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Abstract: The coefficient of friction (CoF) between the deflection pulley and rope in a lift strongly affects the life 

span of the rope. Although surface roughness is a key factor affecting the metallic pulley–rope CoF, its effect 

on polymeric pulleys is unknown. The present study analyses the effect of roughness and working conditions 

on cast polyamide 6 (PA6G) deflection pulley–thermoplastic polyurethane (TPU)-coated rope contacts. The 

statistical analysis revealed that the effect of surface roughness on the CoF for low-load tests was significant. 

The present study contributes significantly to parameter selection in deflection pulley machining to minimise 

friction between the pulley and rope. 
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1  Introduction 

Tribological contacts between polymers are becoming 

popular in industrial applications due to their low 

weight, low cost, good corrosion resistance, and ease 

of manufacture [1]. In elevators, such contacts can be 

found between deflection pulleys and coated ropes. 

Polymeric deflection pulleys are preferred over 

metallic pulleys due to their better comfort and noise 

reduction characteristics [2], and they are used in 2:1 

or higher suspension system elevators (see Fig. 1) to 

redirect the rope to the counterweight and cabin. 

The coefficient of friction (CoF) between the deflection 

pulley and the rope significantly affects the life 

span of the rope. Low-friction contacts are preferred 

for avoiding premature degradation of the rope. The 

surface roughness of the pulley crucially affects the 

pulley–rope contact CoF for traction metallic pulleys 

[3]. However, the authors found no previous work 

analysing the effect of roughness on polymer–polymer   

 

Fig. 1 Scheme of a 2:1 suspension elevator system. 

tribological contacts for such applications. 

Tribological contacts involving polymeric materials 

differ from metal–metal contact pairs. Polymers 

have higher adhesion forces than metallic contacts, 

which often results in (i) a polymeric transfer film to 
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the counterpart that changes the contact pair [4, 5] and 

(ii) stick–slip [6]. Temperature and relative humidity 

significantly affect this type of contact pair. The 

high humidity absorption capacity of the polymers 

and their low heat transfer capacity lead to higher 

contact temperatures [1, 7], thus reducing their 

mechanical properties (Young’s modulus [8] and 

shear strength [9] mainly), and directly affecting 

their tribological behaviour. 

In contrast, the effect of contact pressure and 

sliding speed on the CoF in metal–polymer contacts 

widely varies with the study case. In 2003, Unal and 

Mimaroglu [10] reported that when testing 

polyamide 6 (PA6), polyoxymethylene (POM), and 

ultra-high molecular weight polyethylene (UHMWPE) 

against an austenitic stainless steel at a sliding  

speed of 0.88 m/s, the CoF increased with load.    

In 2004, the same author [11] tested PA66, POM,  

and UHMWPE against AISI D2 steel and reported 

that the CoF decreased when load increased a sliding 

speed of 1 m/s. 

The effect of metal roughness on the CoF     

for metal–polymer tribopairs under lubricated 

conditions has been found to be significant. Golchin 

et al. [12], who tested polytetrafluoroethylene  

(PTFE), polyetheretherketone (PEEK), UHMWPE, 

and polyethylene terephthalate (PET) against Inconel 

65, concluded that the effect of Ra on CoF depends on 

the mechanical properties of the polymer. In polymers 

with a high Young’s modulus, the CoF decreased with 

increasing Ra. Niemczewska-Wójcik and Piekoszewski 

[13] tested UHMWPE against a titanium alloy and 

performed a deep 3D areal surface topography 

analysis of the titanium plate. They concluded that 

the highest autocorrelation length and texture aspect 

ratio, combined with the lowest root mean square 

slope, yielded the best tribological behaviour. 

Studies on metal–polymer contacts under dry testing 

conditions have revealed the importance of metal 

surface roughness, although its effect depends on 

the test conditions. Kaltzakorta et al. [3] studied cast 

iron–thermoplastic polyurethane (TPU) tribopairs, 

reporting a 17% CoF decrease when increasing cast 

iron Ra under ambient conditions. Similarly, Harsha  

et al. [14] reported that an increase in titanium Ra 

leads to a decrease in CoF of up to 45% when rubbing 

against UHMWPE and cross-linked polyethylene 

(XLPE) under ambient conditions. Both studies 

associated the CoF decrease with a reduction in 

adhesion force due to the formation of roll-shaped 

wear debris in the interface. Conversely, Hausberger 

et al. [15] concluded that the minimum CoF is achieved 

either with a polished or rough surface, depending 

on the test conditions. 

The effect of the sliding direction on the wear rate 

has also been reported for metal–polymer contacts. 

Recent studies [16, 17] analysing groove texturised 

304 steel plate against a 5 wt% α-Al2O3 PTFE 

nanocomposite pin under dry conditions concluded 

that the perpendicular direction reduced the wear 

rate. The grooves acted as a wear particle trap that 

facilitated the formation of the transfer film and a 

reduction in wear. For the parallel direction, the wear 

particles were ejected, preventing the proper formation 

of the transfer film. Watanabe et al. [18] observed the 

opposite effect when analysing a groove texturised 

steel plate against a polymethyl methacrylate (PMMA) 

pin under lubricated conditions. When the grooves 

were parallel to the sliding direction, they acted as 

lubricant paths, thus reducing the wear. For grooves 

perpendicular to the sliding direction, the edges of 

the grooves were the starting point for exfoliation, 

which increased the wear rate.  

Regarding polymer–polymer contacts, contact 

pressure and speed have a significant effect on the 

tribological behaviour, but there is no consensus on 

the effect on CoF. Unal and Findik [19] tested PA 

46+30% glass fibre reinforcement (GFR) and PA 66 

against polyphenylene sulfide (PPS) + 30% GFR and 

PA 46 +30% GFR under dry conditions. They found 

that the load had a nonlinear influence on the CoF, 

and the effect of the load varied with each tribopair. 

Similarly, Jia et al. [20] tested PTFE, PA66, and PPS 

tribopairs in dry conditions and reported that the 

effect of load and speed exhibited a nonlinear trend, 

which also varied with the tribopair. However,   

the effect of load and speed was negligible under 

lubricated conditions. Conversely, Camporez et al. [9], 

who studied polypropylene (PP) against PA6 under 

lubricated conditions, observed a decrease in CoF with 

increasing contact pressure.   

The literature on the effect of surface roughness on 
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the CoF for polymer–polymer tribopairs is scarce. To 

the authors’ knowledge, only one study considered 

Ra as a variable. Pogačnik and Kalin [7] analysed cast 

polyamide (PAG) against a POM contact pairs via a 

pin-on-disc test under 0.7 MPa contact pressure at 

different speeds (0.1, 0.5, and 1 m/s) and two POM 

surface roughness values (Ra = 0.2 and 0.65 μm) 

under dry conditions. At the lowest sliding speed, Ra 

= 0.2 μm corresponded to a slightly lower CoF than 

for higher Ra. Nevertheless, the CoF reduced when 

increasing the Ra at higher sliding speeds, which was 

associated with a decrease in the contact area, resulting 

in lower adhesion forces. The minimum CoF 

corresponded to a sliding speed of 0.5 m/s, at which 

the increase in Ra led to a 15% reduction in CoF.  

The limited knowledge regarding polymer-on- 

polymer tribopairs is patent, and they should be 

investigated under realistic conditions for component 

development. The present study analyses cast 

polyamide 6 (PA6G) deflection pulley–TPU coated 

rope contacts tested under actual working conditions 

for elevators at contact pressures and speeds, 

considering the effect of PA6G surface topography 

and the sliding direction on the CoF. 

2 Materials and methods 

2.1 Friction test 

Figure 2(a) shows an actual tribological system 

scheme comprising an elastomeric TPU-coated metallic 

rope sliding on a polyamide PA6G deviation pulley. 

The primary relative sliding movement conforms to 

the pulley groove in the circumferential running 

direction (see Fig. 2(b)). However, misalignment, 

which is known as fleet angle, can result in a tilted 

entrance of the rope into the pulley. In this misaligned 

state (see Fig. 2(c)), the rope contacts the groove’s  

 

Fig. 2 (a) Real tribological contact scheme; (b) rope’s sliding movement on the bottom (parallel direction); and (c) rope’s sliding 
movement on the wall (perpendicular direction). 

 

Fig. 3 Geometric and surface characteristics of the coated steel rope. Top: Top view. Bottom left: 3D surface profile. Bottom right:
Extracted profile for TPU coating characterization. 
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wall instead of the groove bottom, causing sliding and 

rolling events [21]. Accordingly, two relative movements 

between the rope and pulley occur (parallel and 

perpendicular to the turning direction of the pulley). 

In addition, as depicted in Fig. 3 the geometric 

features of both the steel cords and the individual 

wires constituting these cords are replicated despite 

the thickness of the rope coating. Consequently, the 

contact geometry between the pulley and the steel 

rope is complex. 

Considering the intricate nature of the pulley-coated 

rope contact and relative motion, it was simplified 

to a reciprocating pin-on-plate test, where the rope  

and the pulley are simulated as the pin and plate, 

respectively (see Fig. 4). 

Accordingly, the rolling events were not replicated 

and the study focused in the sliding motion. In order 

to approximate the complexity of the contact, the coated 

braided steel ropes were represented by DIN6325 

steel commercial pins (ø6 mm) with a 0.5 mm-thick 

TPU film (which is the mean thickness of the TPU 

coating in actual ropes) glued at the tip using Loctite 

406. It should be noted that the film roughness (Ra = 

0.008 μm, Rz = 0.063 μm), resembled the roughness of 

the actual rope coating (Ra = 0.01 μm, Rz = 0.053 μm). 

PA6G plates (see material properties in Table 1) were 

unidirectionally milled with a 63 mm-diameter tool 

to obtain a surface finish similar to that of actual 

pulleys. Different roughness grades were generated,  

 

Fig. 4 Test configuration scheme. 

Table 1 Material properties of the test specimens. 

 PA6G plate TPU film 

Young’s modulus (GPa) 3.3 0.031 

Hardness (Shore D) 83 35 

Glass temperature (°C) 66 -35 

Poisson ratio 0.36 0.5 

corresponding to Ra values of 0.2, 0.6, 2.4, and 4 μm 

(named R1, R2, R4, and R5, respectively). The 

original PA6G plate surface had an Ra of 1.2 μm with 

straight unidirectional marks (R3), which was not 

machined.  

The real working conditions of an elevator deflection 

pulley–rope system were replicated in the tribological 

experiments. Accordingly, relative speeds of 10 and 

160 mm/min and loads of 5 and 30 N were tested 

(which resulted in a contact pressure of 3.5 and 8 MPa, 

respectively). Sliding (i) perpendicular and (ii) parallel 

to the milling marks was tested to simulate the rope 

sliding against the wall and bottom of the pulley,  

as depicted in Figs. 2(b) and 2(c). A 9 mm stroke was 

selected to ensure that the milling marks could be 

considered straight when sliding in the parallel 

direction, despite being 63 mm-diameter arcs. The 

test duration was set to 10 cycles to allow the CoF to 

stabilise, and the CoF was determined through the 

friction energy dissipation method under the ASTM 

G203-10 standard, as indicated in Ref. [22]. Therefore, 

the CoF was calculated for each cycle as Eq. (1): 




 d
E *4

E

P
                (1) 

where P is the applied load,  *  is the slip amplitude, 

and 
d

E  is the dissipated energy over a cycle. The 

area enclosed by each friction envelope (the graphic 

representation of the friction force vs the displacement 

of a cycle) is the measure of 
d

E . Hence, 
d

E  was 

obtained by performing the integral of the tangential 

force over the displacement interval. The final CoF 

value for each tested condition was the mean of the 

calculated 
E

 for each cycle. 

The pin and plate were cleaned with a lint-free 

WYPALL X70 cloth and alcohol before each test. The 

experiments were performed under controlled lab 

temperature (22±1°C) and relative humidity (48%±4%). 

The experiments were divided into two stages to 

minimise the experimental effort while maintaining 

statistical significance. In the first stage, a full factorial 

design of experiment (DoE) approach was employed 

for a first screening of the most influential factors 

affecting the CoF. R2 and R4 plates were tested for all 

load and speed combinations in both directions. The 

second stage aimed to investigate the effect of surface 
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roughness on the CoF for the critical combinations 

identified in the first stage. R1, R3, and R5 plates were 

tested in the two sliding directions for the two load 

and speed combinations that yielded the maximum 

and minimum CoF in the previous stage. The test 

conditions for both stages are summarised in Table 2. 

2.2 Surface characterisation 

In-depth surface characterisations of the PAG plates 

were performed. PA6G plates were characterised 

using both 2D profile and 3D areal techniques to 

determine the interaction between the plate roughness 

and the pin. 

A Mitutoyo SJ210 contact profilometer was used for 

profile characterisation, and Ra and Rsm values were 

computed under the EN ISO 4288 standard [23]. The 

R5 plate roughness could not be measured according 

to the standard due to equipment limitations in 

setting the required cut-off value (8 mm). Accordingly, 

the Ra and Rms values of the R5 plates were computed 

by extracting the profile from the optical areal 

measurement and postprocessing it under ISO 4288 

standard conditions.  

A SensoFar S-NEOX optical profilometer with 

confocal technology [24] was used for the areal 

characterisation. An acquisition area of 7,892 μm × 

660 μm was set to capture at least five representative 

motifs for PA6G plates. SensoMap Premium 7.4   

Table 2 Summary of tribological test parameters. 

Pin Commercial pin DIN6325 + TPU

Plate PA6G 

Lubricating medium Dry 

Stroke (mm) 9 

Direction Perpendicular–parallel 

Number of cycles 10 

Temperature (°C) 22±1 

Humidity (%) 48±4 

 First stage Second stage 

Load (N) 5–30 5–30 

Contact pressure (MPa) 3.5–8 3.5–8 

Speed (mm/min) 10–160 160 

Frequency (Hz) 9.15×10–5 

–1.48×10–3 1.48×10–3 

Plate roughness Ra (μm) 0.6–2.4 0.2–0.6–1.2–2.4–4

metrology software was used for data postprocessing 

to remove the surface noise through a λs = 1.3 μm 

(S-filter) Gaussian filter. The form was subtracted 

through a second-order polynomial fitting (F-operator). 

Surface topography parameters belonging to height 

(Sa, Sq, and Ssk), hybrid (Sdq and Sdr), and functional 

(Vmp and Vvv) families were computed on the primary 

S-F surface as per ISO 25178 [25] for a complete 

description of the surfaces. 

2.3 Contact area determination 

Due to the complexity of a tribosystem, which is 

composed of a hybrid metal–polymer pin against a 

polymeric plate (see Fig. 4), the contact area was  

first approximated from analytical Hertz solutions 

and then experimentally determined. Low-pressure 

Fujifilm films (2.5–10 MPa range) were used in the 

pin/plate interface under normal loads (5 and 30 N) 

to characterise the real contact area. 

3 Results and discussion 

3.1 Surface characterisation results 

Table 3 lists all the results obtained from the 2D and 

3D surface characterisation of the PA6G plates. The 

measured Ra values were in good agreement with the 

targeted Ra values. Rsm denotes the distance between 

the peaks corresponding to machining marks. Notably, 

the Rsm value of R5 is larger than the contact area for 

low load cases (see Section 3.2 Second stage results). 

Consequently, R5 should not be considered as typical 

surface roughness, but rather as a distinctive geometric 

feature. Therefore, the roughness of the areas between 

the peaks (referred as peak–flank area for the rest of 

the document) were analysed by cropping and 

removing the form with a plane (see Table 4). The 2D 

average roughness values (Ra) and 3D values (Sa) as 

well as the root mean square roughness (Sq) exhibited 

the same trends, with R1 being the smoothest surface 

and R5 the roughest. The skewness parameter (Ssk) 

represents the shape of the height distribution. All 

the surfaces except R3 exhibited positive skewness, 

indicating a predominance of peaks. This surface 

exhibited a negative Ssk, implying a predominance  

of valleys, which may be attributable to its different  
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Table 3 Surface characterisation 2D and 3D for PA6G plates. The R5* “peak–flank” area are the topographic parameters for the areas 
between the peaks of R5 plate. 

 R1 R2 R3 R4 R5 
R5*  

“peak–flank” area

Ra (µm) 0.179±0.014 0.467±0.019 1.202±0.025 2.535±0.025 4.045±0.156 0.280±0.029 

Rsm (mm) 0.027±0.004 0.070±0.003 0.216±0.017 0.830±0.119 1.226±0.140 0.033±0.002 

Sq (µm) 0.325±0.004 0.705±0.033 1.810±0.118 2.844±0.305 4.600±0.453 0.567±0.082 

Sa (µm) 0.246±0.007 0.557±0.038 1.367±0.047 2.391±0.246 3.779±0.314 0.434±0.055 

Ssk 0.642±0.794 0.891±0.295 -0.109±0.503 0.448±0.168 0.980±0.381 0.767±0.275 

Str 0.660±0.140 0.044±0.003 0.218±0.043 0.488±0.007 0.607±0.009 0.147±0.058 

Sdq (°) 0.175±0.018 0.212±0.018 0.180±0.013 0.280±0.063 0.490±0.141 0.136±0.002 

Sdr (%) 1.465±0.281 1.920±0.243 1.391±0.141 2.288±0.370 3.791±0.859 0.895±0.025 

Vmp (p = 10%) (µm3/µm2) 0.019±0.004 0.037±0.006 0.085±0.013 0.100±0.004 0.238±0.045 0.041±0.011 

Vvv (p = 80%) (µm3/µm2) 0.040±0.007 0.058±0.003 0.248±0.075 0.162±0.011 0.242±0.023 0.053±0.007 

Table 4 3D and 2D profiles of PA6G plates at imposed and free scale. 

Plate 3D profile (imposed height scale) 2D profile (free height scale) Peak-flank “Flat” areas 

R1 

 

R2 

 

R3 

 

R4 

 

R5 
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fabrication process (the R3 sample was not machined). 

The hybrid parameter Sdq represents the root mean 

square of the surface slope. Its trend generally agreed 

with the height parameter values (Ra and Sa), that is, 

R1 and R5 had the lowest and highest values, 

respectively. R3 and peak–flank area were an exception 

with a lower Sdq value than R2 and R1, respectively. 

The Sdr describes the developed interfacial area of the 

surface, representing the supplementary percentage of 

surface area provided by its texture in comparison to 

an ideal planar surface. It is conformed to the same 

trend as the Sdq parameter.  

Vmp and Vvv were calculated from the Abbot–Firestone 

curve, corresponding to the peak and void volumes 

and computed at 10% and 80%–100% of the material 

ratio, respectively. Vmp and Vvv trends agreed with 

the Ra and Sa values. Again, R3 exhibited a larger Vvv 

than R4.  

Table 4 lists the 3D (at imposed height scale) and 

2D profiles (at a free-height scale) extracted from the 

3D areal measurements. In addition, it includes the 

2D profile of the peak–flank area for R5 plate. 

3.2 First stage results 

Figure 5 shows the Pareto chart of the first stage  

of the DoE study which is used to determine the 

magnitude and important of the experimental 

variables and their interactions using a risk factor  

of 0.05. The risk factor signifies the probability of 

erroneously asserting the existence of a statistically 

significant effect when, in reality, it does not exist.  

 

Fig. 5 Pareto diagram of the experimental first stage. The reference 
line is the threshold for considering a factor significant according 
to the 0.05 risk factor. 

For this analysis, the significance level was set at 5%. 

Each of the test variables is denoted as a letter being 

load (A), velocity (B), direction (C), and roughness 

(D). The interaction between variables is denoted  

by concatenating the assigned variables letters. For 

instance, load–velocity interaction is represented  

by AB. Three of the four factors under study were 

statistically significant (load, roughness, and sliding 

direction), and the interaction between the load and 

roughness was significant. The impact of velocity 

was negligible, as expected for the studied range of 

velocities [26]. 

Figure 6 shows the effects of the statistically 

significant factors on the CoF as their magnitudes 

increase. The CoF decreases significantly when load 

is increased, which is expected for rigid body–elastomer 

contact pairs [27], corroborating previous reports on 

steel–TPU [28] and cast iron–TPU [29] contacts. The 

same behaviour was observed when testing nylon 

against steel [30]. Conversely, the CoF increased 

when the Ra value was augmented and the sliding 

direction and milling marks were aligned. Regarding 

the significant interactions, the influence of the 

surface roughness decreases as the load increases 

(see Fig. 6(d)). 

Figure 7 shows all the results corresponding to 

the stage one analysis. As previously mentioned, the 

roughness is significant at low loads, and the effect is 

negligible at high loads.  

Due to the effect of velocity being insignificant, the 

second stage of analysis was performed at high speed 

to save time. However, differences in friction loops 

were observed when the speed was changed. Figure 8 

shows representative friction loops at high and low 

loads at both speeds, which exhibited different 

friction mechanisms. For high-load tests, both speeds 

exhibited a clean CoF signal, whereas for low-load 

tests, the low speed case exhibited a noisy signal.  

The test frequency of the low load–low speed signal 

(6.9 Hz for R4) did not match the plate roughness 

frequency (0.2 Hz for R4), which invalidates the notion 

of geometric interaction between the peaks of the pin 

and plate due to the Rsm values of the plate. Therefore, 

the noise at low loads was related to a stick–slip 

phenomenon, which is more likely to occur at low 

velocities in rubber materials [28].  
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Fig. 6 Influence of statistically significant factors. (a) Load: Low load (LL) and High Load (HL); (b) Ra: R2 and R4; (c) sliding 
direction: perpendicular and parallel; and (d) load-Ra on the mean CoF. 

 

Fig. 7 CoF results for Low Load (LL), High Load (HL), Low Velocity (LV), and High Velocity (HV) combinations for R2 and R4 in 
(a) perpendicular direction and (b) parallel direction. 

 

Fig. 8 R4 friction loops results for the perpendicular direction. (a) Low Load (LL)/Low Velocity (LV); (b) Low Load (LL)/High 
Velocity (HV); (c) High Load (HL)/Low Velocity (LV); and (d) High Load (HL)/High Velocity (HV). 
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3.3 Second-stage results 

Figure 9 shows the second-stage results, at which all 

the roughness values under analysis (R1-R2-R3-R4-R5) 

were tested for one speed (HV) and two loads (LL, 

HL). At high loads, the roughness has no effect on 

friction in both directions (perpendicular and parallel). 

Conversely, at low load conditions, surface roughness 

has almost no effect on sliding in the parallel 

direction (Fig. 9(b)), but the effect is significant in  

the perpendicular direction (Fig. 9(a)). A nonlinear 

effect was observed at low load conditions in the 

perpendicular direction. The CoF first reduces when 

the roughness increases, with a minimum Ra of 

0.6 μm. Afterward, the CoF increases as the roughness 

increases, peaking at Ra 2.4 μm. Finally, it reduces 

again at a surface roughness of Ra 4 μm.  

Different wear mechanisms were observed on the 

pin TPU surfaces tested at low and high loads (see 

Fig. 10). Pins tested under low load exhibited smooth 

and homogeneous surfaces (Fig. 10(b)), which were 

similar to the nontested surfaces (Fig. 10(a)). Conversely, 

buckles or waves of detachments appeared on 

high-load-tested TPU pin surfaces (see Fig. 10(c)), which 

correspond to Schallamach waves [15, 29, 31, 32]. 

Schallamach waves are generated because of the  

small elastic limit of TPU (100 times smaller than that 

of PA6G) and relatively large adhesion energy [31]. 

The rolls generated due to this wear mechanism (see 

Fig. 10(d)) remain in the contact interface, acting as a 

solid lubricant, which explains the observed decrease 

in friction relative to that in the low load case. This 

change in tribological contact dominates the friction 

in high-load tests, invalidating the effect of PA6G 

surface roughness. These results agree with previously 

published data on TPU tribopairs [3], where a drop in 

the CoF and a decrease in the roughness effect were 

reported when Schallamach waves were observed.  

The low-load tests reveal that the surface roughness 

influences the CoF. To clarify the roughness interaction, 

the contact area and surface motives interacting in the 

tribological contact were further analysed. Figure 11 

shows the experimental and analytical (Hertz solution) 

results of the contact pressure and contact area for 

low- and high-load tests. 

Notably, the analytical Hertz solution does not 

represent the complex contact system of the present 

study because the pin is composed of a rigid metallic 

bulk covered by a non-rigid TPU coating. Accordingly, 

experimental results differed from the analytical 

solutions (lower contact area and higher mean contact 

pressure). The experimental results revealed a contact 

 

Fig. 9 Low Load/High Velocity and High Load/High Velocity CoF results for (a) perpendicular direction and (b) parallel direction. 

Fig. 10 Pin’s TPU film surface under (a) non tested conditions; (b) LL/HV conditions for R4; (c) HL/HV conditions for R5; and 
(d) HL/HV for R4. 
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area of 0.79 and 2.83 mm2 and a contact pressure   

of 3.5 and 8 MPa for the low- and high-load cases 

respectively. The PA6G roughness peaks in contact 

with the TPU pin were determined by considering 

the contact area for the low-load tests (0.79 mm2)and 

2D Rms parameter (see Fig. 12(a)). 

For R5 the distance between the peaks was larger 

than the dimension of the contact. As a result, the peak 

flank area (see Table 4) became the contact surface 

and its roughness assumed greater significance in  

the CoF behaviour (see Table 3). A schematic of the 

contact mode, considering the contact area and Rsm 

values of the plates, is shown in Fig. 12(b). 

Considering the large differences between the 

contact areas in Fig. 12(b), the Sdr value (the developed 

interfacial area of the surface), in addition to Ra, has 

been considered for analysing the obtained CoF 

results. Figure 13 presents the obtained CoF results 

for both directions as well as the Ra and Sdr values 

of each plate. The results are presented in ascending 

order of the Ra plates.   

Perpendicular direction tests reveal a CoF reduction 

when the Ra is increased until it reaches its minimum 

value, corresponding to the R2 surface (Fig. 13). 

However, this trend is not consistent with the Sdr 

parameter evolution. An increase in Sdr results in a 

more developed surface, which would result in a 

larger contact area and stronger adhesion forces 

(resulting in increased friction). The increase in Sdr 

value and reduction in CoF value of the R2 surface 

suggest that the TPU is incapable of adapting to all 

the developed areas due to the small Rsm value, 

preventing the whole contact of the TPU surface. The 

contact area decreases with adhesion force, resulting 

in a lower friction coefficient. These results corroborate 

previous findings. Fujita et al. [33] analysed elastomer 

tips against texturised glass surfaces, reporting a 

smaller CoF in the textured glass surfaces due to the 

reduction in adhesion resulting from the apparent 

contact area diminution.  

Beyond R2, the CoF value increases with Ra. As the 

Ra value increases, the effect of adhesion may reduce,  

 

Fig. 11 Experimental test and Hertz model result comparison: (a) Fujifilm low-pressure films test results at LL conditions; (b) Fujifilm 
low-pressure films test results at HL conditions; (c) contact diameter; and (d) mean contact pressure. 

 

Fig. 12 Relationship between plate surface Rsm values and the number of peaks in contact for low load cases. (a) Rsm and number of 
peaks in contact for each roughness and (b) schematic of the contact PA6G plates considering the experimental contact area. 
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Fig. 13 Relationship between the Ra and Sdr values of the surfaces 
and the CoF. * The presented values of the R5 plate correspond 
to the peak–flank areas (see Table 4). 

and the hysteresis may be the predominant effect on 

the CoF. Therefore, the CoF is augmented when 

increasing the Ra as the elastic deformation of the 

TPU is increased [34]. Regarding the Sdr values, 

different trends were observed. On the one hand, 

R3 exhibited a smaller Sdr than R1 and a larger CoF. 

Notably, the R3 plate was not machined and 

exhibited a negative Ssk (predominance of valleys in 

the surface), which may change the plate behaviour. 

On the other hand, R4 exhibited the maximum Sdr 

and Rsm values, which may enable the TPU to 

adapt to all the developed surfaces, maximising the 

contact area. This increases the adhesion forces and, 

consequently, the CoF value. Further studies are 

required to determine whether the increase in CoF 

is associated with an increase in adhesion forces or 

hysteresis.   

Regarding the CoF results in the parallel direction, 

Fig. 13 reveals that the differences in the CoF between 

the plates are subtle. Nevertheless, the trends of the 

parallel and perpendicular directions are similar. In 

the parallel direction, hysteresis cannot be predominant 

as the pin does not slide against the asperities of the 

plates, which reinforces the idea of CoF augmentation 

due to an increase in the contact area. The Sdr value 

does not fully correlate with the CoF because the TPU 

may not be able to adapt to all the developed surfaces.  

Further work is needed to clarify whether the CoF 

augmentation corresponding to an increase in the  

Ra is due to hysteresis or augmentation of the real 

contact area. The capacity of TPU to adapt to the 

surface should also be characterised to elucidate the 

interaction between friction and roughness. 

4 Conclusions 

The effect of pulley roughness and sliding direction 

on the coefficient of friction (CoF) of pulley–rope 

contacts was analysed through reciprocating tests. 

The statistical analysis revealed that the surface 

roughness and sliding direction have a significant 

effect on the friction coefficient during low-load tests. 

The following conclusions can be drawn: 

1) The effect of speed on CoF is negligible for the 

studied ranges (10–160 mm/min). However, a stick–slip 

phenomenon was identified only in low-load and 

low-velocity cases. 

2) The most influential variable on the CoF is load 

because it changes the friction mechanism. High 

contact pressure generates thermoplastic polyurethane 

(TPU) rolls that stay in the interface and act as solid 

lubricants. Therefore, the CoF decreases, and the cast 

polyamide 6 (PA6G) surface roughness effect becomes 

negligible. 

3) The surface roughness only becomes relevant for 

low-load cases.  

4) Both the Sdr (developed interfacial area) and Rsm 

(arithmetic mean value of the width of the roughness 

profile elements within the sampling length) parameters 

are important for elucidating the interaction 

between roughness and CoF. A bigger interfacial area 

corresponds to a higher adhesion force, leading to an 

increase in friction. However, depending on the Rsm 

value, the TPU might not be able to adapt to the 

PA6G surface, decreasing the apparent contact area 

and thus the CoF. 

5) For large Ra values, the CoF increase may be 

related to (i) an increase in the hysteresis caused by 

the larger elastic deformation of the TPU generated 

by bigger asperities or (ii) a larger contact area—as 

with large Rsm values, the TPU may be able to adapt 

to all the developed surface. 

6) The effect of surface roughness in the parallel 

direction is weaker than that in the perpendicular 

direction, but the trend is consistent.  
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Future work should clarify whether the CoF 

augmentation that occurs with increasing Ra is 

caused by augmentation of the real contact area or 

hysteresis. The present study can guide the parameter 

selection for deflection pulley machining to minimise 

friction between the pulley and rope. 
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