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Abstract

In this paper, the complex 3D virtual model of the prosthetic knee is obtained using embedded applications: DesignModeler and SpaceClaim
under ANSYS Workbench 14.5 software package. A number of six cases of prosthetic knee joint assembly, depending on the malalignment
angle, are developed. Stress maps and the values of the maximum von Mises stress on the three prosthesis components: polyethylene
insert, tibial component and femoral component, for all studied prosthetic knee assemblies were obtained. The results show that as the
malalignment angle increases, the values of von Mises stresses increase in all prosthesis components. The parameterized virtual models
of the knee prosthesis components allow different changes in shape or dimensions, which can lead to the optimization of the implant and

to the improvement of the prosthetic knee biomechanics.

Keywords: virtual knee prosthesis, finite element method, contact stress, malalignment.

=& Introduction

Virtual modeling and numerical simulation of human
bones and joints have been addressed in several articles
in the fields of biomechanics [1-8] and robotics [9-15].
From all the human joints, the knee joint is considered to
be one of the most complex joints, taking into account the
number of its components, their spatial geometry, their
mechanical properties and their contact problems [5, 7, 12,
15-34]. In studies regarding the development of osteo-
arthritis [16-20], a disease which involves a degenerative
process of cartilage in the knee joint, and regarding the
role of the articular cartilage in the development of the
osteoarthritis, the stress distributions on the cartilages
and menisci, considering different angles on valgus and
varus are presented. Varus angle is the angle made by
the mechanical axis of tibia and femur in frontal plane.
This angle is considered as normal from the physiological
point of view, if its value is 176°. Starting from the crossed
knee sections obtained by computed tomography (CT) or
magnetic resonance imaging (MRI), the 3D virtual models
of normal and osteoarthritic human knee joint have been
obtained and studied, by using finite element analysis
(FEA) [16-20].

FEA is becoming one of the most important tools
in orthopedic biomechanics, being used more and more
to evaluate the stress and displacements, the biomecha-
nical behavior of healthy bones and joints, of implant—
bone assembly [1-8] or human joint—prosthesis/orthosis
assemblies [21-34].

In order to study the influence of the malalignement
angle on the contact stress of knee prosthesis components,
in this study we have analyzed, by using FEA, the von
Mises stress for the 3D model of the knee—prosthesis
assembly corresponding to a set of six different values

of malalignment angle, beginning from 176° to 191° with
an increment equal to 3°.

& Methods
Geometric modeling

To design the virtual model of the knee prosthesis,
we used the DesignModeler application, which is a pre-
processor of ANSYS Workbench 15.07 software, often
used in human biomechanics modeling and simulations
[15, 17-19, 23, 28]. The virtual model of knee prosthesis
was constructed starting from the shapes and dimensions of
a well-known prosthesis, a Genesis II type knee prosthesis
[23]. Beginning from the 3D virtual model of healthy
knee joint [11], solids were built over the geometrical
model of human knee, which was cut with profiles made
in various planes, in order to respect the geometry. The
three prosthesis components: polyethylene insert (P.1.),
tibial prosthesis (T.P.) and femoral prosthesis (F.P.),
were developed and presented in [23]. In Figure 1,
the isometric views of designed knee prosthesis are
presented.

Figure 1 — Two isometric views of virtual model of
knee prosthesis.

ISSN (print) 1220-0522

ISSN (online) 2066—8279



832

Daniela Tamnita et al.

The six cases of malalignment of mechanical axis in
frontal plane (varus) for prosthetic knee joint are presented
in Figure 2.

Figure 2 — Six prosthetic knee joints with different
malalignment angle.

Mesh generation

To perform the numerical simulations of prosthetic
knee joint, the following components that make up joint—
prosthesis assembly have been considered: femur, tibia
and the three components of the prosthesis: femoral
component, tibial component and polyethylene insert.
The meshing and the solution of the analyses stages, the
correct positioning of components have been achieved
in the simulation environment of ANSYS Workbench
15.07 application, which allows advanced modeling and
discretization using FEA. The finite elements used in
this analysis are hexahedral elements of Solid 186 type
and tetrahedral elements of Solid 187 type, both being
solid elements with middle nodes which are necessary for
better approximation of results and for better accuracy.
For an efficient mesh, we used elements with dimensions
of 1 mm for the contacts areas, which present a maximum
interest for FEA, dimension of 4 mm for the other regions
of bones. In Figure 3, the mesh structure of the knee

joint—prosthesis assembly is presented.
£ O

Figure 3 — (a) Human knee joint with mounted
prosthesis—Mesh of node and element network designed
for the entire model; (b) Isometric view of nodes and
elements network for the prosthesis.

Boundary and constraints conditions for finite element
analysis are:

= a “Remote Displacement” allows rotation of the ankle
around the Y axis; all other displacements and rotation
movements have been set as 0; degree of freedom = 1
(Figure 4a);

= on the proximal head of the femur bone, a “Remote
Displacement” that allows offset Z and Rot Y around the
femur (the yellow area) and movement of the hip is applied
(Figure 4b);

= for hip joint, rotation movement around Y axis and
translation on Z axis are established; translations on X
and Y axis, respectively rotations around X and Z axis are
considered equal to 0; degree of freedom = 2;

* on the proximal head of the femur bone, a distri-
buted force of 2400 N is applied on the -Z axis direction
(Figure 4c).
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Figure 4 — (a—c) Constraints and boundary conditions.

=& Results

Using ANSYS Workbench 15.07 software, the nume-
rical simulations and finite element method (FEM) analyses
were processed for six cases of varus angle (from 176° to
191° with a step of 3°) of knee joint—prosthesis assembly,
considering a loading force equal to 2400 N, a force equal
to three times the medium body weight (BW). A total
number of 298 959 nodes and 92 070 elements were
obtained for analysis of the joint—prosthesis model with
a varus angle equal to 176° (Table 1). For the other five
cases, the dimensions of the networks are similar, but they
present a different number of nodes and elements caused
by the changes of contact geometry (Table 2).

The properties of materials for human knee components
and for prosthesis components necessary for the FEM
analysis using ANSYS software are presented in Table 3.

Table 1 — The network of nodes and elements

Component Nodes Elements
Femur 129 059 40 491
Tibia 72 285 22 250
Femoral component 28 680 8605
Tibial component 22979 7295
Polyethylene component 45 956 13429
Total 298 959 92 070
Table 2 — The network of nodes and elements for all
six cases
176° 179° 182° 185° 188° 191°
r':l:d(g 298 959 298 696 296 696 294 352 291 291 289 620
No. of 92070 92687 92131 91448 90137 89875
elements

Table 3 — Materials properties for knee—prosthesis
assembly [15, 30]

Component Young’s modulus Poiss_on’s
[MPa] ratio
Femur 17 600 0.3
Tibia 12 500 0.3
Femoral component 210 000 0.3
Tibial component 210 000 0.3
Polyethylene component 1100 0.42
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Von Mises stresses maps obtained for the six studied
cases are presented in Figures 5—10. The images represent
Top and Bottom views of each component for all the six
studied cases. Red color represents the highest stress, while
the dark blue color represents the lowest stress (0 value).

The maximum values of von Mises stresses developed
in the prosthesis components: polyethylene insert (P.1.),
tibial prosthesis (T.P.) and femoral prosthesis (F.P.) were
extracted for the studied case and presented in Table 4.
The values are expressed in MPa (1 MPa is the measure
unit used for stresses; 1 MPa =1 N/mm” = 10° Pa).

Table 4 — Von Mises stress maximum values corres-
ponding to a force equal to 2400 N

Cases Stl[':ns:aI]’.l. Str[ﬁ;aT].P. Str[<|awst,a|;.P.
176° 33.12 31.03 32.84
179° 34.27 31.75 33.61
182° 35.31 32.41 34.14
185° 36.19 33.19 35.02
188° 36.94 34.14 35.63
191° 37.24 35.27 36.29

Figure 5 — Von Mises stress distribution (bottom view —
left; top view — right) for varus angle of prosthetic knee
Jjoint — 176°: (@) Femoral component; (b) Tibial compo-
nent; (c) Polyethylene insert.

Figure 7 — Von Mises stress distribution (bottom view —
left; top view — right) for varus angle of prosthetic knee
Jjoint — 182°: (a) Femoral component; (b) Tibial compo-
nent; (c) Polyethylene insert.

Figure 6 — Von Mises stress distribution (bottom view —
left; top view — right) for varus angle of prosthetic knee
Jjoint — 179°: (a) Femoral component; (b) Tibial compo-
nent; (c) Polyethylene insert.

Figure 8 — Von Mises stress distribution (bottom view —
left; top view — right) for varus angle of prosthetic knee
Jjoint — 185°: (a) Femoral component; (b) Tibial compo-
nent; (c) Polyethylene insert.
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Figure 9 — Von Mises stress distribution (bottom view —
left; top view — right) for varus angle of prosthetic knee
Joint — 188°: (a) Femoral component; (b) Tibial compo-
nent; (c) Polyethylene insert.

Analyzing the results obtained by numerical simula-
tions, presented in Table 4, it is noticed that, as the angle
of inclination in varus increases, the values of von Mises
stresses increase in all prosthesis components. In all cases,
the stress values are similar, with small differences, but
we can conclude that the bigger values are developed on
polyethylene insert, followed by the values developed
on femoral component and, respectively, on the tibial

Figure 10 — Von Mises stress distribution (bottom view —
left; top view — right) for varus angle of prosthetic knee
Jjoint — 191°: (a) Femoral component; (b) Tibial compo-
nent; (c) Polyethylene insert.

component. Increased varus frontal plane tibiofemoral
alignment leads to an increase of the mechanical loading
on the medial compartment of the knee. The variation of
maximum stress values function of varus angle for all
three prosthesis components are shown in Figure 11,
while in Figure 12 maximum stress values for the three
prosthesis components are presented.
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Figure 11 — Diagram of maximum stress values function
of varus angle. P.1.: Polyethylene insert; T.P.: Tibial
prosthesis; F.P.: Femoral prosthesis.

=& Discussion

Many studies have focused on the experimental or
numerical evaluation of these loads in normal, osteo-
arthritic or prosthetic knee joint [28-42]. A very important
aspect in order to study the behavior of the prosthetic
knee components is the correct evaluation of the tibio-
femoral loads. In previous studies, force values equivalent
to three to four times BW have been used in most bio-
mechanical tests evaluating prosthetic knee joints [31—
33]. The tibiofemoral forces in [34] were close to four
times BW during level walking and more than eight times
BW during downhill walking. Morisson considered the

Figure 12 — Maximum stress values [MPa] for the
prosthesis components: 1 —P.1; 2—-T.P.; 3— F.P.

knee joint loads during level walking as three times BW
[35], while Collins [36] calculated them using an optimi-
zation method and concluded that they range from 3.9 to
6.0 times BW. Jefferson et al. [39] found that the maximum
tibiofemoral loads are up to 6.3 times BW, while Wyss
et al. [40] report values ranging from 2.5 to 5 times BW.
In order to improve the design of total knee replacements,
it is necessary to adopt higher tibiofemoral loads than the
bodyweight (BW) [34]. In this study, we will consider
a compressive force equal to 2400 N, equivalent of three
times BW of a person with normal weight of 800 N.
Contact area is a very important parameter, which
influences the contact stresses values on joint stress.
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The reported average contact area of a natural knee joint
ranges from 765 mm” to 1150 mm? [13, 34, 41, 42]. The
contact area of most total knee prostheses is between 80
and 300 mm® depending on the load, flexion angle and
design leading to contact stresses on the P.I. as high as
60 MPa [34, 42]. Contact areas varied from line-shaped
to bilateral circular or elliptical shapes [42]. In this paper,
the studied prosthesis is a Genesis Il type one, with a
contact area equal to about 95 mm? for 0° in flexion. The
studies reveal that the contact area for this prosthesis type
presents small variations for different flexion angles [41].
This area is about 105 mm? for 60° flexion angle and about
110 mm?” for 15° flexion angle. In consequence, for this type
of prosthesis, the contact stresses have higher values for
orthostatic position (0° in flexion) and, generally, they
have a small variation during the flexion movement.
Therefore, an analyze of the von Mises stresses developed
in the 3D virtual prosthesis for 0° in flexion will cover
all other cases corresponding to different flexion angles.

The maximum values of contact stresses, higher than
30 MPa, reported in Table 4, were recorded on small
areas (approximately 5-10 mm?), relative to the entire
contact surface, which is 95-110 mm>.

The average values of contact stress reported on the
entire contact area have values comprised in the interval
(22-25) MPa, but, function of the stress values ranges,
the distribution of the contact stresses is: on a about 15—
20 mm’ area, the contact stresses range in the interval
(0-10) MPa, on an area of about 1520 mm? the contact
stresses range in the interval (10~15) MPa, on 15-20 mm®
the contact stresses range in (15-20) MPa, and on about
30-35 mm?’ the contact stresses range in the interval (20—
25) Mpa. The results and the distribution of the contact
stresses values on the contact area are similar with those
obtained by Szivek et al. [41]. The contact stress patterns
collected at 24°C were different than those collected at
physiological temperature (i.e., 37°C) [41]. In general,
at the higher temperature, larger contact areas and lower
stresses were reported by Szivek et al. [41].

In this study, the results are limited to the static
loading condition. Therefore, future research works will
examine the behavior of the prosthetic knee under dynamic
loading situation, and the effect of flexion angle during
walking, on the actual implant geometries and on the
contact stresses. A larger contact area of approximately
350—400 mm” is necessary to avoid stresses to the poly-
ethylene inlay that are above the yield point of 20 MPa
[34]. This contact area should be maintained throughout a
flexion range of 0° to 60° to accommodate the high loads
developed in some daily activities, as downstairs [34].

= Conclusions

In this paper, starting from the 3D virtual model of the
human knee joint and from the 3D virtual models of the
components of an existent knee prosthesis, often used in
total knee arthroplasty, by using ANSYS Workbench 15.07
software, the stress maps are obtained for six analyzed
knee-prosthesis assemblies. Given a realistic model for
prosthesis components and appropriate boundary conditions,
this approach can accurately predict contact stresses. The
results obtained in this study are very important for surgeons
and researchers to develop optimized devices for total

joints replacement. The parameterized virtual models of
the knee prosthesis allow different changes in shape or
dimensions, which means an advantage which can lead
to the implant optimization and to the knee biomechanics
improvement.
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