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This paper reports the implementation of a computer modeling approach that uses fluoroscopically measured motions of total
knee replacements as inputs and predicts patient-specific implant temperature rises using computationally efficient dynamic contact
and thermal analyses. The multibody dynamic simulations of two activities (gait and stair) were generated from the fluoroscopic
data to predict contact pressure and slip velocity time histories for individual elements on the tibial insert surface. These time
histories were used in a computational thermal analysis to predict average steady-state temperature rise due to frictional heating on
each element. For the standard condition, which assumes an ultra-high molecular weight polyethylene (UHMWPE) tibial
component and cobalt-chrome femoral component, 1 Hz activity frequency, friction coefficient of u = 0.06, and convective heat
transfer coefficient of 1 = 30 (W/(m? - K)), the predicted maximum temperature rise on the medial compartment was 9.1 and 14°C
for continuous activities of gait and stair respectively. The sensitivity of the temperature rise to activity rate, heat partitioning to the
femoral component, and convective heat transfer coefficient was explored. The model is extremely sensitive to the thermal
properties of the femoral component and predicts order of magnitude changes in contact temperature with order of magnitude
changes in thermal conductivity. A survey of thermal conductivity for current and proposed scratch resistant femoral component
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Temperature modeling in a total knee joint replacement using patient-

implant materials shows variations greater than an order of magnitude.
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1. Introduction

Temperature rise in total hip joint replacements as a
result of frictional energy being dissipated at the contact
has been measured in vivo [1] and in vitro [2] and has been
modeled using 2-d and 3-d finite element techniques [[3]
and [4], respectively]. In the main, the studies conclude
that frictional heating may cause temperature rises on
the order of 1-10°C, and that low-friction implant
materials are the best way to reduce frictional heating.

In vivo risks associated with frictional heating include
increased wear, creep and oxidation degradation of the
UHMWPE as well as damage to surrounding biological
tissues as a result of the elevated temperatures [5,6]. The
over-arching goal of laboratory simulator studies is to
exercise component designs in a laboratory environment
prior to implantation and to produce results that are
relevant and comparable to what will occur when similar
components are implanted in patients. These laboratory
simulator tests are generally run in diluted bovine
serum, which acts as a lubricant and mimics joint
synovial fluid. Denaturing of proteins from the serum as
a result of frictional heating may coat the components in
the simulator and greatly confound the experimental
data.
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In recent years there has been significant interest in
more scratch- and wear-resistant femoral components.
The hope is that such components will maintain their
initial surface integrity and both the friction and wear of
UHMWPE will remain low. These materials are being
selected for femoral components of both knee and hip
replacements. The purpose of this study is to present a
thermal analysis for the UHMWPE tibial component of
total knee replacements and discuss the sensitivity of
frictional heating to activity frequency, thermal con-
ductivity of the femoral component, and heat transfer
coefficient of the synovial fluid.

2. Collection of patient kinematics and modeling of joint
contact

Fluoroscopic kinematic data were collected from one
total knee arthroplasty patient: female, age 65 at time of
surgery, height 170 cm, mass 70kg [7]. The implanted
component was a cemented posterior cruciate ligament-
retaining prosthesis (Series 7000, Stryker Howmedica
Osteonics, Inc, Allendale, NJ) with a 6.8 mm thick
insert. The Knee Society Clinical Rating System scores
for this patient [8] were 97-knee and 80-function after
one year and 99-knee and 100-function after two years.

The patient performed treadmill gait and stair rise/
descent activities during fluoroscopic motion analysis
[9-12] 21 months after surgery. Fluoroscopic analysis
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matches three-dimensional models of the prosthetic
components to the two-dimensional fluoroscopic
images. The technique is accurate to approximately 1°
for all rotations and 0.5mm for translations in the
sagittal plane [10]. Kinematic data from one representa-
tive cycle of each activity was averaged in 5° increments
of knee flexion for stair and 1% increments for gait,
including stance and swing phases.

A multibody dynamic contact model was constructed
by coupling a commercial software program (Pro/
Mechanica Motion, Parametric Technology Corpora-
tion, Waltham, MA) with custom elastic contact model
software [13]. The contact model utilized elastic
foundation theory [14-17] for the tibial component,
which is modeled as an elastic layer of known thickness.
The femoral component is assumed to be rigid. The
contact pressure, P;, for any tibial element can be
calculated using equation (1) [14-16]:

L (1 —v)E,
C (v =2k

(1)

In equation (1), E; is Young’s modulus of the elastic layer,
v, is Poisson’s ratio of the layer, #, is the thickness of the
element, and § is the interpenetration of the undeformed
surfaces in the direction of the local surface normal.

The dynamic contact model used in vivo fluoroscopic
measurements (anterior—posterior translation, internal—
external rotation, and flexion; figure 1(a), (b), and (c),
respectively) as prescribed kinematic inputs. The model
predicted the remaining three degrees of freedom (axial
translation, varus-valgus rotation, and medial-lateral
translation) via forward dynamic simulation to ensure
compatibility with the applied loads. All prescribed and
predicted motions were for the femur moving with
respect to a fixed tibia.

The axial force was applied vertically downward onto
the femoral component and positioned to produce a
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70-30 medial-lateral load split at 0° flexion [18-20]. Leg
realignment and ligament balancing are performed
during knee replacement surgery to produce a 50-50
load split under static unloaded conditions. However,
under dynamic loaded conditions such as gait and stair
rise, the center of mass of the body is cantilevered over
the support leg, resulting in knee moment that produces
greater loads on the medial side. For this study,
measured vertical forces during gait and stair activities
from a patient of similar age, height, weight, and knee
flexion characteristics were used [21]. The axial force
curve for gait and stair, figure 1(d), was defined by
scaling the vertical ground reaction force curve
[17,22,23] to be between 0.25 and 3.0 BW [17,19,22,23].

The dynamic contact model generated contact
pressures and slip velocities in two steps. First, a
forward dynamics simulation calculated contact forces
and kinematics using a 35 x 20 element grid on each
tibial insert contact surface. The precision of the results
was verified by repeating the simulation with a denser
50 x 35 element grid. Then an inverse dynamics analysis
used the results from the forward dynamics simulation
to calculate contact pressures and slip velocities
over a square 50 x 50 element grid for improved
visualization.

3. Thermal modeling

The thermal modeling begins by assuming a parti-
cular partitioning of energy Q(J) into the femoral
component O, and tibial component Q, respectively.
Equation (2) gives an expression for the energy
dissipated in the contact, where u is the friction
coefficient, F' is the normal load, V' is the slip speed, T’
is the total activity time, and t is an instant in time
during the activity:
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o

-
©
o
o
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Figure 1. Kinematic and load inputs into the dynamic contact model: AP translation, IE rotation, flexion, and axial force.
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The energy is partitioned into the two bodies as shown
in figure 2 and given by equation (3). The energy
partition rule is based on matching the interface
temperature for: (a) stationary contact area of two
half-spaces and (b) femoral component moving relative
to a stationary tibial component. Both the femoral
component and tibial component are modeled as half-
spaces of thermal conductivities k; and k, respectively.
Partitioning heat based on a moving heat source (b) is
generally preferred when the Peclet number, Pe, is
greater than 10 [25,26]:

-1 -1
Pe <10 Qz=Q<1+£f) , Q,-=Q<l+:’)

k]

_I_lif\/Pef)l

Pe > 10 Q,:Q(l k1.6

—1
k; 1.6
Qf:Q<1+EfM> .

The Peclet number for the femoral component is defined
as Pey = Vyl/oy, where Vyis a characteristic sliding speed
of the femoral component, /is a characteristic half-width
of the contact patch, and oy is the thermal diffusivity of
the femoral component. From equation (3) it can readily

(€)

Figure 2. Schematic of the knee joint showing the partitioning of
energy into the femoral and tibial components.
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be seen that the moving source partitions greater heat
into the femoral component for Pe; > 1. A stationary
partitioning of heat is assumed for the remainder of the
modeling and analysis, in part because partitioning
greater amounts of heat into the tibial component
should provide an upper bound on the frictional heating
likely to be seen in service.

The heat flux ¢; (W/m?) is found for a tibial element i
by partitioning the average energy dissipated over that
element and dividing by the activity time. This is shown
in equation (4), where P, is the pressure on element 7 at
time t:

T
u

b= [Paviae
T<1+—f) 0

ki

4)

The temperature rise 6, at a particular element A is
found using the algorithm shown schematically in figure
3 and given by equation (5). This algorithm is for square
elements of area 4 and half-width a, and the vector from
the origin element A to element i is 75;.

A

G, + Z

6, =1.12 —.
g ki & 2mk |l

©)

The first group in the algorithm is the central
temperature rise of the square element under uniform
heat flux ¢;. The second group in the algorithm is the
summation of all of the contributions of the remaining
surface elements to the temperature rise. This algorithm
treats all of the contributing elements as a single point
source of heat, Q; = ¢;4;, and uses the classic point
source solution discussed in detail in Carslaw and Jaeger
[24]. This algorithm is used for all elements regard-less
of whether or not they experience a frictional heat flux.
The elements that do not experience a frictional heat
flux during the activity are exposed to the synovial fluid,
and convective cooling of the component occurs
through this surface/fluid interface. The heat flux of
these elements not in contact is assumed to follow
Newton’s law of cooling, as shown in equation 6, where
0; is the temperature rise of the element above ambient
temperature, 6; = Ty — Tamp, and £ is the convection
heat transfer coefficient with units of W/(m? - K):
qi = —ho;. (6)
The solution for the surface temperature map of the
tibial component requires an iterative solver due to the
coupling between the convective cooling heat flux and
the surface temperature. The solution approach is
similar to a fixed-point iteration with two constraints
on the solution method: (1) the convective cooling
power cannot exceed the frictional heat and (2) surface
temperatures below ambient are not permitted.
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[ frictional heat flux
[] convective heat transfer

Figure 3. Schematic of the solution approach for temperature rise of element A, with neighboring elements treated as point sources of heat (both
frictional heating and convective cooling).

4. Results and discussion

The values of the various variables needed in this
code that defines the ‘standard condition’ for both gait
and stair rise activities are given in table 1. The standard
condition assumes a 1 Hz activity with a cobalt-chrome
femoral component, a low convective heat transfer
coefficient, and a low Peclet number partitioning of
heat.

The heat flux contour plot as described by equation
(4) is shown in figure 4(a) and 5(a) for the gait and stair
activities respectively. The resulting temperature-rise
contour plots are shown in figure 4(b) and 5(b) for the
gait and stair activities respectively. These temperature
results converge quickly, less than 100 iterations. For
both gait and stair rise activity maximum temperature
occurs on the medial compartment.

The code was run varying three different parameters
off of the standard condition; these were activity
frequency, heat transfer coefficient, and thermal con-
ductivity of the femoral component. Table 3 summarizes
these data.

The choice of femoral component thermal conduc-
tivity for the standard condition corresponds to a
cobalt-chrome component, which is widely used. The
maximum contact temperature is extremely sensitive to

Table 1
Values and references for the various constants used by the code for
the ‘standard condition’.

Value Units Reference(s)

Elastic modulus £ 460.00 MPa [27]
Poisson’s ratio v 0.46 [28]
Thermal conductivity

tibial component k, 040 W/(m - K)

femoral component k, 13.00  W/(m - K)
Convection coefficient / 30.00  W/(m? - K) [29]
Cycle time (stair & gait) T’ 1.00 s
Friction coefficient 0.06 [30]

The elastic modulus and Poisson’s ratio are for the UHMWPE, as the
femoral component is assumed to be rigid for the contact analysis.

the choice of femoral component thermal conductivity.
At kr = 0.4 half of the frictional heating is carried away
by the femoral component and half goes into the tibial
component. At kr=40.0 only 1% of the frictional
heating goes into the tibial component.

The stationary analysis partitions heat to the
respective bodies as a function of their thermal
conductivities only. This is considered reasonable for
low values of the Peclet number. However, for the
standard condition (cobalt-chrome femoral component)
characteristic sliding speed is 'y = 0.100m/s, represen-
tative contact half-length is / = 0.002 m, and the thermal
diffusivity is oy = 3.4 x 1075, thus Pe; ~ 60. The energy
partition and corresponding maximum temperature rise
for this standard condition are Q; = 3%Qo and
Omax = 10.5°C and Q; = 0.6% Qiota1 and Oy = 2.5°C
for stationary and moving analysis respectively. In
figure 6(b) the upper horizontal axis, x;, gives the
ratio of the heat going into the tibial component to the
total frictional heat; thus the graph can be used to
calculate temperature rise for any partitioning of energy
over the range Q; = 1% Qa1 to Q; = 50% Oiotal-

The activity frequencies were varied between 0.5 and
2 Hz. The nearly linear trend of frictional heating with
activity frequency (figure 6(a)) is expected. This can be
most easily seen in equation (4), where the frictional
heat flux is directly proportional to the sliding speed.

Table 2
Thermal conductivities of various materials as
provided by suppliers.

Thermal conductivity

k, W/(m - K)
Alumina 25.00
Cobalt-Chrome 13.00
Stainless-Steel 316L 15.00
Ti-6Al-4V 6.70
Zirconia 1.70
Zirconium 65.00
UHMWPE 0.40
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(a) Gait (1Hz2)

lateral
Q=13W

0 elements with
no contact

0 10 20 30 40
EEET T

Average Heat Flux (mW/mm?2)

0 1 2 3 4 5 6 7 8

©

Temperature Rise (Celsius)

Figure 4. Contour maps for continuous stair activity for the ‘standard
condition’ of (a) the average frictional heat flux and (b) the temperature
rise in °C. (1 Hz, ky = 13W/(m - K), i = 0.06, 1 = 30(W/(m? - K)).

The activity period is proportional to the kinematic
path, which is essentially constant, divided by the speed.
Activity frequency is the reciprocal of the activity
period; thus, activity frequency is directly proportional
to speed. Similarly, though not shown, linear dependen-
cies with friction coefficient were expected and found.

The very weak dependence on the convection coeffi-
cient (figure 6(c)) is somewhat surprising, but perhaps
fortuitous. Because the frictional heat flux was discretized
and time averaged for the various elements, the tibial
surface has islands of frictional heating surrounded by
regions of convective cooling. Any element that experi-
ences contact is precluded from providing cooling. During
these activities, elements are continuously exposed to both
frictional heating and convective cooling. This mixture of
heating and cooling would yield a lower average heat flux
than that used by this solution procedure.

In vivo the knee does not go for thousands of cycles
without a break. As discussed above, this steady-state
analysis takes average heat fluxes to predict the contact
temperature. The time required for this system to reach
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Figure 5. Contour maps for continuous stair activity for the ‘standard
condition’ of (a) the average frictional heat flux and (b) the temperature
rise in °C. (1Hz, ky =13W/(m - K), u = 0.06, h = 30(W/(m? - K)).

steady-state was not explored. Thus, many interrupted
activities may not reach the temperatures predicted here.
The analysis is more similar to joint simulator machines
that can run for hours or days without stopping.

The reasonableness of these results is interesting
given that many studies on the temperature rises for hip
replacements find 1-10 °C and the present results for the
knee replacement are generally in line with those
findings. While most previous studies have looked at
activity frequency and friction coefficient, it is interest-
ing to see the predicted strong dependency on the
femoral component thermal conductivity. Figure 7 takes
the results shown in figure 6(b) and locates the various
materials listed in table 2. And while promoting the
reasonableness of the results around the ‘standard
condition,” the unreasonable predictions for materials
with low thermal conductivities should be noted. This a
clear indication of the problems that arise when using
half-space models for this type of analysis, and, perhaps,
in the future such limitations can be addressed using
finite element analysis.
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Table 3
Conditions run off of the ‘standard condition’ (bold) and corresponding maximum temperature rise in
degrees Celsius for the gait and stair activities accordingly.

Cycle frequency Femoral Convection Maximum temperature rise
(Hz) component heat transfer
thermal coefficient Gait Stair
conductivity 4 (W/(m*-K))  Bpax (°C) Omax (°C)
ey (W/m -K)
Frequency excursions
' 13.0 30.0 4.5 72
Ya 13.0 30.0 6.8 11.0
1 13.0 30.0 9.1 14.0
1Y 13.0 30.0 11.0 18.0
1Y 13.0 30.0 14.0 22.0
13 13.0 30.0 16.0 25.0
2 13.0 30.0 18.0 29.0
Thermal conductivity excursions
1 0.40 30.0 150.0 240.0
1 1.3 30.0 71.0 110.0
1 4.0 30.0 28.0 44.0
1 13.0 30.0 9.1 14.0
1 40.0 30.0 3.0 4.8
Convection heat transfer excursions
1 13.0 1.0 10.0 16.0
1 13.0 3.0 10.0 16.0
1 13.0 10.0 9.7 15.0
1 13.0 30.0 9.1 14.0
1 13.0 100.0 6.5 11.0

Overall the analysis here aims to provide a simple first
model for thermal analysis during continuous activities
such as gait and stair for total knee replacements with
UHMWPE tibial bearings. The findings from the
standard conditions are most likely overestimates of
actual steady-state temperature rises, primarily because
of the heat partitioning and time averaging of the heat-
flux, which precludes frictional heating and convective
cooling to operate on the same element.

5. Conclusions

(1) Average heat flux patches are calculated for the
medial and lateral compartments of the UHMWPE
tibial component for gait and stair activities, and a
simple argument for partitioning of heat based on
the assumption of two stationary half-spaces is
offered as a first approach to predicting in vivo
frictional heating values.

A thermal model for the frictional temperature rise
on the surface of the tibial component suggests
temperature rises below 10°C during continuous
activities such as gait and stair rise.

The temperature increases with increasing activity
rate, decreasing heat transfer coefficient, and
decreasing thermal conductivity of the femoral
component.

The predicted strong sensitivity of temperature rise
to femoral component thermal conductivity suggest

()

(©)

4)

that thermal conductivity should be a consideration
when selecting next-generation scratch-resistant
femoral components.

The analysis here chose conditions for the most
common material combinations to provide an upper
bound for the frictional heating temperatures
experienced in vivo.

)

Appendix: Analytical transient analysis without
convection

The analysis presented in this manuscript was
developed for steady-state conditions; it is of interest
to estimate the time to reach steady-state. In this
Appendix an analytical model is presented for a square
heat flux of intensity ¢(W/m?) and area 44>. The
analysis begins from the time-dependent solution of the
incremental temperature rise df(K) for a continuous
point source of intensity dQ (W), located some distance
r(m) from the point of interest; in this analysis the
location of interest will be the origin, which corresponds
to a point at the centroid of the square heat source on
the surface. This analysis follows the work of Carslaw
and Jaeger (1959) [24].

. r
dQerfc ( m) |

do =
2knr

(A.1)
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Figure 6. Plots of maximum temperature for variations in (a) activity r.
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In equation (A.1), a(m?/s) is the thermal diffusivity,
k(W/(m-K)) is the thermal conductivity, and 7(s) is
time that the source has been acting. To find the time-
dependent temperature rise at the origin 6, due to a
uniform square heat flux, equation (A.1) is integrated
over a range of differential heat sources from
X =—a — aand y = —a — a. This is shown in equation

ate, (b) thermal conductivity of the femoral component, and (c) convection
fer coefficient.

(A.2), where r = /x> + 2 and dQ = gdxdy (¢ is the
heat flux (W/m?)):

« aq erfc

q ( LT )

Yy = —— / / —— " dxdy (A2)
2k /x2 + 2
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Figure 7. Plot of maximum temperature for variations in thermal conductivity with femoral component materials taken from table 2.

The complementary error function, which appears in
equation (A.1) and (A.2), goes to unity as time goes to
infinity. Thus these two equations can be easily
simplified for the steady-state temperature rise at the
origin 6 as shown in equation (A.3):

Osteady-state

dxdy. (A.3)

q 1
0 == s
Osteady-state 2ij / -/ m

—a —da

A dimensionless temperature rise is given by equation
(A.4), where the temperature rise at the origin is
normalized by the steady-state value; thus the range in
dimensionless temperature rise is from 0 to 1:

3 (A.4)

Osteady-state

The integrals shown in equations (A.2) and (A.3) are
evaluated under the ‘standard condition’ without con-
vection for the medial compartment during gait. The
material properties of the UHMWPE needed for the
analysis are k = 0.4 and o = 2 x 1077, A square area of
dimension 14mm x 14 mm is a relatively good fit to the
medial compartment’s heat flux area during gait (the

square half-width is set to « = 7mm for this analysis).
The average medial compartment heat flux during gait is
calculated to be approximately 15mW,/mm?. Finally,
the ‘standard condition’ partitioning directs approxi-
mately 3.5% of this total heat flux into the UHMWPE
half-space. This analytical solution methodology
assumes an insulated surface and therefore corresponds
to the condition of 4 =0. The resulting steady-state
temperature rise at the origin with the appropriate
numerical substitutions is given by equation (A.5):

0.007  0.007
_ st
Osteady-state 2(04)7T
~0.007  —0.007
1
X dxdy = 103°C. (A.5)

VX2 4 y?

The temperature rise of 10.3 °C corresponds well to the
calculated temperature rise shown in figure 6(c), which
predicts a temperature rise just over 10°C when the
convective heat transfer coefficient is # = 1. Figure 8
shows the time-dependent normalized temperature rise
from 0.1-100 minutes. It is interesting to note that the
central location achieves nearly 66% of its steady-state
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Figure 8. Plots of maximum normalized temperature versus time: (a)
linear; (b) logarithmic.

value in the first 3 min. However, this analysis neglects
the cooling effects due to convection, which would
increase the time to steady-state.
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