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A B S T R A C T   

Cementless total knee arthroplasty (TKA) components have rough and porous surface coatings which can 
enhance bone ingrowth and stability at the bone-implant. To achieve primary stability in the postoperative 
period where no apposition is formed, the resistance against motions between bone and implant is optimized by 
increasing the friction at the interface. This is necessary, as excessive relative motions can inhibit bone ingrowth, 
which might result in loosening and pain. In this research, it was found that the friction can be predicted by 
measuring the surface morphology of rough implants, and calculating the corresponding perpendicular and 
lateral contact area parameters. The ratio between these areas, is used to predict the resulting coefficient of 
friction (COF). This is validated experimentally, by analysing the tribological behaviour of 2 porous and rough 
titanium coatings against human cadaveric knee bones using reciprocal friction tests with varying normal loads. 
The results for 2 different coatings showed similar findings for the predicted COF (0.75 and 0.88) versus the 
calculated values based on the measurement (0.82 and 0.86) proving the feasibility of the approach.   

1. Introduction 

Total knee arthroplasty (TKA) is a frequently performed orthopaedic 
surgical procedure (Wood, 2007). While a stable interface between TKA 
implants and bone can be achieved by using bone cement (PMMA), 
several disadvantages have been found including cement fatigue, gen-
eration of particulate debris, and progressive bone loss (Goodman et al., 
1988; Hirschmann and Becker, 2015; Hofmann et al., 2001; Kamath 
et al., 2021; Peters and Rosenberg, 1994; Ritter and Meneghini, 2010). 
An alternative solution is the use of uncemented TKA implants, based on 
biological fixation of porous coated implants. However, the long-term 
success of uncemented implants after total knee arthroplasty (TKA) is 
dependent upon the initial stability of the fixation. Excessive motions at 
the interface can result in pain and are recognized to inhibit bone 
ingrowth due to wear of the bone and the formation of fibrous tissue at 
the implant interface, resulting in loosening in the long term (Britton 
et al., 2004; Cameron et al., 1973; Dammak et al., 1997; Han et al., 2007; 
Hungerford, 1991; Keaveny and Bartel, 1993; Pilliar et al., 1986; 
Schwarz et al., 2009). 

From a mechanical point of view, a stable fixation can be achieved by 
optimizing the compressive and frictional forces acting on the bone- 

implant interface that is created by a press-fit. This is achieved by the 
difference in dimensions between implant and bone. Oversize of the 
bone cuts, compared to the inner implant dimensions results in a desired 
compressive force at the bone-implant interface (Fig. 1A). During and 
after implantation of TKA femoral components, friction occurs at the 
interface of posterior and anterior contact planes where motion will be 
constrained by the distal plane. Stability can be achieved by frictional 
forces. In case of a smooth polished implant surface, the friction will be 
limited, as is than dominated by the interfacial shear strength which in 
turn results from adhesion forces and chemical bonds (Norris et al., 
2008). Increase of the total friction can be achieved by creating hard, 
rough surfaces where the roughness peaks will scratch through the soft 
bone surface. In this case the shear strength of the bone, which is 
commonly larger than the interfacial shear strength, will define the 
resulting friction force (Goddard and Wilman, 1961; Sin et al., 1979; Xie 
and Williams, 1996) Increasing the surface roughness of the implant will 
therefore be beneficial, as it is expected to increase the friction at the 
interface with the bone. Asperities at the implant surface will be pressed 
into the bone and relative motion will be restrained by the stress in front 
of the asperities (Fig. 1B and C). When loading forces are small, the 
deformation will remain elastic. However, with increasing load, yielding 
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will occur and the bone will deform permanently, with the risk of 
increasing bone wear. Currently, the tribo-mechanical behaviour at the 
bone-implant interface can only be measured experimentally as 
bone-implant contact mechanics at the scale of asperities is yet only 
poorly understood (Voutat et al., 2019). The aim of the current work is 
to contribute to modelling of the bone-implant interface interactions, 
focussing on predicting the dynamic coefficient of friction (COF). For 
that, a numerical friction model was developed and validated experi-
mentally. The experiments were carried out with two different rough, 
porous implant coatings and a polished titanium reference sample 
against six different cancellous bone samples which were dissected from 
human cadaver femoral knee bones. Texture and hardness of the bone 
samples and of the two implant coatings were measured with confocal 
microscopy and nano indentation. 

2. Ploughing friction for a rough hard surface in sliding contact 
with human bone 

Friction is generally considered to consist of an adhesion term and of 
a ploughing term (Blau, 1992). Expressed in the friction coefficient (μ) 
this gives Eq. (1), in which μa is the adhesion component and μp.the 
ploughing term. 

μ= μa + μp (1) 

The adhesion term can be written as given by Eq. (2), where Fn is the 
normal load, τsh is the interfacial shear strength and Ash is the real 
contact area. 

μa = τsh.Ash/Fn
(2) 

As the product of interfacial shear stress and real area of contact, the 
denominator of Eq. (2), quickly reaches a maximum due to the limited 
resistance to elastic deformation of the soft surface, a characteristic 
trend is explained for soft elastic materials in sliding contact with a 
smooth rigid counter surface. For those sliding contacts where the ad-
hesive component is dominant, the coefficient of friction decreases with 
increasing normal load (Pascoe and Tabor, 1956). Since surface peaks all 
possess different ratios of height and tip rounding, the ploughing term 

will be approached as the summation of individual asperities. The 
pressure needed to deform the surface plastically equals the yield 
pressure pγ, which is assumed to be similar to the hardness of the softer 
material (Bhushan, 2000; Bowden et al., 1943). The deformation pres-
sure in sliding direction σγ equals the yielding pressure pγ in case of 
non-work-hardening materials. In this work it was assumed that the 
same approach can be applied to human bone, using the bone hardness 
for H and a pressure pγ, that permanently deforms the bone surface 
locally. 

Now assume that the normal load ΔFn is supported by the projected 
area ΔAL and take the vertical projected area, ΔAP of the groove as the 
area that supports the friction force ΔFf as shown Fig. 2, than the 

Fig. 1. Schematic drawing of a femoral TKA implant. A) Compression due press-fit B) Roughness at bone -implant interface. C) Stresses in the bone at individual 
surface peaks due to tribo-mechanical load. 

Fig. 2. Schematic drawing of an asperity ploughing through bone.  
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resulting ploughing term of friction in sliding contact for a single 
implant surface asperity can be derived as in Eq. (5) 

ΔFn = pγΔAL (3)  

And 

ΔFf = σγΔAP (4)  

Thus: 

μp =

∫
σγdAP∫
pγdAL

(5) 

The total projected area of all implant surface asperities in contact 
with the bone is related to the applied loading pressure and the hardness 
of the bone. The static loading pressure PL, see Eq. (6), depends on the 
porosity of the bone, which will significantly reduce the load carrying 
area and increase the local contact pressure rapidly to the maximum 
pressure i.e. the bone hardness at the macroscale. 

PL =
Fn

AApp*cd
(6)  

Where AApp is the apparent contact area, defined as the total area at the 
implant bone interface that is available for contact and cd is the bone 
contact area density. 

The final ratio Rar of the area in contact between the implant as-
perities and the bone on sliding changes to the ratio between real contact 
pressure PL and the bone hardness H/2, since only the front part of the 
moving asperities are carrying the normal load (7). 

Rar =
PL

H /2
(7) 

When the size of the asperities are in the same range as the trabecular 
thickness a significant reduction in the load bearing capacity can be 
expected. 

As a result of these ratios, a transition from α to β slip-lines can be 
expected, leading to a significant reduction of load bearing capacity as is 
shown in Fig. 3, where the left side shows full support and the right side 
shows loading close to the edge. 

At the left side normal indentation behaviour is expected, and the 
contact pressure approaches σy ≅ 3⋅Y , where Y is yield stress (John-
son, 1985). At the right hand side, the slip-line will meet the vertical 
surface at 45◦ and the hydrostatic pressure is almost constant along the 
slip-line, and therefore the contact pressure is close to the yield stress 
σy ≅ Y. This figure shows a simplified 2D case whereas the real case is 
far more complicated due to the elasticity and 3 dimensional behaviour. 

3. Materials and methods 

3.1. Bone samples 

Trabecular human femoral bone samples were cut from six human 
cadaveric knees (age 47–60 yr). The bone samples were selected from 
posterior and anterior regions of the bone and stored hydrated, in sealed 
bags at − 20 ◦C upon experimenting. The bones differed in properties 
from healthy, osteoporotic to arthritis leading to different bone densities 
and mechanical properties. 

Before friction measurements, the contact surfaces of the bones were 
prepared by milling the bone to protruding flat surfaces of 10 × 10 mm 
at 1 mm height to reduce bulk shear deformation. The bones were kept 
hydrated with a saline solution continuously during preparation and 
friction experiments. The preparation time before friction experiments 
well exceeded the thawing time of the bone. 

During friction experiments the load transfer in normal and 
tangential direction is related to the yielding properties of the bone and 
the real contact area between implant and bone. The yield strength of 
the bone is directly related to the hardness of the trabeculae, which 
varies with mineralization and density. The measured bone properties 
are given in detail in the next section. 

3.1.1. Bone density and trabecular thickness 
The density of trabecular bone (Adams et al., 2018; Cowin, and 

Telega, 2003) and its relation to the mechanical properties is extensively 
described see for example (Keller, 1994; Kopperdahl and Keaveny, 1998; 
Sanyal et al., 2012; Zioupos et al., 2008) resulting in polynomial re-
lations between density versus yield stress and modulus. The density D 
of the bone is defined as: 

Dapp=Bone mass/Total volume (8)  

Dmat = Bone mass/Bone volume (9)  

BV /TV = Dapp/Dmat (10) 

In which Dapp is the apparent mass density over the total volume, 
and Dmat is the material density at trabecular level. Furthermore, BV is 
the bone volume and TV is the total volume. In these cases, a power law 
relation of the Youngs modulus and the apparent or ash density was 
found. 

The density measurements were conducted by measuring polished 
bone surfaces with a confocal microscope (Sensofar SNEOX, Terassa, 
Spain), see Fig. 4. After applying a height cut-off filter of 20 μm, the 
stitched areas of 6.4 × 4.8 mm with a resolution of 1.3 μm/pixel were 
analysed in LABVIEW (National Instruments Corporation, Austin, TX) to 
obtain the area densities of the surfaces (Beck et al., 1997). Digitizing 
the image with LABVIEW and calculating the area ratios gave the con-
tact area density (cd) of the bone samples. Additionally, the average 
trabecular thickness (Tb.th) was derived by calculating short side of the 
equivalent rectangle from the perimeter/area ratio of the trabeculae 
leading to an average thickness value per area. Detailed measurements 
were performed by measuring the local thickness maxima of the indi-
vidual trabeculae. With the same resolution of 1.3 μm/pixel, a Matlab 
script (Mathworks, USA) was used to calculate the distribution of the 
trabecular thickness of each bone type. 

3.1.2. Bone hardness 
The mechanical properties of the trabeculae were measured using a 

nano-indenter (Anton Paar, NHT2). The bone was cut using a precision 
diamond saw (Struers, Accutom-2), and the cross-sections were polished 
with 4000 grit abrasive paper. Additional actions needed were dabbing 
the surface layer with tissue to remove excessive moisture without the 
need to dry the bone, which would significantly influence the mechan-
ical properties (Bayraktar et al., 2004; Zysset et al., 1999). The inden-
tation load used was 10 mN with an indentation speed of 20 mN/min 

Fig. 3. Transition of slip lines with full support (left) and edge support (right) 
with spherical indentation (adapted from Johnson, 1985). 
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and a holding time at maximum load of 10 s using a Berkovitch indenter 
probe. The holding time of 10 s was chosen with respect to the visco-
elastic behaviour. Measurement results were fit in MATLAB using the 
Oliver-Pharr method (Oliver and Pharr, 1992) with a geometric constant 
of ε = 0.73, a modulus of Ediamond = 1141 GPa and Poisson’s ratios 
νdiam = 0.07 and νbone = 0.3, in combination with a viscous correction 
obtained by the hold curve at maximum load (Ngan et al., 2005). The 
apparent contact area at the onset of unloading was used to define the 
reduced modulus (Er). From this the Young’s modulus of the bone could 
be derived (11). 

Ebone =Er (1 − ϑbone
2) (11)  

3.2. Implant surface properties 

Two implant specimens (40 × 43 × 5 mm) with different coatings, 
hereafter called surface A and surface B, were used for the tribological 
experiments. Both samples were made from a medical grade cobalt 
chrome substrate, coated with a porous biocompatible titanium-based 
coating. These two surfaces are chosen for their heigh roughness and 
porosity properties which are known to improve ingrowth over time 
(BOBYN et al., 1980a, 1980b; Hulbert et al., 1974; Kienapfel et al., 1999; 
Peters and Rosenberg, 1994). Photos made with a Scanning Electron 
Microscope (JEOL, JSM-6400), reveal the differences between the two 
coatings. (Fig. 5 A/B). Digitized polished cross-sections of the implants 
give an impression of the porosity of both textures. (Fig. 5C–D). surface 
A had a smaller grain size with sharp, loosely stacked particles and high 
peak density, whereas surface B had larger rounded particles and lower 
peak density. A polished titanium sample created from surface B, was 
used for reference in the friction measurements. The coating thickness 
was thick enough at the cobalt chrome interface to realise a smooth 

titanium surface. 

3.2.1. Implant roughness 
The roughness of surface A and B as well as the roughness of a pol-

ished reference sample were measured with a confocal microscope 
(Sensofar SNEOX, Terassa, Spain) using a 10× magnification with a 
lateral and vertical resolution of 1.29 μm and 25 nm leading to height 
arrays of 1024 × 1360 pixels (Fig. 6). These height arrays were later on 
analysed in Matlab to obtain the contact area ratios. 

3.2.2. Implant surface hardness 
The hardness of the coatings was measured with a nano-indenter 

(NHT2, Anton Paar, Switzerland) using a Berkovich indenter probe. 
The polished samples were indented with a load of 5 mN and an 
indentation speed of 10 mN/min. Low indentation loads were chosen 
with respect to the asperity dimensions. 

3.3. Friction measurements 

Reciprocating friction measurements were performed to measure the 
frictional forces at the bone-implant interface using a Universal Me-
chanical Tester (UMT, Bruker, United States). The principle of the device 
is schematically presented in Fig. 7. Implant surface samples were 
loaded on a moving bone sample. Load and displacement were 
controlled, while friction forces were measured. The bone samples were 
machined to 10 × 10 mm flat surfaces to create a defined contact area. 
Due to the morphology and mechanical properties of the bone and 
implant, a large range of contact pressures can be expected at the 
interface during and after implantation. Normal loads in the contact 
were varied from 10 to 250 N, leading to contact pressures of 0.1–2.5 

Fig. 4. Cross section of the bones used for area density and hardness measurements. [6.4 × 4.8 mm] (A) bone 1. Osteoporotic cd = 25%, (B) bone 4. Arthritis cd =
56%, (C) bone 6. Arthritis cd = 40%. 

Fig. 5. (A) Scanning electron microscope (SEM) image of implant surface A (B) SEM image implant surface B (C) cross-section implant-A (D) cross-section implant-B. 
(same length scale). 
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MPa similar to the press-fit contact pressures at the bone and implant 
interface during TKA (Burgers et al., 2009). For every experiment, a 
constant load was applied at the contact for 60 s to reduce viscoelastic 
creep during the friction measurements. The dynamic COF was 
measured using a reciprocating drive, with amplitudes from 0.5 to 1 mm 
to ensure constant dynamic friction forces. During the reciprocal mo-
tions the displacement frequency was kept constant at 1 Hz, leading to 
maximum velocities of 0.5–1 mm/s. The relative displacement between 
bone and implant was measured with a capacitive sensor. 

4. Results and discussion 

4.1. Bone properties 

Bone density, trabecular thickness and hardness were measured on 
the cross sections of the 6 different bone samples using confocal mi-
croscopy. A Labview program was used to analyse the trabecular 
thickness and area density of the different bones. A more detailed 
measurement on trabecular thickness was done using a Matlab script 
leading to trabecular thickness results as shown in Fig. 8. The measured 
values appeared to be significantly lower than values found in literature 
(Touraine et al., 2015; Yorkston et al., 2019; Zhang et al., 2010), which 
are in the range of the maximum measured values. The results are shown 
in Table 1. 

Hardness measurements, on the cross sections of the bones, with a 
load of 10 mN using a NHT2 nano-indenter, were analysed using a 
Matlab script. The results are summarised in Table 1 as well. The 
measured values for moduli and hardness are comparable to values of 
trabecular bone found in literature (Engelke et al., 2016; Tomanik et al., 
2016). 

4.2. Implant properties 

The roughness of the implant surfaces was measured with a Sensofar 
confocal microscope at a magnification of 10x. The peak-valley (Rz) of 
both surfaces was high and appeared to have a large standard deviation. 
The autocorrelation length (Sal) represents the profile length above 

which the roughness values do not increase anymore and is therefore 
related to the asperity peak distance, which showed that the peak dis-
tribution was much lower on implant surface B as is also clearly visible 
on the SEM pictures in (Fig. 5C–D). The results of the measurements are 
listed in Table 2. 

The hardness of surface A appeared to be lower than surface B, which 
probably resulted from the higher degree of porosity in surface A, such 
as can be seen from (Fig. 5C–D). For reference, the results of the Cobalt 
Chrome base material is added to the results as well. The results are 
summarised in Table 3. 

Fig. 6. Confocal roughness measurements surface-A (left) and surface-B (right).  

Fig. 7. Schematic drawing of the friction measurement setup.  

Fig. 8. Histogram local trabecular thickness of bones 1 to 6.  
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4.3. Application of the friction model to the TKA implant surfaces 

Due to the fully random surface morphology, with high surface peaks 
and different radii of curvatures on asperity level, of both coated implant 
surfaces A and B, a numerical approach was used to calculate the ex-
pected friction coefficients, see Fig. 9 for an overview of the approach. 

The roughness data of surface A and B were used to predict the 
ploughing term of friction in sliding contact with the bone surfaces. 
Starting from the highest peak of the implant surfaces, with increasing 
depth, the projected areas of the individual peak areas AL, for the normal 
load, and a 2-directional average area AP, for the friction force, of the 
individual peaks were calculated, see Fig. 10 and Fig. 11. 

From these calculations, the equivalent contact diameters of the in-
dividual asperities were derived for both surfaces (Fig. 12). From the Tb. 
th values measured from the different bones (Table 1), it appeared that 
asperity contact diameters and the average Tb. th dimensions were in 
the same range at indentation depths of 100 μm. With the measured 
hardness and density values of the bone samples, see Table 1 and using 
Eqs. (6) and (7), a maximum contact area between the coated implant 
surfaces and bone of 2%, with healthy bone 1 was found, at the 
maximum pressure of 2.5 MPa. Since the contact size of the asperities of 
the surfaces are in the same range as the thickness of the trabeculae, a 
significant increase in indentation depth can be expected. With 

increasing indentation depths, the yield stress, instead of the hardness of 
the trabeculae will define the limiting contact area and therefore the 
contact area is expected to end at 6% of the total implant surface with 
healthy bone. When using lower cd and hardness values from the other 
bone samples, the expected contact area reached a maximum value of 
14% with bone 6. 

Simplified normalised plane-strain finite elements calculations in 

Table 1 
Measured bone properties of the 6 different human bone samples. Value (stan-
dard deviation [SD]) (hlt = healthy, op = osteoporosis, art = arthritis). N = 6 for 
area and trabecular thickness measurements.  

Sample 1 (hlt) 2 (op) 3 (op) 4 (art) 5 (art) 6 (art) 

Hardness [MPa] 598 
(107) 

524 
(112) 

482 
(78) 

540 
(91) 

348 
(100) 

268 
(69) 

Young’s Modulus 
[GPa] 

9.5 
(1.4) 

8.5 
(1.5) 

7.4 
(1.1) 

10.1 
(1.7) 

7.1 
(1.7) 

7.1 
(1.9) 

N 19 24 22 17 21 14 
Area Density [%] 43 (10) 25 (4) 36 (7) 56 (8) 44 (2) 40 (7) 
Trabecular 

thickness [μm] 
65 (7) 45 (2) 49 (5) 53 (4) 58 (6) 58 (2)  

Table 2 
N = 15, Ra= CLA roughness, Rq = RMS roughness, Rz = peak-valley, Sal =
autocorrelation length, Str = Texture aspect ratio. Value (SD).   

Ra [μm] Rq [μm] Rz [μm] Sal [μm] Str [-] 

Surface A 41.2 (1.4) 51.2 (1.6) 357.7 (35.2) 83.3 (9.2) 0.9 (0.1) 
Surface B 53.0 (6.2) 66.3 (7.8) 518.2 (83.6) 132.1 (15.2) 0.7 (0.2) 
Polished 0.1 (0.0) 0.2 (0.0) 2.4 (0.5) 9.7 (0.3) 0.8 (0.1)  

Table 3 
Hardness implant materials; CoCr = base material, surface A, surface B. Value 
(SD).   

CoCr Surface A Surface B 

Hardness [GPa] 10.3 (1.0) 3.2 (0.4) 4.8 (0.5) 
Young’s Modulus [GPa] 297 (30) 137 (22) 133 (15) 
N 8 20 18  

Fig. 9. Flow chart of the approach.  

Fig. 10. Surface -A; peaks in contact at 20% of the total bearing area.  

Fig. 11. Bearing area (AL) and ploughing area (AP) with increasing indentation 
depth to 20% bearing area for surface A and B (average 15 measurements). 
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COMSOL showed the difference between a centrally loaded, fully sup-
ported asperity and an asperity in the same size range of the trabeculae. 
In the simulation the Young’s modulus versus yield stress ratio of 100 
was used (Wang et al., 2015). The ball was indented to a distance r/2. 
This resulted in load ratios between solid and edge support of 2.7 at 
maximum depth (Fig. 13). This was consistent with the statement in 
Section 2 where the contact pressure reduced to the yield stress. From 
these calculations it is assumed that the final contacting implant surface 
area does not exceed 20% and therefore this value was used for surface 
analyses. 

With the calculated areas (Fig. 11) and the measured bone proper-
ties, the ploughing component of the friction μp can be predicted for both 
textured implant surfaces using Eq. (5). The resulting calculated friction 
coefficients reached values of 0.75 (SD = 0.06) and 0.88 (SD = 0.21) at 
maximum load for surface A and B respectively (Fig. 14) Differences in 
the roughness of implant surface B (SD) resulted in larger variations of 
the calculated COF. The peak densities of both surfaces are shown in 
Fig. 15. The peak density of 70 peaks/mm2 led to individual asperity 
distances of 120 μm. The measured Sal (Table 2) of surface A was smaller 
with a value of 80 μm indicating a saturation in the peak determination, 
which is visible in the figure from depths of 115 μm. From this depth the 
asperities could not be individually determined and merged to single 

bigger peaks. The ploughing component μp of the polished sample was 
calculated as well and found to be < 0.05, indicating the friction 
component of polished surfaces is mainly formed by adhesive forces. 

4.4. Friction measurements 

With both implant surfaces and the polished reference sample, fric-
tion experiments were performed in a load range of 0.1–2.5 MPa. For 
both implant surfaces, the friction measurements led to continuous wear 
of the bone. Even wear of the implant was observed (Fig. 16), although 

Fig. 12. Equivalent contact diameters of the individual peaks with increasing 
depth for surfaces A and B (average 15 measurements). 

Fig. 13. Plastic deformation of A) full support and B) edge support indentations 
with similar indentation depths. Normalised FE simulation. 

Fig. 14. Calculated COF for surface A and B, for bone 1 to 6. Different colours 
indicate different bone types. 

Fig. 15. Peaks in contact with increasing penetration depth for surface A and B 
up to a contact area of 20%. (average 15 measurements). 
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this was not accompanied by a change in friction force in the 

measurement results. This might be because of the high roughness 
properties of both surfaces and new asperities that came in contact (see 
Fig. 17). 

The numerical results were summarised and compared to the 
measured values in Fig. 18 (A-B) for surface A and B respectively. The 
experimentally determined COF of surface B exhibited a large scatter, 
which could be explained from the high roughness deviations in the 
surfaces. With the variation in implant contact area, the COF changed 
over a large range using the same bone material, which was consistent 
with the large variations in roughness. For surface A, the COF converges 
to 0.82, whereas surface B shows a similar trend with a final COF of 0.86 
at a normal pressure of 2.5 MPa. 

For the polished sample, the COF converges to 0.42 at 1 MPa with 
increasing load. This is consistent with the remarks made in Section 2 on 
the adhesive component of friction, as the COF reduces in magnitude 
with increasing normal force. An indication of the adhesive component 
can be obtained by using the shear friction component of 0.42 MPa at 1 
MPa normal stress with full implant - bone contact. When using the 
maximal calculated contact area of 20% of the porous bone area, a 
maximum adhesive component of the shear at asperity level of 0.084 
MPa was found. Also from literature it followed that the adhesive 
component for surfaces possessing sharp asperities, like the surfaces 
used in the experiments, appeared to have a less significant contribution 
to the overall friction coefficient (Briscoe et al., 1996; Ducret et al., 
2003; Komvopoulos et al., 1985). Therefore, the contribution of the 
adhesive component at asperity level was regarded to be small 
compared to the ploughing components for the rough surfaces. 

The measured friction values were in good agreement with the 
values found from literature.(Biemond et al., 2011; Damm et al., 2015; 
Dammak et al., 1997; Hashemi et al., 1996; Rancourt et al., 1990; 
Shirazi-Adl et al., 1993; Voutat et al., 2019). Here a highest COF of 0.86 
with beaded surfaces is reported, and only surfaces with very sharp as-
perities exceeded a COF of 1. This results could be expected from the 
ratio AP/AL with the applied surfaces (Goddard and Wilman, 1961; 
Komvopoulos, 1991). A maximum friction force could be achieved when 
the surface roughness was high enough to prevent full penetration of the 
surface asperities. Exceeding the maximum peak-valley distance, by 
increasing normal loads or reduce asperity density, would reduce the 
final COF (Hammerström and Jacobson, 2008). 

From the results, it is clear that friction can be increased effectively at 
the interface, by adding roughness to the implant surface. Compared to 
the polished surface, friction increases by more than a factor 2 with 
surface A at 1 MPa normal stress and even more for surface B. Fig. 18 
also shows that the application of the numerical method underestimates 
the actual frictional response at the interface for surface A. This cannot 

Fig. 16. Bone 5 after friction measurement with 20N normal load against 
surface A. Greyish wear particles of the coating are visible scattered over the 
surface. Overall area is 10 × 10 [mm]. 

Fig. 17. Surface A after friction experiment against bone 5.  

Fig. 18. A) Comparison of the predicted and experimentally determined coefficient of friction for surface A, compared to the values found for the polished surface. B) 
Comparison of the predicted and experimentally determined coefficient of friction for surface B. 
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be explained from the neglected adhesion term only, as the difference 
between the numerical and experimental results is rather similar for 
surface B. A possible explanation of the higher experimental values 
could be found in Fig. 15, showing the peak count versus depth. It 
appeared that individual peaks are merging and therefore a large load 
bearing area per peak AL was found, whereas only the largest peak was 
used in calculating the area for the ploughing component Ap. 

4.5. Results with respect to TKA 

Increasing the roughness of femoral knee implant surfaces and 
applying a press-fit, is a necessity to improve the implant stability in the 
early post operative period. In previous researches, it was shown that 
ingrowth over time was found to increase the shear strength to values of 
15–17 MPa, but formation of soft tissue, due to micromotions at the 
interface, resulted in a decrease of shear strength down to values of 0.17 
MPa (BOBYN et al., 1980a, 1980b; Bragdon et al., 1996; Cameron et al., 
1973; Hulbert et al., 1973; Kienapfel et al., 1999; Peters and Rosenberg, 
1994). In here, the results were related to the implant surface porosity. 
The influence of implant roughness on the interfacial shear strength was 
also shown in Svehla (Svehla et al., 2000), leading to a similar trend in 
shear strength increase over time. From the current friction measure-
ments it was found that the shear stress at the interface is linearly 
increasing from 0.5 to 2.5 MPa contact pressure. The maximum ach-
ieved shear strength at the interface was therefore approximately 2.1 
MPa. Although this value might seem to be relatively low, it appears to 
be a good starting point for newly placed implants.(Gao et al., 2019). 
Considering maximum gait conditions of 2.5*BW (Shelburne et al., 
2006; Zhao et al., 2007) and an average body weight of 80 kg, this led to 
a maximum load of approximately 2 kN. Depending on the type of 
implant, a desired contact shear stress could be calculated. Using the 
anterior and posterior contact area dimensions of an Easculap E. Motion 
femoral component, which was close to 1000 mm2, and ignoring any 
stem contact, a shear stress at the interface of 2 MPa was expected. Since 
micromotions were found in ex-vivo TKA measurements (Berahmani 
et al., 2017; Sánchez et al., 2021), it seems not all conditions with 
respect to contact pressure and friction are easily met. Motions and 
forces applied at the femoral cup in superior direction will be con-
strained by the distal plane of the femoral cup. Therefore designing the 
optimal interface will not just rely on achieving a maximum interfacial 
stress resistance (Quevedo González et al., 2019). Optimizing the 
press-fit can be done by modifying the shape and roughness of the 
femoral implant and adjust the press-fit dimensions and angle of the 
bone cuts. It should be mentioned that, with current research, the con-
tact load was kept constant during the friction measurements, but during 
knee arthroplasty, wear of the bone and implant will result in a reduc-
tion of the press-fit dimensions, and therefore the actual contact pres-
sure at the interface will reduce. With respect to implant roughness, 
many different designs are possible, depending on peak-valley height, 
asperity shape and density (Baril et al., 2011). It seems beneficial to use 
sharp spiked surfaces with high roughness, which possess good loading 
versus ploughing area ratios. Beaded surfaces show a different behav-
iour with respect to indentation depth versus loading area. Larger 
indentation depths with respect to bead diameter will be needed to reach 
beneficial friction results. From the results in Table 1, average values for 
bone area density of 40% and a trabecular thickness of 55 μm were 
found. This led to average trabecular distances of 80 μm. Since the 
maximum friction resistance will be defined by the shear distance over 1 
trabecula, in case of shearing over the shortest trabecular thickness, it 
seems to be advantageous to limit the bead size to approximately 80 μm. 
Increasing the bead size would lead to shared normal loading over 
multiple trabeculae, whereas there would be no increase in ploughing 
area. In all cases it should be noticed that forces occurring at the single 
asperities during press-fit will be significant, and wear of asperities at 
the implant surface might easily occur. Since the average femoral 
medial-lateral distances are around 70 mm (Hitt et al., 2003), and the 

cortical bone thickness at the condyle epiphysis is found to be around 
1.4 mm (Du et al., 2018), the contribution of cortical bone, to the overall 
interfacial stress components seems to be insignificant. As a result of the 
increased yield strength of cortical bone, which is found to be 20–30% 
higher than cancellous bone (Bayraktar et al., 2004), the expected 
indentation depth of roughness peaks will be slightly smaller. Since the 
coefficient of friction at the interface is depending on the ratio of loading 
and ploughing areas (Fig. 14), this might lead to a minor reduction or 
increase in the final coefficient of friction, depending on the implant 
surface roughness. 

5. Conclusions  

1) A basic approach in predicting the COF has been applied on 2 
different types of rough surfaces. Measuring the surface topography 
with a confocal microscope gives a 3D representation of the surface 
morphology. With a MATLAB script, the ratio between the perpen-
dicular and the lateral surfaces in the implant-bone contact have 
been calculated. This ratio is a size of the COF which can be achieved 
with these implant surface morphologies. This approach is valid 
when the deformations in the contact are permanent, which is 
plausible taking the mechanical properties of the bone and the shape 
of the asperities of the surfaces in account. Average values for the 
COF were found to be 0.75 and 0.88 for surface A and B respectively.  

2) From friction measurements the COF in the contact between implant 
and bone appears to be independent of the applied normal load and 
the very different bone properties, like hardness and porosity, in case 
of rough implant textures. Mean values for the COF of 0.82 and 0.86 
were found for surface A and B respectively and a COF of 0.42 for a 
polished reference sample.  

3) It appears the predicted values for the COF are close to the measured 
friction results. This proves that the assumptions of ignoring the 
adhesion component at asperity level and assume permanent defor-
mation in case of sliding motion in the contact can safely be made. 
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