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Roughness variability estimation of microscopic surfaces during engineering wear process-Application to total hip implant

This paper proposes a new method to estimate the roughness changes from topographic features of microscopic surfaces during an engineering wear process. We demonstrate that the evolution of the significant upcrossings of surface topography is the most efficient way to estimate the roughness changes associated with the small-scale changes during the time of wear process. The motivation of this work comes from the fact that the surface roughness is, largely, interpolated with many important mechanical and physical phenomena, such as friction, and wear behaviour during the mechanical contact between joined and sliding surfaces. A special application is investigated on UHMWPE (Ultra High Molecular Weight Polythene) components involved in total hip implants. The aim is to understand the in-vitro wear mechanism of the UHMWPE surface by estimating its roughness evolution.

introduction

In the total hip replacement, a dual mobility concept is used to replace the hip joint (see Fig. 1). The prosthetic implant consists of a femoral stem with a femoral head placed on the upper part of the stem, made of stainless steel, a socket (acetabular) in place of the acetabulum (the cartilage surface of the socket), and a dual mobility cup inserted between the ball and the socket to provide the convenient motion that allows for a very stable articulation [START_REF] Bousquet | The ceramic coated cementless total hip arthroplasty. basic concepts and surgical technique[END_REF]. The dual mobility cup that is commonly used in the hip replacement is the UHMWPE (Ultra High Molecular Weight PolyEthylene) component, due to its low friction coefficient, and its hardness that makes it an ideal bearing surface for the articulation between the ball and the socket. However, it has an inconvenient associated with its low resistance to the wear. The wear particles (debris) produced by sliding the UHMWPE liner against other articulated surfaces will accelerate the material's loosening, which is one of the main limiting factors of the life of the arthroplasty. On the other hand, the produced debris affects strongly the bone structure, [START_REF] Figueiredo-Pina | UHMWPE wear response to apposing nitrogen s-phase coated and uncoated orthopaedic implant grade stainless steel[END_REF], such as changing the osteoclast, and osteoblast activity which might lead to the bone resorption and other non expected effects. Thus, a geometric and morphological characterizations of the UHMWPE component during engineered wear process would help understanding the in-vitro wear mechanism, and the tribological behaviour (lubrication, wear volume,....) of such materials. This is one of the critical issues related with improving the performance and the life duration of the implant. The topographic map of microstructure surfaces extends across large and small scales to be composed of, roughly speaking, form, waviness, and roughness components [START_REF] Jiang | Paradigm shifts in surface metrology. part II. the current shift[END_REF]. During wear (generally engineering) process, the geometry of the topographical features will deform dependently over multiple spatial scales. Nevertheless, the small-scale features (the roughness component) referred to the local maxima and minima of the surface will change instantaneously. Thus, the roughness evolution of the surface will govern many important physical phenomena, specifically in this paper, the wear mechanisms during the mechanical contact between sliding surfaces. Towards estimating the roughness evolution, the mathematical representation of the surface roughness topography becomes the essential step, that can be investigated by different approaches according to the measurement technique methods, [START_REF] Jiang | Paradigm shifts in surface metrology. part II. the current shift[END_REF][START_REF] Kesari | Effective macroscopic adhesive contact behavior induced by small surface roughness[END_REF][START_REF] Schmähling | Statistical characterization of technical surface microstructure[END_REF][START_REF] Dong | An integrated approach to the characterization of surface wear i: Qualitative characterization[END_REF]. The focus of the present paper concerns on the topographic map of microstructure surfaces measured by a 3D non-contact optical instrumentation techniques, known by optical interferometry. The surface is, then, considered as a 3D height map, also it can be represented as a 2D image, digitized on a rectilinear lattice in the measurement space.

Thereby, image processing and mathematical imaging based-methods can be applied to analyse and model the surface topography, for estimating the surface roughness, such as multi-scale methods [START_REF] Schmähling | Statistical characterization of technical surface microstructure[END_REF][START_REF] Wang | A methodology for the multi-resolution simulation of grinding wheel surface[END_REF][START_REF] Lin | Wavelet analysis of the surface morphologic of nanocrystalline tio2 thin films[END_REF][START_REF] Josso | Frequency normalised wavelet transform for surface roughness analysis and characterisation[END_REF][START_REF] Dietzsch | Back to the envelope system with morphological operations for the evaluation of surfaces[END_REF], geometric methods [START_REF] Zahouani | Fractal models of surface topography and contact mechanics[END_REF][START_REF] Sayles | Surface topography as a nonstationary random process[END_REF][START_REF] Russ | Fractal Surfaces[END_REF][START_REF] Podsiadlo | Scale-invariant analysis of wear particle surface morphology i: Theoretical background, computer implementation and technique testing[END_REF][START_REF] Podsiadlo | Applications of hurst orientation transform to the characterization of surface anisotropy[END_REF][START_REF] Peng | An adhesion model for elastic-plastic fractal surfaces[END_REF], and the statistical methods [START_REF] Reizer | Simulation of 3d gaussian surface topography[END_REF][START_REF] Nayak | Random process model of rough surfaces in plastic contact[END_REF][START_REF] Greenwood | Contact of nominally flat surfaces[END_REF][START_REF] Hu | Simulation of 3d random rough surface by 2d digital filter and fourier analysis[END_REF][START_REF] Wu | Simulation of rough surfaces with fft[END_REF][START_REF] Ao | Simulating the worn surface in a wear process[END_REF][START_REF] Manesh | Numerical generation of anisotropic 3d non-gaussian engineering surfaces with specified 3d surface roughness parameters[END_REF]. Due to the random nature of microscopic surfaces, a statistical analysis based on a well established stochastic geometrical model will be the best solution to estimate the surface roughness, and the geometry of the hills when the UHMWPE surface slides against a smooth metal one. Such models are dedicated by the random fields framework and their geometry [START_REF] Yaglom | Correlation Theory of Stationary and Related Random Functions: Volume I: Basic Results[END_REF][START_REF] Adler | The Geometry of Random Fields[END_REF]. This paper represents the surface roughness topography as a skew-t random field. We are interested in studying the geometric structure of the excursion sets of the skew-t random field at high thresholds in order to estimate its local maxima and minima (hills and valleys), and the roughness variability during the in-vitro wear engineering process conducted by a hip simulator device.

Experimental setup 2.1 Wear test

The wear tests are conducted by a one-station hip wear simulator, 858 Mini Bionix R II test system (MTS), in experimental environment corresponding to the dynamic conditions of the human joint movement. The hip wear simulator, illustrated in Fig. 2, is provided by three electric motors on the X,Y, Z axes which generate three time-varying angular displacements with the walking cycles and simulate the hip-joint movement. The force load is held on the Z axis and it varies between 300N to 3KN according to the normative reference ISO 14242-1. The hip implant solution is based on the dual mobility concept, [START_REF] Bousquet | The ceramic coated cementless total hip arthroplasty. basic concepts and surgical technique[END_REF], and it consists of a UHMWPE (Ultra High Molecular Weight Polyethylene) cup, femoral head, femoral stem and acetabular cup which are made of stainless steel (316L SS). The UHMWPE component is articulated with the femoral head and the acetabular cup which offers the dual mobility of the UHMWPE cup. All the hip implant components are completely immersed in a fluid test medium that contains a physiological liquid of calf serum at a controlled temperature of 37 • ± 2 • C. The serum liquid has to be replaced every 5 × 10 5 cycles, and the measurements are taken at every 1 × 10 6 cycles ( 300 hours).

Surface roughness measurements

The UHMWPE surface has been measured, locally, by a 3D non-contact white light interferometer, (Bruker nanoscope (r), Wyko R NT 9100, ex. Veeco). The surface samples are digitized and transformed to 3D height maps which are represented on a lattice of 480 × 640 pixels with spatial resolution equal to τ x = 1.8µm, and τ y = 1.8µm in both X and Y directions, respectively, for each pixel, (see Fig. 3). Since, the optical instrument provides local measurements of the UHMWPE surface, different regions should be measured during wear process. The certainty of the statistical analyzes lies on the number of treated samples and the size of the measurement space. The maximum measurement space provided by the instrument is 1.1 × 0.9mm 2 , where the outside diameter of the UHMWPE is 37mm [START_REF] Geringer | Understanding the dual mobility concept for total hip arthroplasty. investigations on a multiscale analysishighlighting the role of arthrofibrosis[END_REF]. The surface roughness map showed in Fig. 3 

Methods and developments

A statistical analysis method based on the model of the microscopic surface topography is proposed. The model is defined from a class of elliptical skew random fields with extrema of conical shapes, namely skew student's t random field. This model is considered more flexible than the usual Gaussian random fields that are widely used in the literature to represent the topography of rough surfaces [START_REF] Reizer | Simulation of 3d gaussian surface topography[END_REF][START_REF] Nayak | Random process model of rough surfaces in plastic contact[END_REF][START_REF] Greenwood | Contact of nominally flat surfaces[END_REF]. 

Surface characterization using integral geometry

The geometric characteristics of the surface topography can be derived from the integral geometry framework, precisely, they are defined by the three characterizing functions namely Minkowski functionals, or Lipschitz-Killing curvatures, referring to the area function, contour length function (edges), and Euler-Poincaré characteristic, that counts the number of connected components minus the number of holes, [START_REF] Mecke | Integral Geometry in Statistical Physics[END_REF]. These characterizing functions are computed on binary level sets, namely excursion set [START_REF] Adler | The Geometry of Random Fields[END_REF]. Each excursion set is obtained from thresholding the surface heights at a level threshold h, and take all the points at which the surface height exceeds h, (see Fig 4).

The advantage of these functions comes from their physical interpretations. The normalized area function is the material bearing area ratio, notably by Abbott-Firestone curve [START_REF] Abbott | Specifying surface quality: a method based on accurate measurment and comparision[END_REF]. The contour length function is related to the distribution of the surface heights, and it describes the shape of the distribution function (the peakedness, and the asymmetry). Euler-Poincaré characteristic function has a special interest since it describes the roughness rate of the surface, and the behaviour of its extrema. At the high thresholds it estimates the number of the connected components, associated with the surface hills and valleys [START_REF] Adler | The Geometry of Random Fields[END_REF], as will be seen further in the paper.

Surface roughness representation

Let Y be the 3D topography map of a worn surface, (see Fig 5). The Q-Q plot of the surface heights versus the normal distribution (see Fig 6) assures that the height's distribution is not a normal one. It follows a normal curve fairly closely within a small interval around its mean value, conversely to its extremes which are quite far from normality. Furthermore, the surface heights exhibit asymmetry behaviour, around their mean value, which incorporates the concept of the skewness in the distribution function. Accordingly, the height's of the real surface are suggested to follow a skew student's t distribution. Due to the spatial dependence between the surface heights, they are modelled as a two-dimensional stationary skew student's t random field. A two-dimensional stationary skew student's t random field, denoted {Y (s) : s ∈ S}, is defined, at any fixed point s in the measurement space S, as follows:

Y (s) = δ|z| + √ 1 -δ 2 Z 0 (s) 1 k k i=1 Z 2 i (s) 1/2 (1) 
where (δ 2 < 1) denotes the skewness index, Z 0 , ..., Z k are independent and identically distributed Gaussian random fields with the diagonal spectral moments matrix, denoted by (Λ). z ∼ N (0, 1) is a standard normal variable independent of Z i , i = 0, ..., k, and k is the degree of freedoms of Y . The geometry of the skew-t random field is identified by the integral geometry of its excursion sets. An excursion set, denoted E h (Y, S), of a random field Y on a subset S, is defined by the set of the points s in S at which Y exceeds a selected threshold h, such that:

E h (Y, S) = {s ∈ S : Y (s) ≥ h} (2) 
The expected Euler-Poincaré characteristic of E h (Y, S) for the skew student's t random field near its extrema (at high thresholds) is derived in [START_REF] Ahmad | Lipschitz-killing curvatures of the excursion sets of skew student' s t random fields[END_REF], and it is expressed, at h, as follows:

E{χ(E h (Y, S))} ∼ = 2Area(S) det(Λ)Γ k+1 2 (2π) 3/2 ( k/2)Γ k 2 h 1 + h 2 k(1 -δ 2 ) × 1 + h 2 k -k+1 2 
T 1 αh k + 1 h 2 + k ; k + 1 (3)
where Γ(.) is the gamma function, Area(S) is the area of the measurement space (1.1×0.9mm 2 ), and T 1 is the cumulative student's t distribution of k +1 degrees of freedoms. 

Parameters estimation

The model's parameters are estimated from fitting the analytical Euler-Poincaré characteristic of the skew student's t excursion sets with the empirical one, computed from the real surface upcrossings, using the non-linear least square minimization, see Fig 7, such that δ = 0.7, det(Λ) 1/2 = 179µm -2 , and k = 10, for the example in Fig 5.

Estimation of roughness variability during wear process

The surface extrema at high thresholds follow a skew student's t random field, thus, the expected Euler-Poincaré characteristic, expressed in Eq. 3, is used to control the threshold, h, at which the surface upcrossing can be considered as collection of the significant disjoint regions (connected components) that refer to the hills and valleys.

The main reason come from the fact that the probability of detection a maxima of Y above a threshold h is approximated by the mean Euler-Poincaré characteristic, [START_REF] Adler | The Geometry of Random Fields[END_REF], such as:

P[Y max > h] ≈ E{χ(E h (Y, S)), (h → ∞) (4) 
Notice that the same contribution can be considered for the minima of Y too. Consequently, the threshold h is chosen such that the probability of detecting significant regions (hills or valleys) above very high threshold h (near the global maxima/minima) do not exceed 5%. So, all the surface upcrossings above h can be ignored or rejected.

Let consider h 1 > 0 and h 2 < 0 be the significant detected upcrossings, inferred to the excursion sets, E h1 and E h2 , including the hills and valleys, respectively. A discrete mapping function I E (h1,h2) is then defined on the joint excursion set E (h1,h2) , to enable visualizing the surface hills/valleys, (see Fig. 8(a)), such that:

I E (h1,h2) = +1, if x ∈ E h1 -1, if x ∈ E h2 (5) 
as seen in Fig. 8(b). Fig 9 illustrates the significant surface upcrossings estimated for a sample of the UHMWPE component during wear process time. The surface upcrossings at h 1 and h 2 are associated with the evolution of the peak materials and valleys material portions during wear time. They show an obvious degradation of the surface heights during the wear process, except at the wear time 6 × 10 6 cycles, in both h 1 and h 2 plots, there is an unexpected spikes due to the measurement errors. Furthermore, computing the difference between the spatial extents of the detected hills/valleys at the significant upcrossings h 1 and |h 2 | during the time can express the roughness variability of the surface topography as a function with time, such that:

f (t) = h 1 (t) × Area[E h1(t) (s)] -|h 2 (t)| × Area[E h2(t) (s)] (6) 
where f (t) is the function of the roughness variations during time.

Results and discussion

The roughness evolution function are estimated, during wear process time across 19×10 6 cycles, for 5 selected samples measured from the UHMWPE component at latitude 45 On the other hand, the evolution of the significant upcrossings during time 8 samples measured at different longitudes, 4 samples around the latitude 45 • , and 4 samples around the latitudes 100 • , (see Fig 11), illustrates the significant difference between the behaviour of the UHMWPE regions along its longitudes, and demonstrates that the significant material loosening during wear time, and the wear effect, governs the upper part of the UHMWPE. The last conclusion might be promising to generate a dual mobility cup of non homogeneous materials, for improving the quality of the implant.

Conclusion

This paper highlights the importance of the mathematical modelling for analysing and describing the roughness changes during the engineering wear of a surface. The Q-Q plot demonstrates that the heights distribution is skewed and heavily tailed, so it can not be considered as a Gaussian one, and might follow a skew student's t random field. A particular research, representative by the UHMWPE component involved in the total hip replacement, is investigated in this paper. The roughness evolution during wear time is estimated using the expected Euler-Poincaré characteristic as a function of the difference between the spatial extents of the surface upcrossings multiplied by their height's levels. The paper is focused on the estimation of the surface roughness evolution at each fixed time along the wear process. Thus, our aim at the future work is to combine both the spatial and the temporal roughness descriptors using the 

Figure 1 :

 1 Figure 1: An illustration of the the dual mobility concept involved in the total hip implant [3]. The white stars in the plot refer to the prosthetic components : Metal back, dual mobility liner, and the femoral stem.

Figure 2 :

 2 Figure 2: (a) General view of the one-station hip wear simulator. (b) Detail view of the test axes and the hip implant position.

  (b) refers to a local region of the UHMWPE component observed before the start of the wear tests.

Figure 3 :

 3 Figure 3: (a). A synthetic 3D-dimensional model of the UHMWPE dual mobility cup. The blue colored zone refers to the latitude 45 • . (b) A 3D height map measured from a local region, at the 45 • latitude on a maximum area of 1.1 × 0.9mm 2

Figure 4 :

 4 Figure 4: (a) An example of a real 3D surface topography measured from the UHMWPE component. (b) The excursion set obtained at a level threshold h = 2.5µm and represented as a 2D binary image. (c) Minkowski functionals (area , contour length, and Euler-Poincaré characteristic χ functions), computed on the binary excursion sets, versus the height levels.

Figure 5 :

 5 Figure 5: A 3D topography map observed from a worn UHMWPE component during wear process time, defined on a lattice of 480 × 640 pixels with spatial resolution ∆x = 1.8µm, and ∆y = 1.8µm.

Figure 6 :

 6 Figure 6: Normal Q-Q plot of the surface heights (blue curve) versus the normal distribution (red line). The heights are negatively skewed with centered and heavy-tailed distribution of mean value µ = 5.37nm, standard deviation σ = 34nm, skewness S sk = 4.41, and kurtosis S ku = 111.81

Figure 7 :

 7 Figure 7: Fitting the estimated and the expected Euler characteristics of the real measurements and the skew student's t random field with k = 10 degrees of freedoms and δ = 0.7, det(Λ) = 179µm -2 .

Figure 8 :

 8 Figure 8: Combination of the significant excursion sets of the sample roughness topography at wear process time 13 × 10 6 . (a) The surface hills and valleys elevations above and below h 1 , h 2 , respectively. (b) The discrete mapping function I of the excursion set E h1,h2 . The clusters above the positive threshold h 1 are given the value (+1) and the clusters indicated below the negative threshold h 2 are given the value (-1).

Figure 9 :

 9 Figure 9: Detection of significant peaks and valleys levels, h 1 and h 2 , respectively, of a sample measured from the UHMPWE at 45 • latitude along 19 × 10 6 cycles of wear time

Figure 10 :

 10 Figure 10: The global area of the disjoint clusters multiplied by the significant levels, f , versus wear time for the selected 5 UHMWPE samples.

Figure 11 :

 11 Figure 11: A quantitative comparison between the regions of the UHMWPE component measured from longitudes 45 • and 100 • showing different degree of wear. (a) The hills levels at h 1 . (b) The valleys levels at h 2 . The samples from sample1 to sample4 are measured along the latitude 100 • . The samples from sample5 to sample8 are measured along the latitude 45 • .

  • , (seeFig 10). The results in Fig 10demonstratethat the functional behaviour during wear process can be considered homogeneous around the same latitude of the worn UHMWPE component. Nevertheless, more statistical results should be performed on the UHMWPE component at different
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