig. 1). An upper and lower limit for each design variable
was set based on the data from literature [11,23]. To assure producing
meaningful candidates, inequality constraints were defined according
to the literature and available commercial designs in themarket (abbre-
viations have been defined in Table 1): (1) for femoral component:
Please cite this article as: Ardestani MM, et al, Contribution of geometric d
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FP b FD, FP b FF and FP ≤W b FD and (2) for femoral and tibial compo-
nents: FD b TD, FF b TF, FP b TP and FD b TA. Each design variable was
then randomized from a uniform distribution based on Latin hyper-
cube sampling (LHS) technique. In the LHS technique, the sampling
space of each variable was divided into equal-probability intervals,
and one sample was chosen from each interval to ensure an equal
coverage of the whole sampling space [24]. Geometric parameters
were perturbed simultaneously, and a series of 400 randomized designs
were produced which were further analyzed using FEA. It should be
pointed out that corresponding medial and lateral variables were
not necessarily equal. Therefore, perturbed candidates covered both
symmetric and asymmetric designs.

2.2. Finite element simulation

Randomized knee implant designswere imported into the commer-
cial finite element package (ABAQUS/Explicit, V6.12 Simulia Inc., RI,
USA). Each tibiofemoral knee implant consisted of two main parts; the
femoral component and the tibia insert. Rigid body assumptions were
applied to both the femoral and tibial insert components. A friction co-
efficient of 0.04was considered between femoral and tibial components
[25]. Contact between prosthetic components was modeled as a
penalty-based contact. Overall, in a penalty-based contact model, con-
tact pressure is computed as a function of the penetration distance of
the femur into the tibia surface. In order to incorporate this model
into rigid body analysis, the softened contact capability of Abaqus/Ex-
plicit was used in which a nonlinear relationship between the contact
pressure, and surface overclosure (penetration) was developed based
on the nonlinear stress-strain polyethylene material property data and
element size [26].Tetrahedral (C3D10M) elements were used to mesh
the tibiofemoral knee implants in ABAQUS. Convergence was tested
by decreasing the element length from 8 mm to 0.5 mm in five steps
(8, 4, 2, 1,and 0.5 mm). The solution converged on the parameter of
the interest (≤5% contact pressure) with over 86000 elements depend-
ing on the dimensions of candidate femoral and tibial components.

Kinematics and contact pressure were calculated using a computa-
tional model based on the Stanmore knee simulator [19,25,27,28].
Stanmore simulator is a well-established load-controlled knee simula-
tor in which in vivo environment of knee joint is replicated through ap-
propriate forces andmoments that are applied to the femoral and tibial
components [29,30]. Soft tissue constraints were modeled with me-
chanical spring-based assembly consisted of four linear springs [25,28]
(Fig. 2). For the cruciate retaining knee implants, resected anterior cru-
ciate ligament and retained posterior cruciate ligament were simulated
with a translational stiffness of 7.24 N/mm on the anterior side and
33.8 N/mm on the posterior side of the tibial component [27,31] with
a 0.3 N/deg rotational stiffness mimicking the medial and lateral
collateral ligaments. A spring gap of 2.5 mm was considered at each
side to simulate anatomical laxity (Fig. 2), and the axial force was
applied with a 5 mm medial offset from the central axis of the femoral
component to simulate the natural varus loading of the knee
joint [31]. The loading and boundary conditions were obtained from a
esign parameters to knee implant performance: Conflicting impact of
.1016/j.knee.2015.02.011
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load-controlled protocol, consistent with ISO Standard 14243-2 [32]:
(1) tibia insert was free in medial–lateral direction while it was
constrained in superior-inferior, flexion-extension and valgus-varus di-
rections. A-P force and I-E torque were applied to the tibia insert;
(2) femoral component was free in valgus-varus direction while it was
constrained in anterior–posterior, medial–lateral and internal–external
directions. Flexion angle and axial load were applied to the femoral
component. The required boundary condition (flexion angle) and load
profiles (axial force, A-P force, and I-E torque) were obtained from a
normal gait cycle similar to our previous study [33,34] (Fig. 3a). The
contact pressure and kinematics were calculated over the whole flexion
cycle. In this study, only maximum contact pressure and kinematic
range of motions (ROM, i.e., A-P ROM and I-E ROM) were reported for
brevity purpose (Fig. 3b). The simulation for a complete gait cycle was
discretized into 100 increments and it took approximately 40 min for
each FE model on a dual core CPU (2.93 GHz, 4 GB RAM).

2.3. Principal component analysis

In general, the overall performance of an implant is dictated through a
complex interaction between geometric variables [8–13], i.e., depending
on the allocated magnitudes, geometric variables may attenuate or am-
plify the effects of each other. Traditional sensitivity analysis is inher-
ently unable to account for such complex inter-dependencies between
input variables [18]. Instead, PCA was employed to investigate the
Please cite this article as: Ardestani MM, et al, Contribution of geometric d
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causal relationships between geometric variables of the implant and
its performance metrics [35]. In PCA analysis, when input variables are
inter-dependent, modes of variations are preferred to be utilized in-
stead of a specific variable [18,36]. The probabilistic database of interest,
i.e., randomized geometries and the corresponding performance
metrics, were arranged in a matrix:

T ¼ Sixteen geometric parameters ; performance measures½ � ð1Þ

In the above matrix, each row demonstrates one candidate implant
and its performance metrics. Eigenvectors were calculated for the
above probabilistic database. Each eigenvector represent amode of var-
iation and each element of this vector implied the relative contribution
of an input variable to thatmode of variation. Eigenvectors in turn were
used to map the inter-dependent database of inputs–outputs to an or-
thogonal database consisting of substitute independent variables,
i.e., PC values [18]:

P ¼ T � E ¼ inputs outputs½ � � eigeninput eigenoutput

h iT

¼ inputs� eigenT
input

h i
þ outputs� eigenT

output

h i
¼ Pinputs

þ Poutputs

ð2Þ

where P is PC values and E is a feature matrix consisted of all eigenvec-
tors of the database T. Each PC value therefore consisted of two parts:
esign parameters to knee implant performance: Conflicting impact of
.1016/j.knee.2015.02.011
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Fig. 2. Finite element model of load-controlled Stanmore knee simulator.
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one part was related to the geometric variables (Pinput) and the other was
related to the performance metrics (Poutput). The first part represented
how the geometric variables varied together, and the second part
explained how the resultant performance metrics were changed
0 20 40 60 80 100
-5

-4

-3

-2

-1

0

1

Gait cycle(%)

A
P

 d
is

p
la

ce
m

en
t 

(m
m

)

0 20 4
-1.5

-1

-0.5

0

0.5

1

Gai

IE
 r

o
ta

ti
o

n
 (

d
eg

)

0 20 40 60 80 100
0

500

1000

1500

2000

2500

Gait cycle(%)

F
o

rc
e 

(N
)

Axial force

0 20 40 60 80 100
-400

-300

-200

-100

0

100

200

Gait cycle(%)

F
o

rc
e 

(N
)

A-P shear force

AP ROM

(a)

(b)

Fig. 3. (a) Boundary conditions and loads used in the FE simulations, (b) kinematic range of
simulations.
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accordingly. The normalized ratio of PC values corresponding to the “geo-

metric variables” to the PC values Pinput
P

� �
were interpreted as sensitivity

indices (SI) of TKA performance due to geometric variables (0 ≤ SI ≤ 1).
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Fig. 4. Contact pressure, A-P displacement and I-E rotation computed through FE simulation for a number of candidate implants.
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3. Results

Fig. 4 demonstrates the finite element predictions of kinematics and contact pressure
for a number of candidate designs. Table 2 summarizes the dimensions corresponding to
four sample tibia components, including a baseline design and three perturbed candidates
with increased tibia distal (design 1), increased tibia posterior (design 2) and increased
tibia frontal (design 3) radii compared to the baseline design. Fig. 5 shows a comparison
of performance measures for these candidates. For the baseline design, finite element
analysis computed a maximum contact pressure of 20 MPa, A-P ROM of 5.1 mm and I-E
ROM of 2.25 degree. Utilizing the same femoral component, results shows that a slight
increase of 20% in tibia distal curvature yielded to an increase of 33% and 60% in contact
pressure and A-P ROM, accompanied with an increase of 51% in I-E ROM. For the second
perturbed tibia insert, an increase of 25% in tibia posterior radius, compared to the baseline
design, yielded to a less conformity candidate that experienced a slight increase of 10% and
40% in contact pressure and A-P ROM but a remarkable increase of 70% in I-E ROM.
Compared to the baseline candidate, an increase of 22% in tibia frontal curvature produced
a less frontal conformity which slightly improved A-P ROM (30%) and I-E ROM (27%) but
yielded to a considerable adverse increase of 35% in contact pressure.

For a systematic evaluation of all randomized candidates, eigenvectors are presented
to differentiate between the relative contributions of different individual geometric vari-
ables (Fig. 6). For contact pressure, results indicated that the first eigenvector (the most
important mode of variation)wasmainly attributed to changes in themedial tibial frontal
(71%) while the second eigenvector (the second important mode of variation) was highly
attributed to changes inmedial tibia distal (63%).Therefore, PCA demonstrated the higher
contributions of the medial tibial frontal and medial tibia distal over the lesser contribu-
tions of other geometric variables to the contact pressuremetric. For A-P ROM, first eigen-
vector demonstrated the higher contributions of medial femoral posterior (48%) and
medial femoral distal (35%) to A-P ROM while the second eigenvector implied that A-P
ROMwas also influenced bymedial tibia distal (45%) and lateral tibia distal (28%). Similar-
ly, eigenvectors highlighted the substantial contributions of the medial femoral posterior
(79%) (first eigenvector) to the I-E ROM compared to the lesser contributions of lateral
femoral posterior (41%) and lateral tibial posterior (31%) (second eigenvector).

Sensitivity indices (SI) of performance metrics due to changes in the geometric
variables are presented in Fig. 7. Results highlighted that contact pressure was
more sensitive to the changes in the tibia frontal radius (SI TF

contact pressure = 0.70),
tibia distal radius (SI TDcontact pressure=0.65) and femoral distal radius (SI FDcontact pressure=
0.57) than to variations in other geometric variables. A-P ROM was sensitive to the
femoral posterior radius (SI FP

A ‐ P ROM
= 0.64), femoral distal radius (SI FDA ‐ P ROM = 0.58)
Table 2
Dimensions of four sample candidates used with the same femoral component.

Sample candidates Design variables

TP (mm) TD (mm) TA (mm) TF (mm)

med lat med lat med lat med lat

Baseline tibia 15.9 18.4 28.5 35.2 34.5 36.3 35.4 41.2
Design 1with increased tibia
distal

15.8 18.2 34.3 43.5 34.2 35.9 35.4 41.2

Design 2 with increased tibia
posterior

20.3 22.5 28.5 35.2 34.5 36.3 35.4 41.2

Design 3 with increased tibia
frontal

15.9 18.4 28.5 35.2 34.5 36.3 43.2 50.3

FP (mm) FD (mm) FF (mm) W (mm)

med lat med lat med lat med lat

Femoral component 14.3 15.8 26.3 33.5 35.1 40.0 20.2 22.1

Please cite this article as: Ardestani MM, et al, Contribution of geometric d
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and tibia distal radius (SI TDA ‐ P ROM = 0.60). I-E ROMwas slightly more sensitive to the
femoral posterior radius (SI FPI ‐ E ROM = 0.72), tibia posterior radius (SI TPI ‐ E ROM = 0.58)
and tibia anterior radius (SI TAI ‐ E ROM=0.58) than to the femoral frontal (SI FFI ‐ E ROM=0.35)
or tibia frontal (SI TFI ‐ E ROM = 0.10) radii. Results also demonstrated that the distal radii of
femur and tibia had a higher impact onboth contact pressure and A-P ROMthan their pos-
terior radii. Posterior radii of femur and tibia in turn simultaneously affected both contact
pressure and I-E ROM. These geometric variables thereforemight cause the conflicting ef-
fect of sagittal conformity on the implant kinematics and contact mechanics. Similarly,
femoral frontal radius contributed to the conflicting impact of the frontal conformity
since both I-E rotation and contact mechanics were related to this geometric variable.

4. Discussion

4.1. Comparison and validation of the results

Overall, the general trends of finite element results were well com-
paredwith the previously published experimental and computational lit-
erature for the fixed-bearing cruciate retaining implants [19,25,27,28].
The contact pressure had a two-peak shape, A-P displacement varied in
a range of few millimeters and I-E rotation varied in a range of few de-
grees. Several findings of this study were also comparable to previous
studies. For example, (1) frontal conformity, defined by the femoral fron-
tal and tibia frontal, had a higher contribution to the contact pressure than
to the kinematics (SI frontal conformity

contact pressure =0.41 vs. SI frontal conformity
kinematics = 0.13).

This was comparable to the findings of Sathasivam and Walker [12],
who showed that reducing the frontal conformity between femoral
and tibial components, especially through increasing the femoral fron-
tal, had a great impact of 45% on damage score than sagittal conformity,
which changed damage score by only 7%. Sathasivam and Walker [12]
also reported that for a reference femoral component, tibia distal and
tibia frontal radii had a fairly similar impact on contact pressure. This
was in turn well consistent with our results which reported an approx-
imately equal SI score of 0.7 for tibia frontal and tibia distal curvatures.
Regarding kinematics, Sathasivam andWalker [12] highlighted the im-
pact of tibia distal on A-P displacement, which is also comparable with
the present findings (SI TDA ‐ P ROM = 0.60). Furthermore, Fitzpatrick et al.
[6] reported the key impact of frontal conformity, through the tibia
frontal curvature, on the contact pressure as well as the remarkable in-
fluence of the femoral posterior on A-P displacement and I-E rotation
which are all comparable to the present findings: SI TF

contact pressure =
0.73, SI FP

A ‐ P ROM = 0.64 and SI FP
I ‐ E ROM = 0.72. Fitzpatrick et al. [7]

also reported the influence of femoral distal curvature on A-P dis-
placement that is in turn consistent with the present sensitivity
index of SI FDA ‐ P ROM = 0.58.

4.2. Contribution of the present study

Previous studies have mostly described the condylar shape of the
knee implant in terms of conformity. Although, the competing effect
of conformity on the implant kinematics and contact mechanics has
been well understood [9,11,12], the geometric variables which may
esign parameters to knee implant performance: Conflicting impact of
.1016/j.knee.2015.02.011
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Fig. 5. Comparison of output performance of four sample candidates: a baseline design (black line) and three candidates with increased tibia posterior (green line), increased tibia distal
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cause this competing relationship have not been studied before. The
present study developed a computational framework to provide further
insights into this conflicting relationship. Sensitivity indices demon-
strated that femoral and tibial distal radii, femoral and tibial posterior
radii and femoral frontal radius are key parameters which simulta-
neously affect contact mechanics and kinematics (see Fig. 7). These
parameters therefore might be responsible for the conflicting impact
of conformity on the performance metrics.
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From a design point of view, findings of this study highlighted sever-
al points: (1) femoral posterior radius affected the kinematics more
than contact pressure (SI FPkinematics = 0.70 vs. SI FPcontact pressure = 0.30).
Hence, a reduction in the conformity achieved via femoral posterior ra-
dius may enhance kinematics of the knee implant while its adverse ef-
fect on the contact pressure may still be tolerated. (2) Tibia frontal
radiushad a greater influenceon the contact pressure (SI TFcontact pressure=
0.73) than on the kinematics (SI TF

kinematics
= 0.1). Therefore, increasing the
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frontal conformity via tibia frontal radius may reduce the contact pres-
sure with the minimum adverse influence on the implant kinematics.
These findings can be used to guide patient-specific TKA designs. For
example, an active golf athlete who demands higher levels of knee rota-
tion may take advantage of a less constraint implant that is specifically
designed over femoral posterior (FP), tibia posterior (TP) and tibia ante-
rior (TA) radii with more influence on the I-E rotation (SI ≅ 0.63) than
on the contact pressure (SI≅ 0.25). On the other hand, an elderly patient
with less physical activity who demands more durability may benefit
from a more constraint geometry that is designed through the tibia
frontal radius with the minimum adverse influence on the kinematics
(SI TFcontact pressure = 0.73 vs. SI TFkinematics = 0.1).

4.3. Limitations and future research direction

There were several limitations in this study: (1) rigid body con-
straints were applied to both femoral and tibial components. Halloran
Please cite this article as: Ardestani MM, et al, Contribution of geometric d
conformity on kinematics and contac..., Knee (2015), http://dx.doi.org/10
et al. [26] showed that rigid body analysis of the tibiofemoral knee im-
plant can calculate contact pressure and kinematics in an acceptable
agreement with a full deformable model while rigid body analysis
would be much more time-efficient. Therefore, rigid body constraints
were applied in order to perform the finite element simulations of ran-
domized geometries in a reasonable computational cost. (2) Although
computational findings were in a good agreementwith the available lit-
erature [6,7,12], parts of the presented findings have not been reported
elsewhere and further clinical investigations are required to test wheth-
er changes in the proposed dimensions can alleviate the competing ef-
fect of implant geometry on its performance metrics. Accordingly,
various future directions from this study can be considered. A 3D printer
can be used to print different tibiofemoral components for testing in an
in vitro set-up. For example, it is expected that increasing the conformity
via changes in the femoral or tibial frontal curvatures yields to the lesser
adverse effects on the implant constraints compared to a high conformi-
ty design which is achieved through changes in the femoral or tibial
esign parameters to knee implant performance: Conflicting impact of
.1016/j.knee.2015.02.011
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distal radii since these parameters showed remarkable influence on the
kinematics.
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