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The observation of tribological phenomena occurring in total knee replacement (TKR)

simulators may be obscured by the intrinsic complexity of their operation: the dynamics

and kinematics prescribed by the ISO 14243-3:2014 standard, and the geometry of the

surfaces involved. On the other hand, evaluating the individual performance of the

tribosystem elements may be carried out in simpler apparatuses. An experimental method

is presented here, by means of which the arthrokinematics and loading conditions

prescribed by the said standard are adapted to a ball-on-disc configuration in order to

observe the behavior of the coefficient of friction along an entire walking cycle, using the

contact point of an AISI 316L stainless steel ball rolling/sliding on an ultra-high molecular

weight polyethylene (UHMWPE) disc, lubricated by a solution of fetal bovine serum, at

37 1C. The method was tried on two different testing fluids prepared with protein

concentrations of 20 g/L, according to the said standard, and 36 g/L, as received. The

statistical model obtained for the behavior of the COF during the entire walking cycle may

be used in numerical simulations of UHMWPE wear, under the conditions established by

ISO 14243-3:2014.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Total knee replacements (TKR) are highly successful implants,

being wear and fatigue damage of the ultra-high molecular

weight polyethylene (UHMWPE) tibial insert the limiting factor
rved.

. Barceinas-Sanchez).
in the service life of total and unicondylar knee replacement

systems (Kurtz, 2009).
As opposed to wear, a tribological effect usually character-

ized ex situ after several million cycles, the coefficient of

friction (COF) is the immediate and natural response of all
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Fig. 1 – Schematic of the experimental setup indicating the
load L applied during measurement. Both the UHMWPE disc
and the AISI 316L ball rotate independently.
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tribosystems and may be correlated with instantaneous

shifts in loading, surface contact, and environment condi-

tions like lubricant temperature and pH, among others.

Therefore, it should be clear, from the beginning, that the

measurement performed with the method herein is not

intended to measure wear; basically, because the number of

cycles required to measure the COF is negligible, compared to

the number required for wear measurements.
Since the indications for lower extremity joint arthro-

plasty have expanded to include both younger and more
active patients (Kurtz et al., 2009), stretching the limits of
performance of prosthetic devices, both in longevity and
functionality, has become necessary. To this end, a great
deal of research has placed special emphasis on developing
and testing new wear-resistant materials and mechanical
designs (Nägerl et al., 2008; Grupp et al., 2010; Grupp et al.,
2013; Mantripragada et al., 2013). Numerical modeling has
also played its part in guiding the direction of research and
innovation (Haut Donahue et al., 2002; Halloran et al., 2005).
However, to the best of the authors’ knowledge, a detailed
description of the behavior of the COF during all phases of a
walking cycle is still missing, and required to further new
developments in TKR design. For instance, through the
behavior of the COF it is possible to infer the lubrication
regimes under which the tribosystem operates; this informa-
tion, in turn, may be used to improve upon the design of
individual components of a TKR to reduce friction and wear.

The ISO 14243-3:2014 standard, to be referred to in the
present work as the ISO standard, specifies the conditions for
the wear testing of TKRs in wear-testing machines with
displacement control (ISO 14243-3, 2014). Naturally, devices
that actually comply with all the requirements of the ISO
standard are quite complex, difficult to operate, and hinder
the possibility of separately investigate tribological phenom-
ena involved in the wear process, such as friction and
lubrication.

Several apparatuses have been put forward to investigate
tribological effects occurring in TKRs under clinically relevant

conditions. Studies by Saikko et al. (2001), van Citters et al.
(2004), and Patten et al. (2013), report on using simpler
configurations to study wear in UHMWPE. For the study of
lubrication, pin-on-disc (Heuberger et al., 2005) and ball-on-
disc (Fan et al., 2011) configurations have been reported. With
due care, these experimental setups have been proven to be
suited for studying tribological effects occurring in more
complex simulators. It is worth emphasizing that the use of
simpler apparatuses has been performed, so far, without
necessarily having in mind compliance with any ISO stan-
dard; rather, they have been applied around small regions of
the COF-lubrication regime phase-space, in so called clinically

relevant conditions, which are usually chosen as extremal
conditions of prosthesis operation.

The primary objective of the present program is to establish
an experimental method by means of which the operating
conditions of loading and arthrokinematics prescribed by the
ISO 14243-3:2014 standard for a TKR, are reproduced on a
simplified geometry – an AISI 316L stainless steel ball on an
ultra-high molecular weight polyethylene (UHMWPE) disc – to
observe the behavior of the COF along an entire walking cycle.
2. Materials and methods

2.1. Experimental setup

The apparatus used in this investigation was an MTM2 ball-
on-disc tribometer (PCS Instruments, London, UK). A sche-
matic representation of the apparatus is shown in Fig. 1. The
steel ball, loaded against the face of the UHMWPE disc, is
driven independently from it, in direct or reverse motion, to
create a mixed sliding/rolling condition determined by two
parameters: the sliding-to-rolling ratio SRR and the entrain-
ment speed Vm ¼ ðV1 þ V2Þ=2, where V1 and V2 are the speed
values of disc and ball at the contact point. The SRR is defined

as the ratio SRR¼
�
�
�Vr=Vm

�
�
�, where Vr ¼V1�V2, is the relative

velocity. The absolute value of SRR is obtained operationally
by exchanging the speed values between disc and ball during
measurement.

The frictional force between ball and disc is measured by a
force transducer, while additional sensors measure applied
load L and lubricant temperature. The tribopair consists of a
19.05 mm diameter AISI 316 L stainless steel ball, grade 100,
with nominal roughness less than 0.012 μm, and a UHMWPE
disc of 46 mm diameter and 6.0070.02 mm thickness.

2.2. Sample disc preparation

Slices of 6 mm thickness were cut from an as received 50.8
mm diameter UHMWPE white UVH bar, manufactured
according to the ASTM-F648 standard. The thickness of the
discs was rectified to 6.0070.02 mm and the diameter lathed
down to 46 mm. The flat faces of the discs thus obtained were
wet ground in running water with emery paper up to 1200 grit
size. The average surface roughness Ra (0.02570.016 mm) was
determined using an EasyScan2 atomic force microscope
(Nanosurf, Liestal, Switzerland) operating in air, under ambi-
ent conditions.

2.3. Lubricant test fluid

Fetal bovine serum (FBS) S1650 from Biowest (Biowest SAS,
Nuaillé, France) was used to prepare the testing lubricant
fluid, following indications from the ISO standard. The testing
lubricant solution was prepared by diluting the as received
FBS in deionized, sterilized water until obtaining a final



Table 1 – Protein concentration of the lubricants.

Protein concentration (g/L) Albumin (g/L) α-Glob (g/L) β-Glob (g/L) γ-Glob (g/L) Viscosity (mPa s)

As received 36 9.7 14.7 11.2 0.3 1.88
Diluted 20 5.37 8.14 6.21 0.17 1.54

Fig. 2 – Arthrokinematics of a left TKR along a sagittal plane
passing through the bottom of the tibial plateau of the
medial tibial compartment, according to the ISO standard.

Fig. 3 – Free body diagram of axial (FA) and reaction forces (FL
and FM) acting on the tibial insert.
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concentration of 20 g/L, as detailed in Table 1. No additional
buffers or antimicrobial reagents were used. The test fluid's
rheological behavior was characterized by means of a Physica
MCR 101 rheometer (Anton Paar Gmbh, Graz, Austria), using
the plate-on-plate configuration. Viscosity curves were
acquired as a function of shear rate, between 10 and
1000 s�1, using a 25 mm diameter plate and a 0.5 mm gap
between plates, at 37 1C. For both fluids the viscosity shows a
shear rate dependency; their values were almost constant
from 800 s�1 onwards, being around 1.88 and 1.54 mPa � s for
the as received FBS and the diluted solution, respectively.

2.4. Adapting ISO standard requirements to the ball-on-
disc experimental setup

The arthrokinematics of a left TKR is schematically depicted
in Fig. 2, along a sagittal plane passing through the bottom of
the medial tibial plateau. The linear anterior–posterior dis-
placement, the tibial rotation, and the flexion angle have
been labeled as ΔAP, φ, and θ, respectively. For a left TKR,
according to the standard, θ is positive for flexion, φ is
negative when rotating counter-clockwise and ΔAP is positive
when moving forward.

The location and direction of the axial force FA and
reaction forces FL and FM, acting on the lateral and medial
compartments of a tibial insert of a fixed-bearing knee-
prosthesis, are schematically shown in Fig. 3. The distribution
of the axial force between lateral and medial condyles keeps
the proportion 39% to 61%. The reaction force FM lies on the
sagittal plane of Fig. 2, at a distance CM/2 of the outer edge of
the prosthesis of width w.

Reproducing the arthrokinematics and loading conditions
indicated by the ISO standard on the ball-on-disc tribometer
requires the geometric factors of the medial condyle for the
specific TKR model used. To obtain them, a 3D model of the
femoral and tibial components of a NexGens CR-Flex Zim-
mer (Zimmer Inc., Warsaw, USA) fixed-bearing knee-prosthe-
sis was obtained, using a Zscanner 800 3D scanner (Z
Corporation, Rosemount, USA). Then, the required geometri-
cal factors were obtained from the 3D models using commer-
cially available CAD software.

2.4.1. Loading conditions
Due to the different values of curvature radii for femoral
condyles and tibial compartments, the contact area at the
tibiofemoral conformity area is
elliptical, while it is circular for the ball-on-flat configuration.
Therefore, the first step in adapting ISO standard conditions
to the tribometer configuration was to establish equivalent
conditions of contact pressure for both the TKR and the ball-
on-flat setup. This was achieved by using Hertz's contact
theory (van Beek, 2006) and appropriate values for the
materials properties and geometric factors, indicated in
Table 2.

The geometric factors were obtained from the 3D-scan
models of the TKR. For the femoral component the curvature
radius along the coronal plane was determined to be 38 mm,
and along the sagittal plane, a value of 32.8 mm was assigned
for the radius RF of the functional flexion–extension axis (Asano
et al., 2005), used later on to calculate the instantaneous
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velocity VF of the femoral component at the contact point. As

for the concave medial compartment of the tibia, a value of –

48.5 mm was determined for the radii of curvature along both
the sagittal and coronal planes.

The mean contact pressure PM for the prosthesis was

obtained using the variation of FM indicated by the standard,
together with the calculated elliptical contact area at the

tibial plateau obtained from the 3D model. The polycentric

pathway followed by the radius of curvature of the femoral
component during flexion–extension was taken into account

(Gunston, 1971). The result is shown in Fig. 4 as a continuous

line corresponds to the maximum contact pressure
Pmax¼1.5PM. The variations of the radius of curvature during

the swing phase are reflected in the hump observed at the
end of the prosthesis pressure curve.

Once the pressure PM was obtained, the equivalent pres-
sure PL for the ball-on-disc configuration was calculated using

the materials properties and geometric factors indicated in
Table 2, correcting for

the change in geometry of the contact area. Due to instru-

mental limitations, only integer values of load larger than 1 N
were allowed. The load values L consistent with this restric-

tion are shown as open squares in Fig. 4. In spite of the
instrumental shortcoming, there is good agreement between

the prosthesis pressure PM, obtained from the ISO standard,

and the working values for the tribometer pressure PL,
Table 2 – Materials properties and geometric factors of
femoral and tibial components, and ball and disc
tribopair.

Medial condyle/Ball Tibial insert/Disc

Materials properties
Roughness, Ra 0.012 μm 0.02570.016 μm
Elasticity modulus, E 200 GPa 830 MPa
Poisson's ratio, ν 0.3 0.46

Geometric factors
Coronal radius (mm) 38/9.5 �48.5/1
Sagittal radius (mm) 32.8/9.5 �48.5/1

Fig. 4 – Contact pressure plots for both PM and PL on the
prosthesis medial compartment and ball-on-disc tribometer,
respectively. Also shown is the load L applied on the
tribometer.
represented as black circles in Fig. 4, except at the end of
the cycle, where the load L could not go any lower in the
tribometer.

2.4.2. Arthrokinematics of the TKR
Using the arthrokinematics depicted schematically in Fig. 2
and the geometric factors in Table 2, the entrainment and
relative speed between femur and tibia surfaces at the
contact point CM/2, in Fig. 3 were determined; these were
labeled Vm and Vr, respectively. The instantaneous velocity VF

of the femoral component at the contact point was calculated
for the entire walking cycle in time intervals of Δt¼0.01 s,
based on the ISO standard, using the radius of the functional
flexion–extension axis RF ¼ 32.8 mm.

The velocity VT of the tibial insert at the contact point has
two components: one due to the AP-displacement ΔAP, and
the other one due to the internal–external rotation φR, where
R¼22.1 mm corresponds to the distance from the tibial axis
to the bottom of the tibial plateau, as illustrated in Fig. 5 for a
left TKR.

When divided by the time interval Δt¼0.01 s, the velocity
of the tibial plateau surface as a function of time VT(t) is given
by:

VT ¼ ΔAP þ φR
Δt

: ð1Þ

Once VF and VT are found, the relative and entrainment
speeds are given, respectively, by:

Vr ¼VF�VT ð2Þ
and

Vm ¼ VF þ VT

2
: ð3Þ

Finally, the sliding-to-rolling ratio SRR is:

SRR¼
�
�
�
Vr

Vm

�
�
� ð4Þ

In terms of SRR and Vm, the femoral and tibial speeds are
given by: VF,T ¼Vm (1þSRR/2) and VT,F ¼ Vm (1�SRR/2). The
subindices emphasize the fact that, during the experiments,
femoral and tibial speeds – executed by ball and disc, respec-
tively – are exchanged.

2.4.3. Kinematics for the ball-on-disc tribometer
Using the geometric parameters in Table 2, the kinematics of
the ball-on-disc configuration was determined, at 0.05 s
Fig. 5 – Arthrokinematics of the tibial insert of a left TKR
according to the ISO standard, R¼22.1 mm for the prosthesis
model used in the present work.
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intervals, from the arthrokinematics of femoral and tibial
components in Fig. 6a, flexion points as well as local extrema
of the curves were also included, tallying 24 experimental
points from which Vr and Vm were obtained. Finally, SRR was
calculated according to Eq. (4) using Vr and Vm in Fig. 6b. The
SRR and Vm values fed to the ball-on-disc tribometer to
measure the COF are shown in Fig. 7.

From Eqs. (2), (3) and (4), it is possible to obtain the
conditions for which either sliding or rolling motions dom-
inate: for SRRZ2, both surfaces move in opposite directions.
In this case, sliding is the predominant mode of motion,
being SRR¼2 the onset for it. On the other hand, for SRRo2
both surfaces move in the same direction. In this case, the
motion is dominated by rolling. The condition for which
SRR¼0, corresponds to pure rolling.
3. Results

3.1. Friction coefficient in the walking cycle

Following the prescribed method, the COF was measured for
the as received FBS and the diluted solution of Table 1. Every
Fig. 6 – (a) Velocities of femur and tibia surfaces, and
(b) entrainment and relative velocities for a walking cycle,
based on the ISO standard, using the geometric factors of the
TKR 3D-model.
(L, Vm, SRR) triad of values was set in the tribometer,

centering the desired value of entrainment speed within the

interval Vm75 mm/s to obtain the COF under steady condi-

tions. The variation of the COF over an entire walking cycle is

shown in Fig. 8; the bars in this figure represent the standard

error of the means.
Two friction regimes are distinguished: low-friction for the

stance phase and high-friction for the swing phase, the

transition from one to the other takes place from the pre-

swing to the initial swing phases of the cycle. Similar

behavior was observed for both the as-received and diluted

test fluids. Slightly higher values of COF along the entire cycle

were measured for the as received FBS.
4. Discussion

As observed in Fig. 8, the COF is lower for the diluted

lubricating fluid along the whole walking cycle. This result

furthers the idea that a protein mediated lubricating mechan-

ism is at work in the tribosystem and will be used to explain

some of the general features observed.
Fig. 7 – Sliding-to-rolling ratio values obtained from Fig. 6b,
and corresponding |Vm| for the entire walking cycle.

Fig. 8 – Behavior of the COF for the lubricant fluids at two
concentrations: 36 g/L (undiluted) and 20 g/L (diluted), for the
entire walking cycle.



Table 3 – Coefficients and powers of the regression model
for both lubricants.

COF¼ b0Pb1 jSRRjb2

b0 b1 b2 R2

COF (@ 20 g/l) 1.319 -0.873 -0.090 0.89
COF (@ 36 g/l) 1.575 -0.893 -0.084 0.92

Fig. 9 – Power model of the COF for concentrations of (a) 20 g/L,
and (b) 36 g/L.
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During the stance phase, the COF is lower than during the

swing phase, even though the average load is higher in the

former, an effect contrary to EHL lubrication theory. Further-

more, this transition starts at the pre-swing phase and

coincides with two events: a drop in FM (Fig. 4), and a decrease

in SRR below 2 (Fig. 7).
Since the COF values reported in the literature correspond

to narrow regions of parameters clinically relevant, no data are

available to compare with the results obtained in the present

work, for the entire walking cycle. Nonetheless, the depen-

dence of the COF on the experimental parameters: Vm, SRR,

and P, was investigated statistically, via standard regression

analysis, adopting a significance level α ¼ 0.05 to decide on

whether or not the variables had a significant effect on

the COF.
Some of the analyzed linear models required up to five

adjusting parameters to provide determination coefficients R2

of about 0.90. Nonetheless, a power model of the type

COF¼ b0Pb1 jSRRjb2 jVmjb3 ð5Þ

also produced determination coefficients close to 0.90, and

the corresponding ANOVA showed that |Vm| had no signifi-

cant effect on the COF for either of the testing fluids. A

summary of the statistical results is shown in Table 3.
The exponent of P is an order of magnitude larger than the

exponent of |SRR|, which means that the COF changes much

faster with P than with |SRR|. The merit of this model is that it

explains 90% of the variability of the COF with a reduced

number of parameters, as shown in Fig. 9.
The model fits quite well for both protein concentrations,

especially during the stance phase when P and |SRR| reach

their highest values. Well within the swing phase, between

60% and 80% of the walking cycle, there is good agreement

between the two plots. Towards mid-swing, however, the

discrepancy between model and experimental COF is accen-

tuated. Still, the value of this result is that it provides a useful

model for numerical simulations of friction and wear of

UHMWPE lubricated with FBS.
A mathematical model of wear in a TKR could use Eq. (5)

to completely define the stress state of UHMWPE at the

contact point. The von Mises yield parameter maximum, on

the surface and the subsurface, increases as the COF reaches

higher values; furthermore, the maximum yield parameter

below the surface moves towards the surface as COF

increases, which makes the material more prone to fail

(Hamilton, 1983).
5. Conclusions

By successfully translating ISO 14243:2014 arthrokinematics

into a ball-on-disc configuration, it was possible to measure

the COF throughout an entire walking cycle.
In contrast to most methods described in the reviewed

literature, the one prescribed in the present work permits the

systematic exploration of the effect of geometric and dimen-

sional changes in the individual components of the tribosys-

tem, over a wider range of the tribological parameters than

the ones limited to clinically relevant conditions.
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