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Summary

Introduction: While developing a subject-specific
knee model, different kinds of data-inputs are re-
quired. If information about geometries can be
definitely obtained from images, more effort is
necessary for the in vivo properties. Consequent-
ly, such information are recruited from the litera-
ture as common habit. However, the effects of the
combined sources still need to be evaluated.
Methods: This work aims at developing an intact
native subject-specific knee model for performing
a sensitivity analysis on soft-tissues. The impacts
on the biomechanical outputs were analysed dur-
ing a daily activity for which articular knee kinet-
ics and kinematics were compared among the dif-
ferent configurations. Prior to the sensitivity anal-
ysis, experimental and literature data were
checked for the model reliability.

Results: Average values of mixed sources al-
lowed the agreement with experimental data for
personalized outputs. From the sensitivity analy-
sis, knee kinematics did not significantly change
in the selected ranges of properties for the soft-
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tissues (in rotation less than 0.5°), while contact
stresses were greatly affected, especially for the
articular cartilage (with differences in the results
more than 100%).

Conclusion: In conclusion, during the develop-
ment of a personalized knee model, the selection
of the correct material properties is fundamental
because wrong values could highly affect the nu-
merical results.

Level of evidence: Il a.

KEY WORDS: subject-specific, knee model, soft-tis-
sues, material properties, finite element analysis.

Introduction

Knee joint kinematics is the result of a complex roto-
translation movement typical of the tibio-femoral and
patella-femoral articulations. This movement depends
on the shape of the femoral condyles, the tibial
plateau and the patella. Moreover, it is also related to
the morphology and to mechanical behaviour and
properties of the soft tissues of the knee joint. In fact,
the knee is characterized by an extrinsic stability due
to the active constraints (muscles and tendons) and
passive soft-tissues (menisci, retinaculum and liga-
ments) that surround it.

Numerical methods have been used for decades for
the simulation of the biomechanical behaviour of the
knee joint. Numerical methods are able to simulate
knee biomechanics for various activities and configu-
rations. Modern finite element models are usually
based on medical scans and possess a high accura-
cy of anatomical realism fundamental for the develop-
ment of appropriate, reliable and effective tools
aimed at supporting clinically-tailored questions’. Be-
sides the simulation of the native joints, models are
widely used for the prediction of the effects of degen-
erative pathologies, traumatic events as well as surgi-
cal repair and replacement strategie?8. In particular,
they are used for subject-specific analyses and for
guiding the surgical pre-planning phase by comparing
the effect of different designs of knee prostheses on
the same patient®-13.

During the development of a subject-specific knee
model, different kinds of subject-specific data-inputs
are required, such as bone anatomies and align-
ments, material properties of the bone and the soft-
tissues, loads and boundary conditions describing the
examined motor-tasks. Frequently, not all of these
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data are currently available, for example subject-spe-
cific soft-tissues material properties are hardly ob-
tained in vivo. Consequently, it is a common proce-
dure to integrate literature data with subject-specific
information, i.e. derived by imaging segmentation, in
order to develop knee models for collecting personal-
ized outputs that could be used to address research
and clinical questions™4.

However, the effects of the differently mixed combi-
nations of subject-specific and literature data still
need to be evaluated.

For these reasons, this work aims at developing an
intact subject-specific knee model in which values
from the literature were used to describe its materi-
als. Hence, a sensitivity analysis on this intact knee
model was performed to check the potential impacts
on the biomechanical outputs of the model induced
by changes on the material properties. The outputs
after the simulation of a daily activity were also com-
pared to experimental and literature data for addition-
al reliability of the model.

Materials and methods

Geometries

CT images of a right leg of a cadaveric specimen
(man, 86-year-old, 77 kg, 183 cm, BMI 23) were con-
sidered to represent the geometry of the femur, tibia
and patellar. The images were imported in an image
processing software (Mimics 17.0; Materialise, Leu-
ven, Belgium) and segmented in order to generate
3D structures of interest of the leg 389,

The images were obtained at 120 kV and 410 mA,
with a slice thickness of 0.80 mm. Prior to the recon-
struction, medical records of the donor showed that
he had no known history of musculoskeletal problems
at the investigated right knee joint. By observing the
CT scans, the anatomical landmarks were defined
and later used to align the leg'5:16, In order to classify
the position of the patella, BP index'” was used. Be-
ing the patella height equal to 0.805 of BP index, it
can be classified as normal.

The area of insertion of the main ligaments of the
knee was localized basing upon literature guide-
lines'%:18-20_ |n particular, the medial and the lateral
collateral ligaments, the cruciate ligaments and the
patellar tendon insertions were identified for their
proximal and distal positions on the femur, tibia, fibu-
lar and patellar bone. Fibula was used only for the
placement of the insertion of the lateral collateral liga-
ment, but it was not included in the intact knee model
as 3D geometry. The reconstruction of the knee artic-
ular cartilage and of the menisci were performed fol-
lowing a novel technique?!. In particalur, the cartilage
layers were obtained as offsets of the distal femur,
proximal tibial and posterior patella (Fig. 1a), thus
were directly attached to the bone. The constant
thickness for each cartilage region of interest was de-
termined from the literature. In particular, following lit-
erature data, a mean thickness of 2.5 mm was used
for the femoral and tibial layers22-25, while a constant
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thickness of 3 mm was adopted for the patellar layer
22,26,27

On the other hand, the menisci were designed trough
a CAD extrusion following the proximal profile of the
tibia. (Fig. 1b). Once finalized, the menisci were at-
tached on the tibial cartilage layers by their horns and
the external border.

Ligaments were considered as beams connected to
the centroid of each previously determined insertion
area according to previous literature studies811.14,
For the cruciate ligaments and the lateral collateral
ligament a circular section was considered, while a
rectangular section was selected for better replicating
the shape of the cross-section of the medial collateral
ligament. Additionally, the sum of the cross-sections
of the three bundles replicating the patella tendon is
equal to the rectangular cross section of this liga-
ment. The dimensions of the sections were selected
according to the analysis of the medical images of the
selected subject modeled in the full analyses.

The full overview of the developed geometries are re-
ported in Figure 1. The full model is illustrated in Fig-
ure 2.

Average materials properties for soft-tissues

A literature review, based upon experimental and nu-
merical studies, was conducted in order to collect in-
formation about the average material properties of
the menisci, the articular cartilage and the ligaments.
For all these soft-tissues, a linear elastic model was
assumed, in agreement with previous studies’®14.

For the menisci, only one experimental work2® was
found describing them as transversely isotropic mate-
rials. Therefore, their elastic modulus has been eval-
uated as the average between the modulus in the cir-
cumferential direction and the moduli in the radial and
axial directions.

For the articular cartilage layers, only a couple of ex-
perimental studies were reported. For this reason, the
average value of the elastic modulus was calculated
as the average of the moduli gathered only from the
numerical works!0.29-41,

For the cruciate ligaments, the average elastic modu-
lus was calculated as the weighted average between
the elastic moduli gathered from the experimental
studies*247,

On the contrary, for the collateral ligaments, the aver-
age elastic modulus was evaluated as the mean be-
tween the moduli of the numerical studies 10,39. All
the values of the Poisson coefficient derive from the
numerical work of Kwon et al.5.

Instead, regarding the patellar tendon (PT) material
behaviour, the most frequently cited paper of Hashe-
mi et al.*8, that studied the mechanical properties of
the PT through experimental tests on 20 specimens,
was selected. An average elastic modulus of 507
MPa with Poisson coefficient of 0.45 was used.

The average values of Young’s modulus and Poisson
coefficients selected for describing soft-tissues for the
reference model are reported in Table I.

In the literature, bone was modelled similarly as rigid
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Figure 1. a. Reconstruction of the cartilage layers of the femur, tibia and patella. The reconstruction was based on an offset
of the bone shapes; b. reconstruction of the menisci geometries (red).
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Figure. 2. Model assembly: a. anterior view; b. medial view; c. posterior view, and d. lateral view. The femoral, tibial and
patellar bone are coloured in white, the articular cartilages in pink, the menisci in red, the cruciate and collateral ligaments in

green and the patellar tendon bundles in blue.

Table I. Average material properties of the soft tissue-
sused for the sensitivity study.

cipal | POE"
coefficient
Menisci a3 0,49
Ca rtilagEE 13 0,475
ACL 169 0,45
PCL 177 0,45
MCL g2 0,45
LCL 228 0,45

or linear isotropic material aiming for the development
of computational knee models*°. Moreover, the litera-
ture50:51 reported that the nature of the elastic proper-
ties assigned to the bones has only a marginal influ-
ence on final stress analysis. For these reasons, bones
were also modelled as homogeneously isotropic linear
elastic material'®40 and the adopted material properties
were those of cortical bone: an elastic modulus of 20
GPa and Poisson’s ratio of 0.3.

Definition of the parameters of the sensitivity
analysis

Due to the huge heterogeneity of the data collected
from the literature, a large standard deviation charac-
terized the mean value selected to describe the mate-
rial behaviour of the menisci, the cartilage and the lig-
aments.
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For this reason, the sensitivity analysis was set by
changing the value of the material properties for each
soft tissue based upon the obtained standard devia-
tions. In particular, the lower value (later referred as
Minus) and the maximum value (later referred as
Plus) were calculated adding up or subtracting the
standard deviation to the average value10:28-47,

In doing such selection of the values for the parame-
ters of the sensitivity analysis and basing upon the lit-
erature review, it was not possible to identify a global
range of properties characterizing the menisci that in-
cluded data both from experimental and numerical
studies. In fact, the values reported in the literature
for numerical studies (range 45-61 MPa) were too far
from the experimental ones (12 MPa) and lacks of
sources information were present. Hence, it was nec-
essary to introduce a further varying parameter for
the menisci properties identification, as the literature
review was based on only experimental data (later re-
called as Minus and Plus) or only on numerical pa-
pers (later recalled as Num). Moreover, the average
value of experimental studies has been obtained from
transversal isotropic models using an equivalent for-
mulation0.36:52,53,

Table Il reported all the values to be attributed the
Young’s modulus (MPa) and adopted during the sen-
sitivity analysis.

A statistical analysis software (Minitab 17 trial ver-
sion, 2014) was used to develop the simulation plan
and to analyse the effect of the changes in material
properties on the biomechanical results. In detail, a
full-factorial design was adopted considering for the
cartilages and the ligaments three levels (Minus, AVG
and Plus) and four levels for the menisci (Minus,
AVG, Plus and Num). A total of 36 numerical simula-
tions was consequently executed (Tab. Il).

549



S. Pianigiani et al.

Table II. All the values attributed to the parameters var-
ied (Young Modulus [MPa]): “Minus” indicates the min-
imum value of the range of values identified for each soft
tissue, while “Plus” is the maximum value; “AVG” is the
average value and “Num” reported the value from nu-
merical studied introduced only for the menisci.

Minus AVG Plus Num
Menisci 45 53 61 12
Cartilages 8 13 18
ACL 93 169 245
PCL 107 177 247
MCL 320 362 404
LCL 62 228 3593

Table lll. The map of the performed simulations com-
bining different values, as reported in Table Il, for the
properties of cartilage, menisci and ligaments.

M Cartilages Menisci Ligaments
1 Minus Minus Minus
2 Minus AVG Minus
3 Minus Plus Minus
4 Minus Num Minus
5 AVG Minus Minus
6 AVG AVG Minus
7 AVG Plus Minus
] AVG NUM Minus
9 Plus Minus Minus
10 Plus AVG Minus
11 Plus Plus Minus
12 Plus Mum Minus
13 Minus Minus AVG
14 Minus AVG AVG
15 Minus Plus AVG
16 Minus Num AVG
17 AVG Minus AVG
18 AVG AVG AVG
19 AVG Plus AVG
20 AVG Num AVG
21 Plus Minus AVG
22 Plus AVG AVG
23 Plus Plus AVG
24 Plus NUM AVG
25 Minus Minus Plus
26 Minus AVG Plus
27 Minus Plus Plus
28 Minus Num Plus
29 AVG Minus Plus
30 AVG AVG Plus
31 AVG Plus Plus
32 AVG Mum Plus
33 Plus Minus Plus
34 Plus AVG Plus
35 Plus Plus Plus
36 Plus Mum Plus
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Analysed task

A loaded knee flexion up to 90° was considered for
the reference model and for its comparison with liter-
ature studies in order to verify the model reliability.
On the other hand, the sensitivity analysis was limited
to a maximum flexion of 60° in order to reduce the
computational time , but still to get the behaviour of
all configuration for the maximum mean flexion
reached during gait. External loads and boundary
conditions were replicated from experimental tests®*
and from already published numerical studies®.6:8: 9:60,
Details of applied forces are reported in Figure 3. The
femur was considered fixed while the tibia flexes
around the epycondylar axis with force applied at the
ankle. Quadriceps force was applied on the patella
and two constant forces were replicating the contribu-
tion of the two hamstrings.

An initial pre-strain’® was considered for every ligament
that is meshed as a beam. All the other geometries
were meshed with linear tetrahedral elements, after
performing a convergence analysis and according to
the previous work of Innocenti et al.’. The entire
meshed model included a total of 180k elements.

A friction coefficient of 0.01%:1929 js considered for the
contact among the cartilage layers and the menisci.
All simulations were dynamically performed by means
of finite element analysis software (Abaqus-Explicit
6.12-1.0, Dassault systémes, Vélizy-Villacoublay,
France).

Model outputs

To check the reliability of the model, contact pres-
sures on the femoral and the patellar cartilage layers
and on the menisci, and tibiofemoral kinematics, such
as the intra-extra rotation of the tibia, for the refer-
ence model, were compared to experimental results
and data reported in the literature for similar configu-
rations, loads and boundary conditions.

For the sensitivity analysis, the mean contact pres-
sure, the contact area, and the magnitude of the con-
tact force due to contact pressure on menisci and on
patellar cartilage were investigated. Moreover, for the
analysis of the kinematics, the mean value of intra-
extra rotation and the range of the antero-posterior
translation of the tibia and the medio-lateral transla-
tion of the patella were analysed.

Results

Reference model

For the reference model, Figure 4 reported the con-
tact pressure outputs for femoral cartilage, menisci,
and patella for the different flexion angles.

The contact pressures on the femoral cartilage and
on the menisci increased with the knee flexion reach-
ing maximum values (greater than 15 MPa) already
around 60 degrees of knee flexion. Regarding the
contact pressure on the patellar cartilage, the maxi-
mum value was about 10 MPa and was also reached
at 60 degrees of knee flexion.
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Figure 3. Loads and
constrains applied to the
model to replicate the
motion task: a. ground
reaction forces have ap-
plied as tangent (red)
and normal (blue) force
components to the an-
kle while the femur is
proximally constrained;
b. quadriceps force (dis-
tally/proximally oriented)
is applied to the inser-
tion of the quadriceps
tendon on the patella;
¢. hamstrings are equal-
ly loaded (distally/prox-
imally oriented).
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Femoral cartilage

Menisci

Patellar cartilage

00

Medial

Lateral

60°

90°

Figure 4. Contact pressure analysed on the distal femur, menisci and posterior patellar cartilage during the simulated flexion
task for the subject-specific intact knee model. Each row represents different achieved knee flexion, while the columns indi-
cate the different analysed regions of interest. In each cell, the left side represents the medial region while the right side rep-
resents the lateral region. Reported contact pressures results are indicated with colours from blue (0 MPa) to dark red (up to
20, 15, 10 MPa for femoral, tibial and patellar regions respectively).

Kinematics was in agreement with literature data%”. In
particular, Figure 5 shows the plotting of the medial
and the lateral centroids of the pressure describing
the correct femoral external rotation during flexion be-
haviour. Analysing Figure 5, after 20 degrees of flex-
ion, the knee joint was posteriorly translating. Infact
the lines joining the medial and the lateral contact
pressure centroids were kept parallel up to 90 de-
grees of knee flexion. These results were in agree-
ment with the literature work of Victor5” in which tibial
intra-extra rotation trend, between 30 and 90 degrees
of flexion, was also constant. Moreover, results from
experimental tests performed on the same analysed
specimen and for similar boundary conditions report-
ed a similar internal/external kinematics trend with a
range of 3.9 degrees of external rotation.
Furthermore, in agreement with the literature®8, a
posterior translation of the tibia relative to the fixed
femur of 16 mm was observed and the patella shifted
to the medial from lateral side with a range of about 3
mmb>°,

Sensitivity analysis

The sensitivity analysis collected a huge amount of da-
ta outcomes. In order to represent, concisely and intu-
itively them, a novel graphical technique was used®°.
Through this graphical technique, on the background
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was described the analysed structure for which outputs
were extracted. Different circular sectors, subdivided in
regions related to the different varied parameters, were
describing the effects on the outputs for different anal-
ysed flexion angles. In each sector, the maximal varia-
tion (in %), with respect to the average value, calculat-
ed on all the configurations, was reported (Tab. V).
Light colours represent no/low variation while red to
dark-red indicate the maximum variations.

Figure 6 reports the effects on the contact pressure
distribution after the sensitivity analysis for the menis-
ci and the patella.

The outcomes showed that the main affecting param-
eters of the sensitivity analysis were the cartilage and
the menisci, but only when they were characterized
by values obtained from numerical works as reported
in the literature. The range of values attributed to the
cartilage could vary the pressure outputs up to 50%
both for the menisci and the patella; however the
menisci characterized by values of numerical studies
could vary the contact pressure more than 100%.

The other parameters did not significantly impact on
the final biomechanical outputs. The values selected
for the menisci from experimental studies equally af-
fected the medial and the lateral outputs maximum up
to 19% and the patellar up to 15% independently by
the knee flexion.

Muscles, Ligaments and Tendons Journal 2017;7 (4):546-557
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Figure 5. Lateral and medial
(right knee) centroid of pres-
sure are plotted on the tibial
plateu in function of the flex-
ion angle (x positive anterior
diction, y positive medial di-
rection).

Table IV. Average pressures value (MPa), for each flexion knee angle, for the medial and lateral menisci and for the

patella.
o° 10° 20° 30° 40° a0° 60"
Lateral Menisci 1.9 2,2 2,5 2.9 3,5 4.0 a.7
Medial Menisci 24 24 2,7 2,8 2,8 2,8 3,6
Patella 0,0 0,5 1,2 1,2 1,7 2,0 2,9

On the other hand, the stiffness of the ligaments
mainly affected only the lateral meniscus pressure
output and less the medial one.

Discussion

In the definition of a native intact knee model, the
identification of the correct material behaviour of the
involved structures is always a challenge for the con-
sistency of the model outputs. Additionally, in case of
subject-specific tailored questions, few approxima-
tions can unfortunately be formulated on the status of
the subject’s tissues characteristics from imaging or
palpation®1.62. Hence, the literature becomes a funda-
mental alternative source of data.

Generalized inputs from the literature for material
model and properties are ambiguous and their selec-
tion is highly delicate when discordant values are met
during a literature review. In fact, even if the literature
search can be based on similar filters, such as
boundary conditions or subject’s gender and age,
huge variability is usually observed. The difficulty, in
selecting the right parameters for the description of a
specific material, increases with the complexity of the
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chosen material model to describe it.

Depending on the research question, simplistic ap-
proaches adopted for bone modelling are still nowa-
days justified in order to reduce the computational
time (and cost) especially for comprehensive knee
models. However, if indications about justified as-
sumptions are present, when soft-tissues need to be
characterized in a knee model, no univocal guide is
present in the literature. In fact, several testing ap-
proaches leading to different characterizations, even
for the same soft-tissue, are present in literature stud-
ies. This finding generated concern on how discrimi-
nating similar or different soft-tissues behaviour was
dependent to the testing approach. Even if literature
search can be systematic and filtered on selected
thresholds, it results anyhow in huge ranges of values
characterizing each material model and properties.
For these reasons, it was decided to adopt the wei-
ghted mean or mean value to describe the behaviour
of the soft-tissues structures in the developed refer-
ence model and consequently to consider the effect
of the change of this value based on the calculated
standard deviation in the sensitivity analysis.

Results reported in this work show that, assuming the
material properties characterized by average litera-
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30-40%

20-30%

10-20%

0-10%

Ligaments

Lateral

Figure 6. The alterations of the contact
pressure on the medial and lateral menis-
ci (a) and on the patella (b) due to the
variation of the parameters in defining the
cartilage, menisci and ligaments material
behaviour. In the graphs, the results are
compared for different analysed knee flex-
ions (0-60 degrees of flexion). The alter-
ations are expressed in percentage with
respect to the average value calculated as
average of the outputs in function of all
the configurations for all the analysed
knee flexions.

30-40%

20-30%

10-20%

0-10%

ture data and using subject-specific geometries, per-
sonalized outputs can be obtained.

On the other hand, the sensitivity analysis shows
that, first, the kinematics does not seem to be signifi-
cantly affected by any of the changes of the parame-
ters (less than 8% for anterio-posterior direction, less
than 0.5 degrees for internal-external rotation, and
around 10% for medial-lateral patellar translation).
This outcome is also in agreement with a previous
papers6 which reports that kinematics was not altered
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as much as kinetics for possible total knee arthro-
plasty (TKA) component misalignments.

Then, among the varied parameters, the main affect-
ing one is the cartilage characterization. In fact, as-
suming the complete range of properties detected by
literature, contact pressures changes can be up to
50% for both menisci and patella outputs. The results
are independent by the knee flexion and the other
contemporarily changed parameters. Moreover, val-
ues obtained from numerical studies to describe

Muscles, Ligaments and Tendons Journal 2017;7 (4):546-557
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menisci behaviour should be avoided. In fact, they
can alter the stresses outputs more than 100%.

On the other hand, changes of material for the soft-
tissues do not significantly impact on the biomechani-
cal outputs, especially for the ligaments. These re-
sults can be considered relevant especially for all
those subject-specific models aimed to characterize
the knee behaviour when a total knee arthroplasty is
considered. In fact, the main soft-tissues considered
are usually collateral ligaments, cruciate ligaments,
and the knee capsule.

As it is the first reported case of such a kind of sensi-
tivity study, this paper presents some limitations
based upon different assumptions formulated during
the development of the native knee model and the
planning of the sensitivity analysis. Only one speci-
men has been analysed and only one motor task has
been simulated up to 60° of flexion, even if the results
were independent by the knee flexion. Ligaments
have been model as single bundles and only linear
model have been inspected for all the materials omit-
ting poro-elastic solutions. In particular, in order to
better research the impact of the modelling cartilage,
a non-constant thickness or a more realistic material
models could be considered for further investigations.
Additionally, in order of obtaining isotropic character-
istics for modelling the menisci, an averaging of the
circumferential modulus with the radial and axial
moduli was performed. Observed the difference of
the reported values in the literature for the different
directions, and identified axial and radial as similar, a
future work should evaluate the importance of model-
ing the menisci as transversely isotropic materials.
Even if this study is based on several assumptions,
the data outputs can be considered a first guideline
for knee models developers. In fact, this study shows
how, among the several parameters for the modelling
of an intact knee, special care should be addressed
in characterizing the cartilage behaviour more than
the other soft-tissues, for which average values can
be used for, at least, healthy subjects.

The proposed study can be further developed adding
other parameters to verify, i.e., the effect of multi-
bundles ligaments or more ligaments to replicate the
joint capsule. In addition, more complex material
models to characterize the menisci, such as transver-
sal isotropic models, could be thought. Moreover, the
attachment site of the ligaments could be also varied
to investigate its potential influence on ligament ten-
sion and, consequently, on knee biomechanics.

Other investigations can be coupled with this sensitiv-
ity analysis that is focused on find the best selection
of material inputs for knee model with target the anal-
ysis of joint biomechanics. For example, the impor-
tance of using more complex models, as poro-elastic
models, for the cartilage and menisci should more
deepener and eventually tested as an added parame-
ter of the sensitivity analysis.

In conclusion, when considering research questions
addressed to the investigation of intact knee joint
biomechanics, numerical knee models should be
used in order to provide data unlikely to be available
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with any other testing procedure. In developing a sub-
ject-specific healthy knee model, average values col-
lected from a meticulous literature review can be
used to obtain biomechanical personalized outputs,
but special attention should be paid when selecting
the material properties of the cartilage.
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