Effect of wear from cleaning operations on sintered ceramic surfaces: correlation of surface properties data with touch perception and digital image processing
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ABSTRACT

In the professional kitchen environment, frequent and harsh cleaning processes are one of the main causes of surface wearing. This experimental study evaluates the effects of abrasive wear on different ceramic surfaces, aiming at selecting the most reliable and durable material in terms of performances and aesthetics.
Accelerated wear testing was applied on two ceramic finishes to simulate manual cleaning on commercial kitchen working tops. 
Roughness changes on aged ceramic samples were analysed by quantitative and qualitative techniques. Surface properties were investigated using non-contact profilometry, and then correlated with digital image processing. Paired-comparison test was used to explore users’ tactile responses to surface roughness modifications. 
Results showed that the aging process had a limited but significant effect on the sintered ceramic roughness change. Quantitative and qualitative analysis revealed that abrasive aging affected the two finishes in a different way, probably due to their different chemical composition. Paired-comparison test confirmed the findings based on the tactile user perception, and demonstrated to be a reliable qualitative tool for finishes selection, even when physical differences among the material samples are negligible.
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INTRODUCTION
Materials selection for professional food processing appliances focuses on the analysis of several properties: technical, manufacturing and economic requirements, food contact compliance, durability at specific service conditions, environmental properties, sensorial properties, user-interaction aspects, and intangible meanings [1–4]. Durability and sensorial properties, in particular, are one of the most important aspects to be evaluated while selecting materials and finishes for aesthetic components, the part of the product, which the user interacts the most with. Consumers interact with products through materials at first [1,5] Therefore, it is becoming increasingly important to analyse the user perception during interaction with aged materials, as changes in their properties may strongly affect the overall perception about a product [6,7]. This aspect, known in literature as “cosmetic obsolescence”, relates to the physical changes that occur on a product or a material over time and use. It alters the perceived look and feel of materials, contributing to associate a shortened product lifespan [8]. 
In a professional kitchen environment, stainless steel represents one of the most widely employed materials for kitchen tops as it shows an excellent durability to food chemicals and detergent compounds, abrasive materials and impacting utensils, meeting also the aesthetic and hygienic needs of the market [9–11]. Following recent material trends, sintered ceramic surfaces represent an alternative to stainless steel for kitchen working tops. Ceramics, indeed, are considered chemically inert materials [12]. However, different features as the material composition and microstructure, its chemical resistance, and the exposure time to the chemical solutions, may influence the durability of sintered ceramics [13]. As sintered ceramic surfaces, applied on kitchen tops, could be cyclically exposed at variable temperatures, due to the presence of heat sources, to food fouling deposits and consequent cleaning processes, their wear resistance in terms of durability has to be evaluated [14,15]. Moreover, wear caused by these cleaning processes could affect aesthetic changes on the material surface [16]. The integration of qualitative evaluations, as material sensorial properties analysis tests [17] [18] [19], from the first phases of materials selection could help in designing the material experience with the product [5]. In detail, these tests aim to evaluate the impact of wear action due to cleaning processes on material surface properties, and assess if their change would be detected by the user. As such changes usually contribute in lowering the perception of quality of the entire product [7], through sensorial analysis tests it would be possible to select which material and finishing may be perceived as the one which has changed the least over time.
During their lifetime, aesthetic components in professional food processing appliances face specific compliance problems related to daily contact with food, chemicals and to user-product interactions (frequent use, cleaning cycles, misuse practices, etc.) [19,20]. Among them, wear effects have been studied also for other applications, as to assess the slip-resistance of a surface [21,22] or to follow changes in cleanability of materials surfaces [13,23]. For this reason, accelerated ageing test methods based on the chemical and mechanical wear experienced by the materials and finishing during cleaning processes, have been used [7]. Preliminary manual cleaning tests were performed in order to depict the factors that could have more influence on materials degradation processes in the kitchen environment (i.e., type of chemicals, abrasive sponge use, cleaning cycles, etc.) [19].
Commercial appliances’ testing is typically focused on safety and labelling certifications, food equipment sanitation, international regulation compliance, and electromagnetic compatibility assessment. There is no evidence in literature of methods or standards for accelerated wear testing for this type of products used to evaluate their gradual wear and longevity. Therefore, we developed test methods for accelerated ageing of aesthetical surfaces applied on professional appliances based on the types of wear experienced in use [19].
To simulate the daily manual cleaning process in the kitchen environment, a specific testing appliance has been designed to get a functional tuning of different testing parameters. The need for a specific testing apparatus came out of the peculiar application, as it has been done for other cases where wear take place [23–26], being manual cleaning represents an unstable and non-static process. The testing set up has been developed and inspired from some standards that simulate specific tribosystems [27–31], following the guidelines and considering the need of a more realistic simulation for the studied application [ASTM G190-06] compared to the more common Taber abraser used in [ASTM C501-84(2015)]. The aim of the using a full-scale accelerated wear testing is not to explore all the possible effects of the factors that might influence wear (e.g., surface roughness, backing type, humidity, etc.), but to rapidly assess a general pattern of wear behaviour from which performance trends could be predicted [32].
The present study reflects on different methods for the analysis of sintered ceramic surfaces after accelerated wear testing conducted to simulate the cleaning procedures in wet and dry conditions during the lifetime of professional kitchen worktops. Surface roughness measurements and image processing have been used to characterize the aged samples basing roughness. The sensorial analysis technique of paired-comparison test [18] has been used to verify if through tactile perception the user was able to assess samples roughness changes. 
The first aim of the paper is to select the material finishing that the user perceives as the one that has changed the least over time, according to the material replacement of a professional kitchen worktop. This was achieved by evaluating the level of concordance between image processing and sensory analysis results with physical parameters measurements [33–35]. Linked to this, another objective of the study is to assess the reliability of image processing and sensory test as qualitative instruments for the analysis of accelerated life-tests results and materials aging. In the end, the final purpose of this experimental work is to reduce the disciplinary gap between materials engineers and designers in materials selection, exploring both materials quantitative properties (wear aging) and qualitative dimensions (roughness perception).
MATERIALS AND METHODS
Specimens preparation and aging set up
Six ceramic tiles (150 mm x 130 mm x 7 mm), made by high-pressure sintered particle manufacturing process, have been used. The tiles composition is based on Aluminium, Silicon and Calcium oxides. Two different finishes were selected to cover a range of possible available colours: cream (E) and dark brown (K) colour samples. The sample E is characterized by a slate-like textured finishing, while the sample K has a smooth-mate texture. The apparent density of both ceramic specimens is 2.50-2.52 g cm-3, while their open porosity is assessed around 0.2 %. One specimen per finishing has been aged by “dry cleaning” (samples ED and KD) and by “wet cleaning” (samples EW and KW) accelerated test, while one per colour remained in pristine condition, to be used as a reference. Further details on the differences between the two cleaning procedures will be provided below.
The testing appliance is characterized by these main components: a rotating disc (15,1 cm; 26 rpm rotating speed) with tilted rotation axis, which represents the support to stitch different abrasive sandpaper discs, weights over the rotating disc support (for a total of 5 kg), and detergent pumps (Fig.1). Rotating disc is provided of some holes in order to ease the flow of liquid detergent solution towards the sample surface. 
The weight of 5 kg has been chosen in line with the average lateral pinch reported in [36]. Pressure is used as a valid parameter to evaluate mechanical action in cleaning operations, as pressure and its drop have been widely studied especially for cleaning-in-place [37,38]. However, as in this case study manual cleaning pressure is not easily measurable, due to its abrupt and quick changes, the strength of the hand is reported using kilograms, as done in other studies [38–40].
In order to compare different backings, the use of a thin sponge (3 mm thickness) between the rotating disc and the sandpaper disc was evaluated, but the final result showed that the tilted axis effect was almost neutralized by the deformation of the sponge itself. In the end, it was observed that the use of the rotating disc made of rigid expanded PU was the best choice to tune the abrasive conditions and exploit the tilted rotation axis. The abrasive path over the tested surface describes then a circle with diameter slightly smaller than the backing disc, with different contact pressures (in the range 0 – 4 kPa) in the contact area depending on the rotational position of the disc itself.
The sample is placed under the rotating disc and supported by a perforated stainless steel sheet in order to drain the liquid solution in excess during the test. 
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Fig.1 – Illustration of manual cleaning on kitchen worktops and schematic diagram of the designed testing apparatus
We divided the wide spectrum of possible degradation phenomena into two processes. Both tests simulated the abrasion due to 3 years of use, with 3 daily cleaning cycles made by hand by customers, each of about 20 seconds, using a commercial abrasive sponge.
In order to simulate aging effect comparable to the real use by costumers, parameters for aging conditions have been detected comparing the aging of real manual cleaning with one commercial abrasive sponge on transparent polycarbonate sheets with the same aging generated using the testing appliances with different weights of sandpaper discs (600, 800 and 1200 grit). When field test records are not available as terms of comparison for the accelerated life testing, it becomes necessary to create a reference from experimental data. Transparent polymeric material has been chosen in order to easily compare the effect of wear aging through the change in optical properties of the material.
From this comparison, optimal parameters for two different aging conditions were studied, namely: 
(i) Dry cleaning – simulates the manual surface dirt removal by metallic sponges. To accelerate this form of wear, 800 grit sandpaper abrasive discs were used. The disc has been substituted after 1642 seconds of working cycle to maintain its abrasive properties. This trial represents a more severe wear condition compared to the “wet cleaning” process, as only mechanical abrasion occurs. 
(ii) Wet cleaning – simulates the manual cleaning process using abrasive sponges and surface detergents. As in the previous trial, 800 grit sandpaper abrasive discs were used and periodically substituted. A commercial surface cleaner solution commonly used in professional kitchen environment (Suma Multi D2, Johnson Diversey) [42] has been used with recirculation during the whole test. 

Surface roughness analysis
The sample surface roughness was measured using a laser profilometer (UBM Microfocus, 5600), with a measurement length of 12.50 mm, with a point density of 150 points mm-1, cut off wavelength of 2.50 mm and a 75% damping. Five profile measures were conducted on different areas of each sample. 
Surface morphology and composition studies were conducted by scanning electron microscopy (SEM) (EVO 50 SEM, Carl Zeiss), coupled with an Energy Dispersion x-ray Spectroscope (EDS, Oxford INCA 200) for surface microanalysis. The characterization of the sintered ceramic material by SEM-EDS provides both morphological and chemical analysis, useful to monitor surface morphology changes due to wet and dry abrasion in aged material samples. 

Image processing analysis
Every sample was analysed using a stereo-microscope (Leica M165 C). Stereomicroscopic examinations took place on five random areas of the samples, paying attention to analyse surface areas representative of the overall effects of the testing conditions. The same pictures have then been used for digital image processing and analysis with ImageJ licence-free software [43]. The five repetitions were chosen in order to introduce statistical random sampling also in visual and image processing analysis. For each picture three parameters of grey scale histogram (with 0-value correspondent to white and 255 to black), generated with the above-mentioned software, were considered for further descriptive statistical analysis: mean (µ), standard deviation (σ) and mode (m). To compare the grey scale histograms analysis with other procedures freely available online to calculate surface roughness parameters through image processing, two free plugins have been used: roughness calculation and SurfCharJ 1q [10]. These plugins have been both applied on pictures taken with stereomicroscopy. From this analysis emerged that the latter of these two pluginsfirst one better matched did not match the real surface roughness measurements both in terms of absolute values and in terms of the relative among the samples. 
For 3D surface plot reconstruction, a dedicated plug-in freely available with ImageJ licence-free software has been adopted. 3D surface plot reconstructions were created using the interactive 3D surface plot plugin available with ImageJ license-free software. All 3D surface plots have a grid size of 256, perspective 0.0, lighting 1.0, z-scale 0.61, scale 1.0, max 100%, min 0%, smoothing 10.5 and isolines, or filled pattern, with spectrum Look-Up Table (LUT) colour scale or grey scale [44]. These views have been compared to perceive the surface roughness differences and compare them with measured surface roughness parameters.
The colour stimuli variations of the samples were measured using a spectrophotometer (Konica Minolta CM-2600d). Negligible colour changes have been observed. Moreover, no significant colour change has been highlighted from the panel observations.

Paired-comparison analysis
Paired-comparison test was run to evaluate if users could perceive the surfaces roughness modification after the material exposure to wear testing [45–47]. The exploration of user tactile responses aims at simulating if in real context the user could be able to detect possible surface changes due to the material aging in time. This aspect is particularly important to be investigated in the professional appliances field, where an early aging of the material could be associated to a lower perceived quality of the overall product. 
The paired-comparison test was guided by a panel leader and performed by 12 participants (6 M and 6 F). The non-trained assessors, with an experience on the industrial context object of the study, had a mean age of 30.2 years old (S.D. 5.6). 11 participants were native Italians, while 1 was Swedish. The 6 different specimens, obtained after accelerated aging tests, was used in the experiment. 
The panel leader presented simultaneously two different coded samples to each assessor that seated in front of a table enlighten by a lamp (2 neon lamps, 9W). The samples were presented on a stand at 45°, to guarantee the same incident lighting angle on the material’s surface (Fig. 2). 
Between the two specimens, the participants were asked to choose by touch the material perceived as rougher, after an exploration of the two surfaces by all fingers. The test has been conducted blinded in singular modality (by touch) because the surface colour or shininess could have an influence on the “roughness” evaluation. The blinded panellists were asked “Which samples do you feel as rougher? The one on the left or the one on the right?”. As the test was performed in Italian, the question was: “Quale campione percepisci come più ruvido? Quello a sinistra o quello a destra?”.
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Fig. 2. Sensorial analysis test setting. (single column)
As the material set gave 30 possible pairs combinations, each participant was asked to evaluate 15 sample pairs, in randomized order across the panellists. To minimize the assessor’s fatigue, these repetitions were kept deliberately low compared to similar literature studies [48–50]. 

Data analysis
The experimental data from the image processing and the surface roughness measurements were analysed using standard statistical techniques: ANOVA and Tukey for image processing results, ANOVA and Fisher-LSD for surface roughness parameters. Tukey’s test has been used as most conservative statistical comparison among means, after verification of equal standard deviations and normal distribution of data and standardized residuals. Significance levels (p-values) of 0.05 were used to judge the degree of variance for all the statistical techniques. All p-values reported are 2-tailed. 
In order to evaluate the consistency of the participants’ responses, a one-tailed binominal table from the ISO 5495:2005 (Annex A) [18], together with the Pearson's chi-squared test has been used in the paired-comparison test. Sensorial responses were examined as they relate back to the hypotheses as small groups to gain insights in relation to the finishes typologies (E or K). 
All the statistical analyses have been conducted with Minitab ver. 17 (Minitab, State College, PA).

RESULTS 
Surface roughness
Surface roughness parameters were taken into account to verify the quantitative differences among the starting state and the surface conditions of aged samples. The most common standardized roughness parameters were considered in this analysis: roughness average (Ra), RMS roughness (Rq), third maximum peak-to-valley height (R3z), ten-point height of irregularities (RzISO), maximum roughness depth (Rmax) and skewness (Sk). From ANOVA and Fisher-LSD method statistical analyses to compare means values, cream (E) samples did not show significant differences between roughness parameters before and after aging, for all the analysed values (all p > 0.05). Dark brown (K) samples showed the opposite trend, with significant differences among reference sample, dry and wet aged ones. For this second group Ra decreased significantly for wet aged samples, with a stronger decrease for dry aged ones (p=0.000, F = 20.63): the flattening action of aging is then higher in absence of aqueous cleaning solutions. The same effect was observed for R3z (p=0.001, F = 12.65) and Rq (p=0.000, F = 20.58), confirming the reduction of peak-to-valley heights. RzISO (p=0.001, F = 13.27) and Sk (p=0.003, F = 10.18) showed significant differences between aged samples and the reference one, but with no significant difference between wet and dry aged ones. This demonstrates that wear aging mainly contributed with the smoothing of surface roughness peaks.

[image: ]
Fig. 3. Box-plots for surface roughness parameters measurements with laser profilometry. (2- column)

Figure 3 reports different trends visible for E and K samples. Dark brown (K) samples showed a coherent decrease in all surface roughness parameters, with a stronger decrease for samples abraded under dry conditions. This effect can be easily explained observing that presence of liquid media in general reduce abrasion effect, acting in some way as lubricant. In this case, liquid media is given by the presence of detergent solution, which could give an additional chemical attack during abrasive action. Moreover, the general trend of parameters decrease indicates a flattening effect of surfaces.
Cream (E) samples demonstrated a small increase in almost all surface parameters. Wet abrasive conditions revealed a stronger increase in surface roughness parameters when exposed to detergent solutions (+12  3 % Ra and Rmax , +16  4 % R3z, +7  2 % RzISO). This could be caused by the different mineral composition of this surface finishing, indicating a stronger influence of chemical action. In this second case, detergent solution probably did not have lubricating action, but on the contrary, it chemically attacks samples surfaces on selected areas, increasing surface roughness. As a second hypothesis, the same detergent solution could have aided in the selective detachment of mineral fillers, promoting a third body abrasive mechanism. To prove or contrast previous statements, fFurther analyses about mineral composition of the samples are needed. The analysis of reference and aged samples through SEM micrographs highlights several morphological and compositional differences in both material finishes (Fig. 4-5). Cream colour samples show the higher influence of abrasive action on surface morphology: the presence of detergent solution decreased the effect of abrasion action, with consequent more extended areas of uniform abrasion (Fig.4c). On the opposite, dry abrasion generated craters and a visible increase in surface roughness (Fig.4b), with higher penetration in terms of abraded layer of material. This is supported also by EDS spectra: reference sample (E) shows the presence of calcium Ca and barium Ba in the composition of the surface layer (Fig.4g), which decrease on the wet abraded sample (Fig.4i) and are almost absent in the dry abraded one (Fig.4h). EDS spectra (Fig. 4g-i) highlighted also that Si, O and Al are the most present elements; Na is in the same way present but to a minor extent. This phenomenon agrees with the high pressure sintering production process, which induces the formation of glass phases among the particles, and for this Ca and Ba should act as secondary oxides in the glassy surface layer.  
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Fig. 4. SEM images of cream colour samples (E): Secondary Electrons (SE) (a, b, c); Back Scattered Electrons (BSE) (d, e, f). EDS spectra of overhead images on the overall surface (g, h, i). (2-column)

The same SEM images have been taken for dark brown samples (K) to evaluate their resistance to abrasive action together with EDS spectra for chemical composition (Fig.5). In this second finishing, the surface glass layer exhibits higher resistance to abrasion, due to the presence of barium and calcium on both EDS spectrum of dry and wet abraded samples (Fig.5h-i), and confirmed by the slightly perceptible change of surface morphology between reference sample and tested ones (Fig.5a-f). 
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Fig. 5. SEM images of brown colour samples (K): Secondary Electrons (SE) (a, b, c); Back Scattered Electrons (BSE) (d, e, f). EDS spectra of overhead images on the overall surface (g, h, i). (2-column)

Image processing 
The statistical analysis of grey scale histogram parameters on the pictures taken through stereomicroscope (Fig. 6) of cream (E) samples confirmed the absence of significant differences between aged and non-aged samples (all p-values>0.05), in this case probably due to the light colour of surface finishing. The high reflectivity of the surface decreases the details perceived in stereomicroscopic analysis, with less control of morphology changes of surface roughness. ANOVA and Tukey method for means comparison have been used with significance level of 0.05. Dark brown (K) samples showed on the contrary significant differences in terms of standard deviation () of grey scale histograms (p < 0.05, F = 34.56). Wet aged samples showed an increase in , while dry aged samples showed a decrease if compared to non-aged samples. 
[image: ]
Fig. 6. Low magnification stereomicroscopic images of K samples (left) and E samples (right), before and after dry and wet tests. (single column)

[image: ]
Fig. 7. Box-plots of grey scale histograms parameters analysed through image processing (ImageJ software) for all the samples. (single column)

To further compare surface roughness measurements and image processing results, 3D surface plots reconstruction has been generated using 3D surface plot plugin available with ImageJ license free software [51]. Figure 8 shows 3D surface plots of cream E samples before (Reference) and after dry and wet abrasion. The representation is considered in terms of filled 3D pattern (Fig. 8a,c,e) and contours (Fig. 8b,d,f), i.e. lines resulting from the intersection of planes parallel to the surface of the sample, at different values of heights (z-axis), where the mean plane of sample surface correspond to z = 180 (Fig.8). Contours generated by the intersection of other two parallel planes at z = 170 and z = 200 have different grey tones and they can be used as indications of different surface topographies. In fact, the density of latter contours can be qualitatively correlated to the surface roughness of samples. Reference sample (Fig. 8a-b) showed most of contours at z values of 180 and 170, with almost no presence of contours at z = 200; dry abraded sample (Fig.8c-d) exhibited a strong decrease in contours at 170, with increased presence of z = 200 contours, which is coherent with the strong removal of surface material. Wet abraded sample (Fig.8e-f) demonstrated a halfway behaviour with decreased number of contours at 170 compared to reference sample, but higher than their presence in dry abraded sample. Ra, Rq and R3z trends coming from profilometry are then confirmed from the above-mentioned change in filled 3D pattern. 
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Fig. 8. 3D surface plots reconstruction on cream samples (E). Frontal view (left) and lateral view (right). X and Y axes are coordinates of the image measured in pixels, while Z-axis scale is the height of the surface, reported with grey scale or spectrum LUT scale on the right side of every image. (1.5-column)

The same plots have been generated based on K samples stereomicroscopic pictures (Fig.9), revealing that 3D reconstruction enhanced the differences among surface morphologies of tested samples even if with high reflective colours. In this second type of samples, the mean plane of surface is placed at z = 90, while the other contours are taken as intersection at z = 80, z = 110 and z = 120 planes. Dry and wet abraded samples showed a total decrease in contours at 120, while contours at 110 and 80 increased, even if there is not strong qualitative differences among dry (Fig.9c-d) and wet (Fig.9e-f) abraded samples. A good extension of this method can be made by further quantitative elaboration of 3D surface plots, taking into considerations that the Look-Up Table (LUT) scale [44] is based on RGB values of images, and for this it can be intrinsically limited by analysed pictures and optical characteristics of analysed surfaces.
In addition, the results of measurement of Ra using the SurfCharJ 1q plugin on 3D reconstructed surfaces showed concordance with the experimental measurements trend of the same parameters. The higher values were reference samples ones (69.8  2.0 µm for K, 59.1  2.0 µm for E), while the lower values correspond to the dry abraded samples (60.8  2.0 µm for KD, 52.0  2.0 µm for ED). Wet abraded samples show intermediate values between reference and dry abraded ones (66.0  2.0 µm for KW, 54.1  2.0 µm for EW).
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Fig. 9. 3D surface plots reconstruction on dark brown (K) samples. Frontal view (left) and lateral view (right).  X and Y axes are coordinates of the image measured in pixels, while Z-axis scale is the height of the surface, reported with grey scale or spectrum LUT scale on the right side of every image. (1.5-column)

Paired-comparison test
180 observations on samples roughness perception were gathered from the paired-comparison test [18], which lasted 14 minutes on average for each participant. A frequency histogram (Fig. 10) synthetizes the assessments from the panel and examines the relationships between categorical variables. Specifically, the column sums the number of users who affirmed that the specimen in object is rougher than the sample in the buckets. For instance, looking at KW column, one assessor thought that KW was rougher than K and ED, while eight panellists judged KW rougher than KD. As specified in the standard paired-comparison test (ISO/IEC IS 5495:2005 - Annex A) [18], the number of responses inferior to 8 are considered not significant for this study. 
[image: ]
Fig. 10. Frequency histogram: the buckets count the number of users who affirmed that the sample in the column is rougher than the one in the legend. (single column)

Significance levels (p-value) of <0.05 and <0.001 were used to judge the degree of variance across the set. P values <0.05 level indicate a reasonable correlation, while <0.001 level indicate a strong correlation. From a general observation, all the answers were consensual with a reasonable level of correlation (p<0.05). The significance of the test is confirmed by the analysis of the contingency table by Pearson's chi-squared test (χ2 = 80,210; DF = 25; P <0.001). 
Blindfolded (tactile) responses evidence that users perceived the non-aged cream colour sample (E) as the roughest between all the specimens, while the dry aged dark brown one (KD) as the smoother. In detail, taking into consideration roughness perception, emerged that:

Sensorial analysis observations indicated that cream colour ceramic surfaces, both in case of non-aged and aged samples (E, ED, EW), are perceived as rougher than their equivalent in dark brown colour (K, KD, KW). The significant correlation between the reference samples (E-K) (χ2 = 7.123; p = 0.008), the dry-aged (ED-KD) (χ2 = 9.000; p = 0.003) and the wet-aged specimens (EW-KW) (χ2 = 9.000; p = 0.003), confirm the data analysed by surface roughness measurement.
In the following, analysis of the categories that we expected would be particularly significant for the study is reported. The reference for each finishing has been compared with the dry-aged sample (E-ED, K-KD) and with the wet-aged one (E-EW, K-KW); then, between the same finishing colour, the dry and the wet-aged samples have been compared (ED-EW, KD-KW). 
Dry abrasion significantly impacts on lowering roughness perception (χ2 = 9.000; P = 0.003), both in the case of cream colour (E), or dark brown (K) samples. The effect became less significant when considering the wet-aged specimens: the correlation for cream colour ceramic surfaces (E-EW), even if at reasonable level (χ2 = 4.967; P = 0.026), is lower if compared to the dark brown samples (K-KW) (χ2 = 7.123; P = 0.008). Good correlation is evident also in the comparison of dry and wet-aged samples. According to the observations, wet abrasion had a significant effect if compared to dry aging both in the case of light coloured samples (ED-EW) (χ2 = 5.835; p = 0.016), and in that for the dark ones (KD-KW) (χ2 = 4.410; P = 0.036).

DISCUSSION
The main purpose of this study is to select the material finishing that the user perceives as the one that has changed the least over time, according to the material replacement of a professional kitchen worktop. In doing so, quantitative and qualitative evaluations have been performed: physical parameters measurements and analysis, image processing and sensory analysis tests. 
The results provided by roughness measurements showed that simulated cleaning operations on the two analysed finishes significantly affect surface parameters, even if in different ways, as assessed in other studies from different industrial fields [52–56]. The major differences detected were between the aged samples and the reference one, but no significant difference in roughness could be measured between wet and dry aged ones in the case of cream (E) finishing. This is coherent with the possible role of surface texture in the determination of wetting properties and acting as a lubricant reservoir in the case of lubricated contacts [52]. 
SEM images (Fig.5) supported this decrease in roughness parameters, highlighting the slight difference among reference and abraded samples, without big differences in terms of chemical composition (Fig. 5g-i) and surface morphology. No presence of etching signs [53] were detected after wet cleaning simulation on both surface finishes. As regards cream (E) samples, the slight increase in surface roughness (Fig. 3) can be better explained considering SEM images (Fig. 4a-f), where the abrasion of the glassy surface layer brings to an evident change in surface morphology . This is also supported by the decrease in Ca and Ba peaks in EDS spectra (Fig.4g-i). 
The second objective of this work was to assess the reliability of qualitative evaluations as rapid instruments for the analysis of the results of accelerated life-tests and aging on materials. 
Image processing have been used to quickly assess the previously measured surface roughness parameters: this method confirmed to have a good sensitivity to surface morphology [57], even if the results could be affected by the surface colour. The analysis of the grayscale parameters on cream samples (E), showed the absence of significant differences between aged and non-aged samples, while dark brown (K) samples demonstrated to have significant differences (Fig. 7) in terms of standard deviation (). Roughness measurements obtained by image processing have reduced information content, if only colour analysis is considered through grey scale evaluation. To complete the analysis, further investigations would be necessary to demonstrate the analytical correlation between roughness data measurements and image processing parameters. 3D surface plots reconstruction partially overcame the limits on sample colour, even if they are not giving quantitative results (Fig. 8 and 9), and further elaboration would be required to translate in quantitative scale based on contours density. Although, their correlation with the panel qualitative evaluations allows to improve the consistency of the results. Compared to other proposed methods involving image processing and complex data analysis [57–59], the use of a quicker and simpler process allowed to obtain well correlated results with experimental surface measurements.
Sensory analysis by paired-comparison test focused on the analysis of the user perception of damages and changes on materials’ surfaces over time. Similarly to other user perception case studies [50,60–65], where the correlation between different materials’ perceived roughness and physical surface parameters was proved, the qualitative results proved to be consistent, and in total accordance with the physical roughness measurements and the SEM analysis, even if in presence of reduced roughness differences. From this research emerged that the arithmetic average of the roughness profile (Ra), even if it represents the material surface roughness in a simplistic way, could be correlated with the tactile perception of roughness [1,47,50,65]. The tactile assessment demonstrated that dark coloured samples have higher evident aging effects compared to light coloured ones. For this reason, in case of application in professional kitchen environment, it would be preferable to use light coloured ceramic surfaces that would hide, as confirmed by perception analysis, the aesthetical damages due to use and cleaning better. However, some limits linked to the use of sensorial analysis tests are evidenced in order to be explored in further investigations. In a real application, users evaluate the overall quality perception based also on visual analysis and on the experience with the product. Further exploration of the influence of the sense of sight, through multimodal sensorial evaluation, could be useful to validate the study.  
	
CONCLUSIONS
One of the aims of this study was the evaluation of changes in surface roughness of sintered ceramics after accelerated wear testing. As there are no standard test procedures to simulate the material ageing process for the considered application, a specific testing appliance was designed to simulate the abrasion due to use and cleaning in the professional industry environment. Quantitative (physical property analysis) and qualitative (digital image processing and sensory analysis test) methodologies have been used to analyse the aged samples.
As a result of this work, the following points illustrate the main findings:
1) A new testing set up has been developed to assess the impact of manual cleaning operations on materials;
2) The aging process had a limited but significant effect on the roughness modification of the analysed sintered ceramic surfaces, based on their surface finishing and colour;. Surface roughness measurements revealed that abrasive aging affected the dark brown samples (K) more than cream ones (E);
3) Image processing revealed that standard deviation of grey scale histograms can be considered as an indicator of aging process only for dark brown samples (K).);
4) Tactile assessment of the materials through sensorial tests confirmed the slight modifications measured by the physical sample analysis. ; Both dry (KD) and wet aging (KW) on dark brown samples are significantly evident if compared with their reference (K).
5) Paired-comparison method showed good reliability in the analysis of surface roughness perception, confirming the same results obtained with surface roughness measurements and digital image processing.
The qualitative tools used in this experiment have been assessed as low cost reliable techniques to be applied in the product development process in the analysed industrial context. As a result, they can be implemented both in the quick qualitative analysis of accelerated life-test results and in the material selection process, in order to integrate user perception about aesthetic obsolescence and wear aging due to cleaning operations.
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