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1. Introduction

Joint replacement by prosthetic implants such as hip arthroplasty or
dental implantation represents today an important part of medical care
mainly due to ageing of our populations [1]. While the surgical tech-
niques are well mastered nowadays, there are still unknown processes
that might slow down the process of healing. Primary mechanical sta-
bility of the bone-implant interface is one of the factors that strongly
affects the osseointegration necessary for fast healing and long term
stability of the implant. Indeed, if the implant subjected to daily loading
exhibits excessive micromotions with respect to the bone, its osseoin-
tegration is slowed down or completely arrested which can lead to the
formation of a fibrous tissue layer, pain and eventual loosening of the
implant [2–4]. The phenomenon of implant-bone micromotions has
been studied for more than two decades both experimentally and by
computer modeling. However, the knowledge on the contact mechanics
between bone and various implant surfaces is still limited and various
results were obtained by different authors [5–7] (see Fig. 1 and
Table 1). Especially in cortical bone, frictional forces depend critically
on the extent of damage produced by insertion of the implant and these
effects therefore need to be investigated independently in more detail.
Moreover, the frictional behavior may involve a third body when sub-
stantial wear between implant parts or between implant and bone is
produced. For uncemented hip implants, it has been shown that micro-
motions at bone implant-interface in the range of 100 μm occur when
physiological loads are applied, for example during gait [4,8]. These
micro-motions (which cannot be completely eliminated) should be
minimized to allow for fast healing process and proper osseointegra-
tion. The micromotions will depend on the coefficient of friction (CoF),

which is strongly related to the material and state of the surface of the
implants. These are usually manufactured from stainless steel (316 L),
titanium or titanium alloys and often have some specific surface
treatment to promote bone ingrowth. The state of the surface of the
implant and its effect on the friction should therefore also be in-
vestigated. Table 1 summarizes some of the studies of frictional prop-
erties between bone and implant. Generally, the CoF was obtained
using flat-on-flat tribological tests with various loads. In most of the
studies, sliding speed and/or load was kept constant. The CoF was
found to vary greatly (sometimes even within a single study) and it
would be almost impossible to use these results for an assessment of
stability of a new implant design using numerical simulation. Well
founded numerical study of implant stability requires indeed an ex-
tension of the range of parameters tested, both in load and speed but
also in materials and their surface treatments.

The aim of this work was to study the frictional properties of se-
lected bone-implant pairs in linear reciprocal movements under various
contact conditions. Stainless steel, titanium alloy and commercially
pure titanium were used to model the implant material and they were
tested against cortical bone samples extracted from bovine tibia. The
tribological experiments were done at various speeds and loads so that
the influence of sliding speed and load on the coefficient of friction
could be determined. The outcomes of this work shall contribute to the
understanding of the frictional properties between implant and bone in
the first weeks post-operation and will help in further modeling of the
bone-implant contact.
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2. Materials and Methods

2.1. Bone Samples

Cortical bone samples were extracted from healthy bovine tibiae
obtained from a local butchery. The samples were cut into cylinders of
~40mm height and the bone marrow was removed. The remaining
hollow cylinders were then cut in the axial direction into ~20mm wide
blocks. The outer surface of these blocks was glued to an aluminum
support using two-component epoxy glue to ensure solid attachment of
the bone to the support while the inner surface was milled with a mi-
crotome. After milling, the surface was polished first with sand paper
and then using diamond polishing paste. To remove the remaining
debris, samples were cleaned for 15min in an ultrasonic bath. All
samples were fresh-frozen and immersed in saline solution before
testing.

2.2. Implant Materials

Stainless steel (316 L), Ti6Al7Nb alloy and commercially pure
Titanium (CP Ti) (all with surface finish corresponding to clinical use)
pins with a spherical end of 10mm radius were used as implant models.
These materials are commonly used for hip prostheses or dental im-
plants. In order to study the effect of surface finish, the CP Ti pin was
also manufactured with a sand blasted surface and with a surface
treatment which was obtained by anodization. This surface treatment
resulted in partially crystalline structure and phosphate enriched tita-
nium oxide characterized by a micro-structured surface with open pores
in the low micrometer range (denoted here as ‘surface treatment’). All
these surface finishes were applied to the spherical part of the pin that
was in contact with the bone. The elastic moduli of the implant mate-
rials and the roughness of the surfaces are given in Table 2, while re-
presentative images of the three surface finishes (polishing, sand
blasting and surface treatment) are shown in Fig. 2. The elastic modulus
values were provided by the manufacturer whereas the surface rough-
ness was measured using a mechanical profilometer (Taylor Hobson,
Leicester, UK). Since negligible wear of the pins was observed, the pins
were reused for experiments with different speeds. However, a new pin
was used for each level of load.

2.3. Frictional Parameter Considerations

The yield stress of bovine cortical bone in the radial direction in

tension is approximately 76MPa and the corresponding value in com-
pression is 113MPa [17]. The contact pressure used in our experiments
were selected in order to study the frictional properties of the bone in
the elastic regime (< 113MPa), in the transition regime between
elastic and plastic regime (~113MPa) and above the yield stress
(> 113MPa). The levels of load used in our experiments together with
the maximum Hertzian pressure are given in Table 3. The minimal load
applied on the contacting sphere of the metal pin was chosen so that it
exceeded the typical pressure of a press-fitted implant as calculated
according to press-fit pressure formulae in [18] (~30MPa).

Another important factor in contact mechanics is the sliding speed.
For the tribological tests to be relevant to the real locomotion, the
sliding velocity should be related to the speed of micro-motions ex-
perienced during gait. This speed is given by the extent of the micro-
motion (100 μm) and the frequency of walking (approximately one step
per second). The average speed of the micromotions during walking is
therefore ~100 μm/s. However, sudden rapid movements of the im-
plant versus bone (such as jumps) are also expected and therefore
frictional properties at higher sliding speeds should be investigated.

The effects of friction are especially important during the primary
stability phase, i.e. several weeks after the implantation of the pros-
thesis. After this period, the stability of the implant is determined more
by the osseointegration and bone ingrowth and the frictional properties
are less important than during the primary stabilization phase. The
duration and the total sliding distance of the test should therefore si-
mulate this period. However, simulation over a period of several weeks
is generally extremely difficult to realize. Therefore, an accelerated test
protocol related to the distance of movement during the primary sta-
bility period was defined. This distance d is calculated according to

=d d nts (1)

where ds is the total micromotion distance during gait (2× 100 μm), n
is number of steps during a day (~6′000) and t is the primary stability
period (~6weeks, i.e. 42 days). Using these values in (1) gives a total
test distance of 50.4m. The duration of one tribological test is de-
termined as the distance d divided by the sliding speed. This results in
test duration of approximately 14min for the highest sliding speed
(94×103 μm/s) and tribometer cycle length of 60mm. This duration of
experiment was kept also for lower sliding speeds but the tribometer
cycle length was decreased to 3mm in order to achieve the lowest
sliding speeds.

Fig. 1. Coefficient of friction as measured by different authors under various conditions. For more details see Table 1.
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2.4. Tribological Experiments

The tribological experiments were done using a pin-on-disk trib-
ometer (Tribometer, Anton Paar, Switzerland) at various loads and
linear speeds with the sample and the metallic pin completely im-
mersed in saline solution (0.9% NaCl in water) at room temperature
(24 °C). All tribological experiments were done in linear reciprocating
mode to simulate the sliding movements of the implant versus bone
(Fig. 3). Five levels of forces (Table 3) were applied in order to test both
elastic and plastic deformation regimes: two levels of forces in the re-
versible regime (1 N and 3 N), two in the irreversible regime (30 N and
50 N) and one in the transition regime (8 N). The sliding speeds selected
were 94 μm/s, 94×101 μm/s, 94×102 μm/s and 94×103 μm/s so
that a broad range of real life conditions (from normal gait movements
at ~94 μm/s up to jumps at 94×103 μm/s) could be simulated. All
experiments were done with the spherical end of the metallic pin in
contact with the bone. In most of the experiments the pin was sliding
along the axial direction of the bone; however a series of experiments
was done also with the sliding movement in the radial direction (per-
pendicular to the axis of the bone). Since the sliding speed is gonio-
metric function of position in linear reciprocating movement, only the
CoF values acquired between −5mm and+5mm and between
−0.5mm and+0.5mm from the center of the 30mm and the 3mm
long cycle respectively were used. In this range the sliding speed varied
between 94% and 100% of the maximum speed.

The tribological tests aimed to study combinations of these effects:

− Vertical load and speed effects: a total of one hundred tests with
stainless steel 316 L were realized: five repetitions for each combi-
nation of load (Table 3) and speed. All tests were conducted along
the axial direction (parallel to fiber direction). For each test a new
bone sample was used.

− Material and speed effects: a total of one hundred tests were per-
formed for each combination of material and speed (five repetitions
for each combination) at the load of 8 N, in the axial direction. A
new bone sample for each test was used.

− Direction and speed effects: a total of 40 tests were performed for
each combination of direction and speed (five repetitions for each
combination) using 316 L steel and 8 N load.

2.5. Analysis of the Results

The results of the tribological tests were evaluated both by de-
scriptive statistics and exploratory statistics. To be able to account for
the dependency among the repeated measures, multiple linear random-
effects models were used to estimate the effects of the test parameters
(speed, load, material and sliding direction) on the coefficient of fric-
tion. Further, a logarithmic transformation of all explanatory variables
was used in order to meet the model assumptions. Specifically, the
following models were implemented:

− load, speed with interaction
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Table 2
List of pin materials, their mechanical properties and surface finish.

Material Elastic modulus
E

Surface finish Surface roughness
Ra

CP Ti 105 GPa Polished 0.14 μm
Surface
treatment

0.90 μm

Sand blasted 0.29 μm
Ti6Al7Nb alloy 105 GPa Polished 0.14 μm
Stainless steel

316 L
200 GPa Polished 0.15 μm
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= + + + + +µ P v P v P v( , ) A A log( ) A log( ) A log( ) log( ) Uij ij ij ij ij i ij1 2 3 4

(2)

− material and speed

= + + +µ v v( ) B B log( ) Uij ij i ij1 2 (3)

− sliding direction and speed

= + + +µ v v( ) C C log( ) Uij ij i ij1 2 (4)

μ denotes the coefficient of friction, P the applied load and v the sliding
speed. Further, Ui denotes the random effect for each repetition
(i=1,2,3,4,5) and εij the individual random error terms. Likelihood
ratio tests were used to calculate the p-values for the fixed effects in the
described models, as well as for the comparisons of different models. No
adjustment for multiple testing was performed. As random-effects
models were used, two values of R2 were evaluated for each model:

− Marginal R2: describes the proportion of variance explained by fixed
effects solely,

− Conditional R2: describes the proportion of variance explained by
both fixed and random effects.

Plots with the fitted model were also generated and two types of
intervals were added to these plots:

− The 95% confidence intervals, giving an impression about the

goodness of fit,
− The 95% prediction interval (estimated via bootstrap), indicating

the area where a future data point would lie (with 95% certainty).

3. Results

3.1. Vertical Load and Speed Effects

Fig. 4 shows the coefficient of friction as a function of sliding speed
and applied load for the polished 316 L stainless steel. On average, for
1 N load, the coefficient of friction decreases with increasing sliding
speed from a value of ~0.6 to a value of ~0.2. A similar decrease of the
CoF with increasing sliding speed was observed for each of the applied
loads (1 N, 3 N, 8 N, 30 N and 50 N). A comparison of CoF at constant
speed (for example 94 μm/s) for all applied loads shows that the CoF for
given speed is decreasing with increasing load. This decrease of the CoF
was most pronounced for the lowest sliding speed (94 μm/s) whereas it
was less pronounced at higher sliding speeds. At the highest sliding
speed (94× 102 μm/s and 94× 103 μm/s) the CoF remained roughly
constant for all applied loads. A closer look at the lowest sliding speeds
indicates that the CoF seems to reach a plateau with value of 0.6 for 1 N
load, 0.5. for 3 N, 0.45 for 8 N and 0.4 for 30 N and 50 N.

The random-effects model shows that the effect of load on CoF is
statistically significant (p < 0.05), i.e. the slope of the fit is different
for each load (see Fig. 5 and Table 4). The effects of speed, as well as the
interaction between speed and load are statistically significant as well
(p < 0.05). Overall, the 95% confidence interval for the average
coefficient of friction is μ ± 0.13, the marginal R2 is 0.65 and the
conditional R2 is 0.77.

3.2. Material, Surface Finish and Speed Effects

The influence of material and its surface finish on the CoF is shown
in Fig. 6. All the tests were performed with a load of 8 N. The 316 L,
pure Ti and Ti6Al7Nb alloy samples had polished surface whereas “sand
blasted” and “Surface treatment” was applied to the CP Ti samples. For
all tested materials the CoF decreased with increasing speed; however
there seemed to be a plateau with constant CoF for the lowest sliding
speeds. On average, the CoF value was ~0.4 for the 316 L steel and
~0.6 for all the other materials except the CP Ti with Surface treatment
where the plateau was less pronounced. The polished 316 L steel ex-
hibited the lowest CoF out of all materials and surfaces tested.

The results of the random-effects model are shown in Fig. 7 and
Table 5. Again, Fig. 7 shows the means of five repetitions per test, the
model fit, the 95% confidence interval and the 95% prediction interval.
The estimated parameters of each model (Eq. (3)) are the diagonal
(bold) values in Table 5: the first parameter is indicating the intercept
of the fit (i.e. CoF for the speed of 1 μm/s on logarithmic scale) and the
second parameter the slope of the fit. For example, commercially pure
titanium has parameter B1 (intercept) 7.97×10−1 and parameter B2
(slope) −3.64×10−2.

Fig. 2. Optical microscopy images of the three types of surface treatment: 1) polished, b) sand blasted and c) surface treatment.

Table 3
Maximum Hertzian pressure in bone (using E=10 GPa and v= 0.45 for bone).

Load [N] Maximum Hertzian contact pressure against steel [MPa]

1 ~60
3 ~90
8 ~130
30 ~200
50 ~240

Fig. 3. Schematic illustration of the linear reciprocating tribological experi-
ment.

C. Voutat, et al. Biotribology 17 (2019) 64–74

67



The off-diagonal, non-bold values, estimate the differences in in-
tercept and slope between the given materials. For example, the in-
tersection of Ti6Al7Nb alloy column and CP Ti row can be interpreted
in the following manner: the estimated intercept for Ti6Al7Nb is
3.65×10−2 larger (p-value> 0.05) and the slope 3.34× 10−3

smaller (p-value< 0.05) than for CP Ti. Therefore, the slopes of these
two fits are different with 95% certainty. A difference in the slope
means that for the same speed variation, the coefficients of friction do
not vary in the same way. Since all slope parameters are significantly
different, it means that the CoF of all materials (and surface treatments)
vary differently with speed. On the other hand, a difference in the

Fig. 4. Friction coefficient as a function of speed and applied load on the 316 L.

Fig. 5. Random-effects model for the effect of speed and load on CoF for 316 L steel showing the fit, confidence interval and prediction interval for each applied load.

Table 4
Estimated parameters of random-effects model for load and speed
effects.

Variable Coefficient

Intercept (A1) 9.416× 10−1⁎

Log(load) (A2) −1.233×10−1⁎

Log(speed) (A3) −6.429×10−2⁎

Log(load)⁎log(speed) (A4) 9.620× 10−3⁎

⁎ p < 0.05
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intercept means that the estimated friction coefficient is not the same at
1 μm/s. The intercept for stainless steel 316 L is significantly different
from the other materials (except for the CP Ti with surface treatment).
There is no significant difference between intercepts for CP Ti, Ti-Al-
7Nb alloy and sandblasted CP Ti. Overall, the marginal R2 is 0.69 and
the conditional R2 0.76. The 95% confidence interval for the average
coefficient of friction is μ ± 0.084.

3.3. Effect of Sliding Direction (Circumferential Versus Axial)

Fig. 8 shows a comparison of the CoF of sliding in circumferential
(perpendicular to fibers) and axial (parallel to fibers) directions at

various sliding speeds. The data were obtained using the 316 L steel pin
and 8N load. On average, the coefficient of friction decreases with
increasing sliding speed for both sliding directions – except for the
lowest sliding speeds where the CoF seems to reach a plateau of ~0.45
for both sliding directions at the lowest speeds. The CoF at higher
speeds is higher for the circumferential direction (perpendicular to the
fibers) than for the axial direction.

A random-effects model according to Eq. (4) was applied in this case
(Fig. 9). Table 6 shows the estimated parameters of the fit to the ex-
perimental data; the interpretation of the results in the diagonal and
off-diagonal cells is analogical to that of cells in Table 5. The non-sig-
nificant difference (no asterisk) between the estimated intercepts means

Fig. 6. Friction coefficient as a function of sliding speed, implant material and surface finish (the Sand blasted and Surface treatment modifications were applied to
the CP Ti sample only).

Fig. 7. Random-effects model fit of speed, material and surface finish.
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that at low speed the friction coefficient is not significantly different for
the two sliding directions. However, the estimated difference of the
slopes is significant. The marginal R2 is 0.65 and the conditional R2 is
0.77. The 95% confidence interval for the average coefficient of friction
is μ ± 0.1.

4. Discussion

The dynamic frictional properties of implant versus bone were
studied under different conditions (load, sliding speed, material, surface
finish and sliding direction) in order to obtain relevant data for further
optimization and modeling of implant-bone interface. While the lower
speeds simulated steady (walking) conditions, the higher speeds simu-
lated situations when the implant is subjected to sudden and rapid
motions (jumps). The range of loads was selected in order to simulate
both natural conditions and higher pressures occurring during mo-
mentarily overloading. Use of different materials and surface finishing
of CP Ti should help in elucidating their effects on the coefficient of
friction between the bone and implant. Finally, orthogonal sliding di-
rections were investigated to check the influence of the bone micro-
structure.

4.1. Effects of Load and Sliding Speed

The observed decrease of CoF with increasing load is very likely
related to local conditions at the surface: at higher loads, the surface
asperities of the bone (although polished) are further flattened by
plastic deformation, thus making the surface flatter, which results in
lower resistance to sliding and hence lower CoF. Similar trend was
observed also by Chowdhury [19] who however explained this decrease
of CoF by increased quantity of wear debris at higher loads, leading to
easier sliding of the implant and thus lower CoF. Most likely, these two
effects were combined and they were more pronounced at higher loads
where larger deformations are expected. At the same time, variation in
load affects the fluid flow at the interface between the surface of the
bone and the surface of the implant, which contributes significantly to
the lubrication. The combined effect of load and speed in lubricated
sliding contact can be described by the Stribeck curve [20], where the
CoF is plotted as a function of Hersey's number, which is defined as
v× η/P where v is sliding speed, η is viscosity and P is load. The CoF
from our experiments as a function of Hersey's number is shown in
Fig. 10. This chart can be considered in two ways: CoF as a function of
speed and CoF as a function of load. While the influence of speed (at

Table 5
Estimated parameters of the random-effects model (B1 and B2) for different implant materials and surface
finish. The diagonal values are the parameters of the Eq. (3) fit and the off-diagonal values are the differences
between the fit parameters for the given combination of materials (* p< 0.05).

Fig. 8. Influence of the sliding direction on the coefficient of friction.
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constant load) indicates a plausible mixed lubrication (decrease of CoF
with increasing Hersey's number), the influence of load (at constant
speed) indicates rather hydrodynamic lubrication (increase of CoF with
increasing Hersey's number), which is not credible at low speeds. The
characterization of the lubrication regime with the Stribeck curve is
therefore not adequate for the present experiment. However, one can

note that the effect of load on CoF is much stronger than the effect of
speed: the estimated slope of the logarithmic fit to CoF at constant
speed (with varying load) is higher than the estimated slope with
constant load (with varying speed) (see Table 4 and data in Appendix).
In other words, variation of load by a factor of fifty (1 N to 50 N) results
approximately in a two-fold decrease of the CoF whereas for the same
increase (two- to three-fold) of the CoF the speed would have to vary by
a factor of thousand. At load levels most relevant for the real applica-
tion (i.e. low speeds and loads of 3 N to 8 N corresponding to walking),
on average the CoF for the 316 L steel takes on a value of ~0.45. The
strong effect of load is mostly pronounced at lower speeds whereas it
tends to be less important at higher speeds. This effect shall be inter-
preted in respect to the increasing inelastic deformation of the bone
with increasing load which reduces asperities and favors boundary lu-
brication.

The mean value of CoF at low speeds (~0.45) gives relevant in-
formation about the frictional behavior of bone and implant in the most

Fig. 9. Random-effects model fit of speed and sliding orientation on CoF.

Table 6
Estimated parameters of the random-effects model (C1 and C2) for speed and
sliding direction.

Axial Circumferential

Axial 6.85×10−1⁎ −5.97×10−2

−4.46×10−2⁎ 1.70×10−2⁎

Circumferential 6.25×10−1⁎

−2.76×10−2⁎

⁎ p < 0.05

Fig. 10. CoF as a function of Hersey's number (speed ∗ viscosity/load).
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often encountered condition (walking) during the primary stabilization
phase. The value of CoF of 0.45for the 316 L steel and ~0.6 for the Ti
and Ti alloys is also in good agreement with literature [21,22] and can
thus be used in bone-implant models. It has to be mentioned that the
measurements at 30 N and 50 N induced inelastic deformation in the
bone. Although less relevant to the real life situation, these measure-
ments were nevertheless important to determine the evolution of CoF at
higher loads which can occasionally occur. It is a comforting outcome
that at normal load conditions (i.e. below ~10N) the coefficient of
friction is higher than at higher load and thus favors the implant in-
tegration by reducing the micro-motions.

4.2. Effects of Material and Surface Finish

Similarly, as for the load and speed variation on the 316 L steel, the
CoF decreases with increasing sliding speed on all tested materials and
surface finish (Fig. 6). The CoF of 316 L steel is however considerably
lower than the CoF of the other tested materials (CP Ti, Ti6Al7Nb alloy,
CP Ti sand blasted and CP Ti with Surface treatment). The four other
materials exhibit very similar CoF at corresponding sliding speeds,
which indicates that the effect of material and surface finish on the CoF
within this group is negligible. A general increase of CoF with increased
surface roughness (CP Ti sand blasted and CP Ti with Surface treat-
ment) was observed by Wang et al. [17]. Wang et al. studied the in-
fluence of surface roughness on CoF of tilt pad thrust bearings and
found that the average lubricating film thickness increased with in-
creasing surface roughness. In our case, given the large difference in
hardness of the contacting materials, higher CoF can also be attributed
to the ploughing effect of the CP Ti materials with additional surface
treatment. Indeed, the asperities of the rougher CP Ti surfaces were in
direct contact with the bone, which resulted in higher CoF. The de-
scriptive statistics also showed that on average the value of CoF at 8 N
and 94 μm/s is ~0.45 for 316 L steel and ~0.6 for CP Ti and Ti alloys.
The increased CoF of Ti and Ti alloys seems to be due to the fact that
these materials are more compliant than steel and deform more under
the same load, which leads to increased contact area and hence larger
CoF. It is therefore expected that implants from Ti and Ti alloys will
have smaller displacements during the normal (walking) activity in the
course of the post-operation stabilization period and hence heal more
rapidly. The value of CoF for Ti and Ti alloy allows also for adapted
input for modeling of titanium implants.

4.3. Effect of Sliding Direction

The effect of sliding direction was tested using 316 L steel material
at load of 8 N at various speeds. Interestingly, there was no significant
difference in CoF between sliding in the axial and circumferential di-
rection at low speeds. At higher speeds however, the CoF was larger
when sliding in the circumferential direction (i.e. perpendicular to the
fiber direction) than when sliding in the axial direction (parallel to the
fiber direction). This resembles the above mentioned effect of surface
finish: the rougher surface (sliding direction perpendicular to the fibers)
exhibited higher CoF than the smoother surface (sliding parallel to the
fibers). When sliding in the axial direction, there are fewer obstacles
(fibers) and therefore less resistance in pin movement, resulting in
lower CoF. The dependence on speed may be attributed to the improved
lubrication along the fibers versus across the fibers. At low speed this
effect may not be perceptible as the fluid pressure does not build up, but
it could gain in importance when the speed increases and the fluid
remains trapped along the fibers rather than escaping laterally.

4.4. Limitations of the Current Study

4.4.1. Materials and Bone Structure
The current work investigated the effects of several parameters such

as sliding speed, load, material and surface finish as well as the sliding

direction on the friction properties of the bone-implant pair. Although
these parameters are important in the evaluation of the friction of the
bone-implant system, there are still some factors that shall be in-
vestigated further. Namely, the choice of 316 L steel instead of titanium
alloys for many experiments can be questioned. The 316 L steel how-
ever represents historically the most common implant material and is
still used in some countries and applications such as screws. Moreover,
it is an industrial standard that can be reproduced by any laboratory.

Also, the bovine bone, used in our tribological experiments, has
different microstructure than the human bone. The clinically relevant
human bone microstructure is lamellar in comparison to the plexiform
architecture of the bovine bone. Nevertheless, their elastic and post-
yield properties are qualitatively similar and it is therefore expected
that the observed trends in friction will remain valid but to be slightly
different quantitatively.

4.4.2. Tribological conditions (linear motion, temperature, saline solution)
The tribological experiments were performed using linear re-

ciprocating mode. Although the real path during the micromotions may
be curvilinear and exhibit some hysteresis in vivo, we believe that the
linear movement is a good approximation and can be most easily re-
produced with industrial tribometers. We also acknowledge that the
extent of the motion is larger in the experiment than in typical in vivo
situations but a longer path is a constraint of common tribological
systems. Using a nano-level system with shorter path control would not
have offered the proper level of pressure. It is worth noting that all
measurements were done at room temperature rather than at body
temperature. Measurements at body temperature would be more rea-
listic but it is well-known that the bulk material properties of bone are
not highly sensitive to temperature. Accordingly, we did not expect
significant changes in the tribological properties with temperature.
Saline solution was used during our tests as it is the most common
model for bone fluid. Since we already investigated numerous para-
meters, we did not explore the effects of different fluids. We do not
know if proteins will have an influence in the presence of a rough bone
surface, but this is certainly worth investigating in the future.

5. Conclusions

The present study investigated tribological properties of implant
versus cortical bovine bone under various conditions. The effects of
load, sliding speed, implant material, surface finish and direction of
sliding were analyzed in a systematic tribological study which simu-
lated real life conditions (walking and jumps) in the post-operation
period. It was found that the CoF is affected more strongly by load than
by sliding speed: a fifty-fold change in load resulted in similar change of
CoF as a thousand-fold change in speed. At low speeds and loads
(corresponding to walking) the CoF was found to be ~0.45 for 316 L
steel and ~0.6 for the Ti and Ti-alloy implants. It was found that steel
316 L has generally lower coefficient of friction compared to the Ti and
Ti alloy, which could be attributed to larger contact area and hence
increase of CoF of these materials. The friction coefficient does not seem
to be affected by the sliding direction; however at higher speeds a
higher friction coefficient was observed when sliding in the cir-
cumferential direction than in the axial direction. Despite several lim-
itations mentioned in the discussion, we believe that the presented
results contribute to the understanding of the lubricated friction be-
tween bone and implant, which is crucial for modeling of this contact
problem. The results will also help the development and optimization of
new implants and their surface finish.
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Appendix A

Fig. A1. Coefficient of friction as a function of sliding speed divided by load (v/P). To show the effect of the load, the data for each sliding speed were fitted (the slope
of the fit is given in the chart). The higher the slope of the fit, the ‘stronger’ the effect of the load.

Fig. A2. Coefficient of friction as a function of sliding speed divided by load (v/P). To show the effect of the sliding speed, the data for each load were fitted (the slope
of the fit is given in the chart). The higher the slope of the fit, the ‘stronger’ the effect of the speed. Note smaller (absolute) value of the slope of the speed fit compared
to the slope of the load fit.
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