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Abstract

:

The quasi-static regime of friction between a rigid steel indenter and a soft elastomer with high adhesion is studied experimentally. An analysis of the formally calculated dependencies of a friction coefficient on an external load (normal force) shows that the friction coefficient monotonically decreases with an increase in the load, following a power law relationship. Over the entire range of contact loads, a friction mode is realized in which constant shear stresses are maintained in the tangential contact, which corresponds to the “adhesive” friction mode. In this mode, Amonton’s law is inapplicable, and the friction coefficient loses its original meaning. Some classical works, which show the existence of a transition between “adhesive” and “normal” friction, were analyzed. It is shown that, in fact, there is no such transition. A computer simulation of the indentation process was carried out within the framework of the boundary element method, which confirmed the experimental results.
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1. Introduction


Adhesion refers to the sticking together of solids or of solids and liquids. In biology, adhesion forces play an important role. Due to intercellular adhesion, cells are able to unite into organs, as well as to stick to a substrate [1,2]. Adhesion is actively used by many biological organisms across a wide range of scales—from bacteria, that are adhesively attached to the surfaces [3], to certain amphibians and reptiles capable of moving along inclined surfaces, or even upside down along vertical surfaces, due to adhesion [4,5]. Different animals use various adhesion mechanisms. For example, some insects secrete a fluid with which they attach to surfaces using capillary forces (adhesion due to liquid bridges) [6]. Those capillary forces are sufficient for insects, due to their low body mass. However, this mechanism was proven to be insufficient to adhere larger organisms, such as phyllomedusae or geckos, to surfaces. Therefore, larger animals use an adhesion mechanism based on Van der Waals forces [4,5]. The main reason that we do not often observe adhesion in solid–solid contact is that all solids in nature have rough surfaces and the area of real contact (where the adhesive forces mainly act) is very small compared to the observed area of nominal contact. Animals circumvent this limitation through the use of complex hierarchical adhesive structures on their feet, consisting of large numbers of keratin hairs (setae). On the gecko’s feet, for example, each seta is 2–10 μm wide and about 100 μm long [7,8]. At the end, each seta has branching, protruding structures called spatula (≈200 nm wide and long). When contacting a rough surface, the setae of such paws deform and fill in the roughnesses, whereas the spatulas provide strong adhesive contact. As a result, the real contact area becomes close to the nominal area, which greatly increases the strength of the adhesive contact. In this case, the surface structure of the paw is organized in such a way that the highly adhesive ends do not touch each other, otherwise they would stick together and lose their adhesive properties. Interestingly, a similar structure, consisting of setae, is also used by abalone [9,10], which live in water. It is worth noting that the contribution of Van der Waals forces to adhesive forces in the abalones is only about 20%, while the contribution of vacuum adhesion forces exceeds 60% [10].



For locomotion of biological organisms, attachment and detachment of the adhesive contacts are fundamental [11]. But a much more challenging problem, from a researcher’s point of view, is the influence of adhesion on friction in sliding contacts [12,13,14]. For example, in [14], experiments have been carried out where a spider leg segment has been pulled and pushed along a surface. For some spider species, it has been observed that their attachment system requires sliding in order to form an intimate contact, otherwise the contact area is almost zero. During pushing, the proportion of spatulae in contact were higher than in pulling. Based on the friction experiments, it has been observed that, in the pushing mode, the measured friction force was considerably higher than in the pulling mode. Tangential contact (friction) in adhesive systems is a complicated problem, as adhesion contributions in normal and tangential forces differ considerably in their nature [15].



Adhesion can be controlled by modifying the contact area or the contact strength. Both are dependent on the shear force [15], since pushing the adhesive pad away from the body creates an unstable contact and therefore a decreasing contact area, whereas pulling the pad towards the body leads to an increase in contact area. ”Shear sensitivity” is widespread across climbing animals, including flies, beetles, spiders, leafhoppers, bushcrickets, stick insects, cockroaches, ants, bees, bats, tree frogs and geckos. By shearing the adhesive pads along the surface, these animals can control their attachment to the surface.



In addition to biological organisms, contacts showing enhanced adhesion properties are widely used in a variety of technical applications [16,17,18,19,20]. To understand the processes in adhesive contacts, a large number of both theoretical and experimental investigations are being carried out [15,21,22]. In addition, computer modeling based on modern numerical methods, such as the boundary element methods (BEM), finite element methods (FEM), molecular dynamics (MD), movable cellular automata (MCA), etc., is actively used. However, despite the efforts of many scientific groups, many of the effects observed in adhesive contacts remain incompletely understood. This especially applies to tangential adhesive contacts, which are much more poorly described compared to normal contacts. Understanding the processes occurring in tangential contact is important for understanding what happens in adhesive contact during the movement of biological organisms on inclined surfaces, since such contact is always simultaneously loaded in both normal and tangential directions. In our previous work [23], the propagation of adhesive contacts at indentation and its disappearance at detachment were studied experimentally. The present work is an extension of [23] and investigates the sliding mode (friction) in adhesive contacts under a slowly increasing external load. The materials and experimental techniques are similar to those used in [23].




2. Theoretical Estimation of the Friction Coefficient for Adhesive Contacts


In a case where the main contribution to friction is caused by the adhesive interaction between the surfaces, the friction force is approximately given by the equation [24,25,26].


    F   x   =   τ   0     A   r   ,  



(1)




where Ar is the real contact area and τ0 are the tangential stresses that are necessary to break the adhesive bonds and initiate the sliding mode. In typical engineering contacts between solid bodies, usually the real contact area (Ar) is mostly very small compared to the nominal contact area (A), due to surface roughness. For instance, in [27], a series of experiments were carried out on the friction between quartz glass and rough copper samples. The result of this work demonstrates that the real contact area (Ar) increases linearly with rising external load on the friction surface (FN) but still remains small; even at a maximum load of 120 N it was less than 4% of the nominal contact area. Since, in Equation (1), the critical stresses (τ0) are constant and defined by the adhesive properties of the contacting surfaces and the area, Ar increases linearly with the external force [27]


    A   r   = α   F   N    



(2)




as a result, the well-known Amonton’s friction law emerges:


    F   x   = μ   F   N   ,  



(3)




where a constant friction coefficient (μ = ατ0) is introduced. Very often, the friction force is more or less accurately described by Amonton’s law (3), especially in the case of dry friction between solid bodies that are not capable of forming strong adhesive contacts. Nevertheless, deviations from Amonton’s law are common, including non-adhesive dry contacts [28].



The other limiting case is friction in contacts that show good adhesion. A special case of such contacts is a pair comprising a hard indenter and a soft elastomer that exhibit macroscopic adhesive properties. The fact is that soft material can be easily deformed so it is able to almost completely fill in the gaps between roughnesses on the surface of a rigid indenter. In the presence of adhesion, such filling of roughness occurs even more successfully due to adhesive forces between the surfaces, especially when the incompressible elastomer acts as the adhesive material. Since the total volume of the elastomer does not change during the deformation, the material extruded locally by the roughness must occupy the new free spaces in the contact, which are the gaps between the rough protrusions on the indenter surface. Therefore, in such adhesive contacts, expression (2) is not valid, since the real contact area (Ar) is very close to the nominal contact area (A) (almost full contact is realized). As a result, Amonton’s law (3) becomes inapplicable and the friction law takes the form of [24,25].


    F   x   =   τ   0   A ,  



(4)




where A is the nominal contact area, which coincides with the real contact area, Ar.



In our previous works [29,30], we studied the tangential contact between steel indenters with radii of R~100 mm and the TARNAC CRG N3005 elastomer, which has the elastic parameters E ≈ 0.324 MPa and ν ≈ 0.48, determined in [31] by summarizing a large number of experimental data. This type of rubber has distinct adhesive properties, and the friction force in the contact between it and the steel indenter is determined by Equation (4). Note that, depending on the state of the surface in various experiments, the value of stationary stresses (τ0) in the sliding mode in our experiments ranged from 30 to 60 kPa. In [25], where the authors studied friction between atomically smooth surfaces separated by various organic substances several monolayers thick, it was experimentally shown that in the presence of adhesion, constant tangential stresses are realized in the contact, regardless of the load on the friction surface. Therefore, the regime of “adhesive” friction, given in Equation (4), is observed in both ordinary engineering contacts and in microscopic systems.



According to the classical works [32,33], in adhesive contacts, with an increasing load on the rubbing surfaces (FN), a transition occurs from the “adhesive” friction mode (4) (in which the friction force (Fx) is proportional to the contact area) to “normal” friction. In the “normal” friction mode, the friction force becomes proportional to the applied load (see Equation (3)). This transition is combined with a rapid decrease in the value of the friction coefficient (μ), which is calculated in a standard way


  μ =   F   x   /   F   N    



(5)




with an increase in the normal force (FN) and its tendency to a constant value (μ = const) with a further increase in the load on the contact. It is worth noting that, in adhesive contacts (for which Equation (4) is valid) the value of the formally calculated friction coefficient (μ) (5) at low loads (FN) can be extremely large. This happens because, in adhesive contacts, the resulting normal force (FN) consists of two oppositely directed components: the elastic reaction force of the support and the adhesive force [34]. If these forces are equal by absolute values, the resulting normal force will be zero at the non-zero contact area. Consider a situation where, simultaneously with normal indentation, tangential movement of the indenter occurs, resulting in a non-zero tangential force (friction force). In this case, in some interval of indentation depth a normal force (FN) will be close to zero at some finite friction force (Fx), formally leading to infinite values of the friction coefficient, μ (5). Note that even negative values of the “friction coefficient” (μ) can be realized, if the resulting force is FN < 0 (for example, in the case of pure adhesive force at positive distances between indenter and elastomer).



The situations with extremely large friction coefficients have been repeatedly observed in our experiments, for instance, in [30], which provides an estimation of the friction coefficient for adhesive contacts formally determined by Equation (5). If we assume that Equation (4) is valid in an adhesive contact and determine the friction coefficient using Equation (5), then we will have


    μ =   τ   0   A /   F   N   .  



(6)







If the relationship between the contact area (A) and the force (FN), applied in the normal direction to the friction surface, is known, it is possible to find analytical dependence of the friction coefficient as a function of indentation depth (d) or normal force (FN). It was experimentally shown that, in the presence of tangential motion and a sufficiently large indentation, depth (d), even in adhesive contacts, normal force (FN) and contact radius (a) are sufficiently described by the expressions for non-adhesive contact (Hertz contact [35]).



Let us consider the general case of an axially symmetric indenter, where the profile is specified by a power function


    f   r   =   c   n     r   n   ,  



(7)




where r is the radial coordinate. Note that the contact problem only has a geometric meaning for n > 0, because the function f(r) must be increasing. When indenting the profile of f(r) into an elastic half-space, the normal force (FN) and the contact radius (a) are determined by the expressions [36]:


       F   N   =   2 n   n + 1   ×     E   *     d     n + 1   n             c   n     κ   n         1   n         ,   a =       d     c   n     κ   n           1   n       



(8)




where the following functions are introduced


     κ   n   =    π    2   ×   n Γ     n   2       Γ     n + 1   2         ,     E   *   =   E   1 −   ν   2       



(9)




where Γ(∙) is a standard gamma function [37]


  Γ   n   ∶ =   ∫  0   ∞      t   n − 1     e   − t     d t  



(10)







For axially symmetric contacts, the area of the contact can be found as A = πa2. For such a case, from Equation (6) we will have


    μ =   π   a   2   τ   0   /   F   N   .  



(11)







In the case where the friction force is proportional to the contact area (Fx = τ0A) (4), the friction coefficient (μ) is determined by Equation (11), which, when using expressions (8)–(10), leads to the dependence of the friction coefficient (μ) on the indentation depth (d)


  μ ( d ) =   π   τ   0   ( n + 1 )   2 n   E   *         c   n     κ   n         1   n       ×   1     d     n − 1   n       ,  



(12)




or the same as a function of normal force (FN)


    μ (   F   N   ) = π   τ   0         n + 1   2 n   E   *     c   n     κ   n           2   n + 1     ×   1         F   N         n − 1   n + 1       .  



(13)







Note that the estimates (12) and (13) are valid only for sufficiently large indentation depths, at which the influence of adhesion on the contact size becomes negligible.



There are some important conclusions following from Equation (13):




	(1)

	
In the case of 0 < n < 1, the friction coefficient (μ) increases with the increase in normal force. The reason for this behavior lies in the fact that with such forms of the indenter, the normal force (FN) increases slower than the contact area (A).




	(2)

	
For conical indenters, where n = 1, the friction coefficient does not depend on either the normal force (FN) or the indentation depth (d) and is equal to a constant value











      μ   c o n i c a l   =   2   τ   0       E   *     c   n     .  



(14)







This is a very important point, since it means that in experiments with conical indenters we will have a constant friction coefficient, despite the fact that the friction force, as before, is given by the equation Fx = τ0A (4). Therefore, experiments with conical indenters can potentially be misinterpreted, and when analyzing their results, it is necessary to pay additional attention to this feature.



	(3)

	
In the case n > 1, the friction coefficient decreases with the increase in normal force (FN).




	(4)

	
In the case when n >> 1, the indenter turns into a flat stamp (the contact area (A) is a constant and is independent from indentation depth and normal force). Therefore, for n → ∞, Equation (13) shows the asymptotic behavior








   μ ∝   1     F   N     .   



(15)





When choosing the parameter     c   n   =   a   0   1 − n     in Equation (7), while n → ∞, the profile f(r) describes a cylinder with a flat base with a radius of a0.



In the present work, we have investigated adhesive contact between a spherical indenter and an elastomer. For a small indentation depth, a sphere can be approximated well by a parabolic shape. The expression (12) for the case of a parabolic indenter with n = 2 and cn = 1/(2R) is reduced to the equation previously used in [30] in the form


    μ   d   =   3 π   τ   0     4   E   *        R   d    .  



(16)







According to (16), the friction coefficient (μ) decreases with an increase in the indentation depth (d). The second Equation (13) for the particular case of the parabolic indenter will take the form


    μ     F   N     = π   τ   0         3 R   4   E   *           2   3       1     (   F   N   )   1 / 3     .  



(17)







Equation (17) was previously used in [38,39] to describe friction between surfaces coated with thin layers of soft plastic materials. If there is a thin layer of material in the contact zone that is subject to plastic flow, a situation similar to adhesive friction is observed, since the friction force is also given by the equation Fx = τ0A (4), where the stress τ0 has the meaning of tangential critical stress of plastic flow of the thin layer of material.



Let us note an important point. Formally, Equations (16) and (17) show a constant decrease in the friction coefficient (μ) as the indentation depth (d) or normal force (FN) increases. Therefore, if the expressions (16) and (17) turn out to be valid at extremely high loads, then the friction coefficient at high loads should be quite small. However, such an effect has nothing to do with a change in the friction mechanism, as is observed, for example, when establishing a superlubricity mode with a negligible friction coefficient [40]. In (16) and (17), the nature of the friction coefficient reduction is related to the contact geometry during the indentation of a spherical (parabolic) indenter. During indentation, the contact area (A) increases slower than the corresponding normal force (FN), which, according to the general Equation (6), leads to a decreasing friction coefficient.



Now let us return to the results of [32,33] that describe the transition between the modes of “adhesive” (4) and “normal” (3) friction with an increase in the external load FN on the friction surface. In these works, the presence of such a transition is explained as a decrease in the friction coefficient (μ) as normal force (FN) increases, and its tendency towards a constant value if FN becomes large enough. In [32], the results of an experiment were described in which the friction of steel on indium was studied in a load range from 2 to 150 g. The work states that for loads greater than 100 g the friction coefficient does not change and is μ ≈ 2, while for small loads of the order of 2 g, the friction coefficient exceeds 18. In Figure 1, the symbols show experimental data from [32], on the basis of which the authors draw such conclusions. Note that, here, the maximum load of 150 g corresponds to a normal force of FN ≈ 1.5 N.



In addition to the experimental data, Figure 1 shows dependence (17) which, as it turns out, describes the dependence obtained in the experiment well. The important point here is that Equation (17) is an expression of “adhesive” friction, in which the friction force is proportional to the contact area (Fx = τ0A) (4). This means that (17) does not imply a transition between the “adhesive” and “normal” friction modes. And, the illusion of a transition lies in the fact that the power function (17) decreases quite slowly, as can be seen in the inset of the figure, where the same dependencies are presented in logarithmic coordinates. Thus, we can conclude that the experimental data from [32] do not confirm the presence of a transition between friction modes; furthermore, to test the hypothesis about the existence of such a transition, it is necessary to conduct additional experiments, which are described in the following sections of this paper.




3. Experimental Technique


3.1. Description of Experimental Equipment


All experiments described in this paper have been carried out with the experimental setup shown in Figure 2. The left panel shows a general view of the device, while the right panel shows the contact area. In both panels, the main elements of the system are indicated by numbers. A spherical steel indenter (4) is attached to a three-axis ME K3D60a force sensor (3), which operates over the force range of ±100 N. Note that in our previous works (see, for example, [31,41]) we used the ME K3D40 sensor, which operates in a smaller range of ±10 N. The force sensor (3) measures all three components of normal force. The electrical signal from the sensor (3) is amplified using a 4-channel amplifier GSV-1A4 SUBD37/2, equipped with three channels. The amplified signal is transferred to a computer using an NI USB-6211 16–bit ADC. The indenter (4) is moved in the normal and tangential directions using connected high-precision linear stages PI L-511.24AD00 (1) and (2). These drives are controlled by USB controllers PI C-863, which are shown in Figure 2, in positions (13) and (14).



Sheets of transparent rubber TARNAC CRG N3005 and CRG N0505 with thicknesses h = 5 mm are used as elastomers (5), which are indented using a steel counter body. The almost perfect transparency of these elastomers allows direct observation of the contact area, which is carried out with the Ximea 2.2 MP MQ022CG-CM digital camera using a FUJINON HF16SA-1, 2/3” lens. The camera is in position (7) and is blocked from the observer by a fixed aluminum plate. The elastomer CRG N3005 has an elastic modulus E ≈ 0.324 MPa [31], while the elastic modulus of the indenter material (steel) is E ≈ 2 × 105 MPa, which is 5 orders of magnitude higher. Therefore, when analyzing the experimental data, the indenter is considered as absolutely rigid. The second material used in this paper, CRG N0505, is even softer.



The tilting mechanism (6) allows a manual change of the position of the elastomer in the horizontal plane, which is important when conducting experiments with tangential motion described below. The 8MR190-90-4247-Men1 motorized rotation stage (8), controlled by the 8SMC5-USB-B8-1 USB controller, adds an elastomer rotation option to the setup, which is also used in the experiments described below.



In a previous paper [41], the setup shown in Figure 2 was described in detail, including various modifications. However, an additional modification was added to the device used in this work, which was not present in [41]. This refers to the system of sliding contacts (10) and (11). This system enables an uninterrupted power supply from the regulated power supply unit (12) to the LED lighting frame (9), providing stable lightning in experiments with circular motion when the rotation stage is activated. Homogeneous qualitative illumination of the contact area is of great importance as we process photographs of the contact area in order to find the magnitude of the contact area and also to observe the dynamic processes occurring in the contact due to the rearrangement of the contact boundary; the lightning (9) consists of 80 white LEDs (20 from each side).



Since the developed sliding contact system is a new improvement to the existing equipment, which has not been described by us before, we will elaborate on it in more detail. Figure 3 provides a more detailed view of the system under discussion, separately from the installation.



Here, the contact system is shown in section view, which allows us to trace the path of electrical energy transfer from the power supply unit (12) to the light frame (9). For convenience, Figure 3 shows the numbered elements, which are the same as used above in Figure 2; the new elements in Figure 3 continue the numbering order of Figure 2. Note that Figure 3 shows not a real photograph, but an accurate 3D model preserving all proportions. This 3D model was used to manufacture the installation elements (10) and (11) that were printed out with the “QIDI TECH i Fast FDM 3D Printer”. The electric current from the power supply (12) is transferred to the brass foil plates (16) via cables (15). These plates are in contact with the steel pins (18) through springs (17). Through contact, the pins transmit an electrical current to the metal rings (19), which are electrically connected to the sockets (20). The light frame (9) is connected to the sockets (20) (see Figure 2b). The springs (17) are needed to press the pins (18) against the conductive strips (19) to ensure stable electric sliding contacts. A total of 4 pins are used in the system to ensure reliable contact: 2 for each contact strip. In this case, the cross-section in Figure 3 shows only two pins, each corresponding to different contact strips. Note that the metal strips (19) in the real photograph in Figure 2 have different colors as they are made of different materials: brass (top) and copper (bottom). Initially, different materials were used to determine which was best suited to provide a reliable electrical contact. However, since both materials showed good contact properties, there was no need for further modification of the sliding contact pairs.




3.2. Techniques of Experimentation


Since the purpose of the present work was to determine the characteristics of tangential contact in a quasi-static mode, the indenter had to be moved at low velocities so that the relaxation process could take place in the elastomer during the movement. In [42], it was shown that the contact between a rigid indenter and the materials we used as elastomers can be considered quasi-static, when the indenter velocity does not exceed v = 5 μm/s. The main goal of the present work was to study the dependence of the friction coefficient in adhesive contact on the load on frictional surfaces. For this purpose, a series of experiments were carried out under two different indentation scenarios. In both scenarios, the indenter was first moved to the elastomer in a purely normal direction until first contact was established. After the indenter touched the elastomer surface, in the first indentation scenario, simultaneous movement in the normal and the tangential directions began while the elastomer remained stationary. In this case, the velocity of the indenter in the tangential direction was vt = 5 μm/s, while the velocity in the normal direction was much lower at vn = 0.2 μm/s. Therefore, the indentation angle was α = arctan (0.2/5) ≈ 2.29°. In our previous work [23], we have experimentally shown and theoretically justified that when the indentation angle is α < 20°, the contact properties are very close to the tangential contact. Here we indent at a much smaller angle of 2.29°, so we can consider that at each moment the conditions of tangential contact are realized. However, the indentation depth (d) and the normal force (FN) increase with time, which allows us to analyze the dependence of the friction coefficient (μ) on these values. The described scenario is illustrated by trajectory AB in Figure 4, which shows an elastomer (5) layer on a glass plate.



The second scenario was gradual indentation with the same normal velocity (vn = 0.2 μm/s) without tangential shift of the indenter, but with rotation of the elastomer using a rotation stage. In this case, the angular velocity of the rotation stage was chosen based on the assumption that the relative tangential shear velocity of the indenter at the center of the contact relative to the elastomer surface should be the same (5 μm/s) as in the first scenario. In these experiments, the indenter was located at a distance of L = 26 mm from the center of rotation of the elastomer. To ensure that the indenter velocity relative to the elastomer is vt = 5 μm/s, the angular velocity is determined as follows


    φ  ˙  =     v   t   × 180   π L   =   5 ×   10   − 6   × 180   26 ×   10   − 3   π   ≈ 0.011       °  /  s     .  



(18)







The indenter trajectory in this scenario is shown in Figure 4 as A’B’. To ensure that in the experiment with elastomer rotation the indenter passes the same path as in the experiment with linear motion along the trajectory AB, the equality AB = A’B’ must be satisfied, which is obtained when the elastomer is rotated by the angle of


  φ =     A   ′     B   ′   × 180   π L   =   15 × 180   26 π   ≈ 33 ° .  



(19)







In both experiment scenarios, after reaching the maximal indentation depth (dmax), the indenter was pulled off in a normal direction at the velocity vn = 1 μm/s without tangential motion, until the contact was completely broken.





4. Results of Experiments


4.1. Two Scenarios of Contact Loading


In Figure 5, the lines show the results of the experiments carried out according to the scenario shown by trajectory AB in Figure 4, i.e., here, the indenter was slowly immersed into the elastomer while moving simultaneously in the normal and tangential directions. The figure shows the results of six experiments, three experiments in a sequence for indenters with radii of R = 100 mm and R = 50 mm when they were indented into a layer of TARNAC CRG N3005 rubber with a thickness h = 5 mm. Three experiments (shown in different colors) were performed for each indenter to demonstrate the reproducibility of the experiments.



In all experiments, the indenters were pressed to a maximum depth of dmax = 0.6 mm, which at a normal speed of vn = 0.2 μm/s requires an indentation time of t = 50 min. During this time, the indenter had time to pass a distance of L = 15 mm in the tangential direction, since its tangential velocity was vt = 5 μm/s. After reaching the maximum indentation depth (dmax) (this time moment is shown in all panels of Figure 5 by vertical dashed lines), the indenter was pulled off in the normal direction at a velocity of vn = 1 μm/s until the contact was completely lost.



In light of the dependencies shown in Figure 5, it follows that, for both indenters (R = 100 mm and R = 50 mm), both the normal force (FN) and the friction force (Fx) increase over time. The increase in friction force is due to the tangential loading of the contact as well as the increase in the contact area (A) due to the monotonic increase in the indentation depth (d). Note that in the experiments there is always a force component perpendicular to the direction of the movement of the indenter. This force is denoted as Fy and is shown in Figure 5c. The lateral force (Fy) arises due to the presence of inhomogeneities on the elastomer surface, deviations of the geometric shape of the indenter from the spherical one, etc. The presence of lateral force leads to the fact that the tangential force acting in the contact is not Fx, directed opposite to the direction of motion, but


    F   t   =    F   x   2   +   F   y   2    ,  



(20)




directed at an angle


    α   F   = a r c t a n     F   y       F   x      



(21)




to the direction of the movement of the indenter. In experiments in which there is no lateral movement of the indenter, the lateral force (Fy) should be much smaller than Fx, while the angle αF, determined by Equation (21), should be close to zero. In the present paper, the behavior of the friction coefficient (μ) is studied, and it is known that it can depend on the evolution of the ratio between the magnitudes of the tangential and lateral forces (21), as was shown in [43]. Therefore, for completeness, Figure 6a shows the dependences of the angle αF(t) for all experiments, the results of which are shown in Figure 5. Based on this figure, the angle αF takes on large absolute values only at the initial stage of indentation and in the detachment phase, while in the main indentation phase this angle does not exceed the value of a few degrees.



In all experiments, three force components and the time dependencies of the contact area (A) shown in Figure 5d were calculated. The contact area is determined directly from the experiment, since transparent rubber is used as elastomer and the contact area is clearly visible (see the description in Section 3 of the paper, as well as all Supplementary Videos). The availability of information about the contact area allows us to calculate the dependencies of mean tangential stresses <τ>. Since the lateral force (Fy) is present in the experiments, for greater accuracy in presenting the results, the tangential stresses <τ> and the coefficient of friction (μ) were determined as


     τ   =     F   t     A   =      F   x   2   +   F   y   2      A     ,   μ =     F   t       F   N     =      F   x   2   +   F   y   2        F   N      .  



(22)




exactly these dependencies are shown in Figure 5e,f.



Note that Figure 5e shows a small but monotonic increase in shear stresses <τ> throughout the tangential motion (before the vertical dashed line, after which detachment of the indenter in the normal direction was performed). Previously, in numerous experiments we conducted on tangential contact with a fixed indentation depth (dmax), the stresses <τ> always decreased slightly with time. We interpreted such a decrease as a decrease in the adhesive forces between the surfaces due to their oxidation, contamination, etc., during the friction process [29,30]. However, in a previous work [23], which studied the effect of indentation angle on contact processes, a slight increase in stress <τ> with the increase in indentation depth was also observed at small indentation angles (when the contact is close to tangential). Such an increase can be due to the influence of additional friction on the contact boundary line. In our recent work [29], it was suggested that friction force in adhesive contacts has two main contributions. The first contribution is the friction from the contact area: Farea = τ0A (4). The second contribution is the friction at the boundary line, Fboundary = qD, where D is the width of the contact facing the direction of motion and q is the linear force density. Total friction force is the sum of these two components:


    F   t o t a l   = q D + A   τ   0   ,  



(23)




or, for mean shear stresses, <τ> = Ftotal/A:


    τ   =   q D   A   +   τ   0   .  



(24)







Actually, in the experiment, we measure <τ> and not τ0, which should be a constant. The results shown in Figure 5e show an increase in shear stresses with an increase in contact area. After the vertical dashed line, the contact area decreases during the pull-off phase in the normal direction, and the value of <τ> decreases too. This means that we unambiguously observe here an increase in shear stresses with an increase in contact area, the same was observed in our previous work [23] and in further experiments in this work. One possible explanation of such a behavior can be determined using Equation (24), if with an increase in the contact area the ratio D/A also increases. As shown in [29], for the circular contact area, ratio D/A decreases with the increase in contact area. But in our experiments, complicated propagation of the contact line was observed; the contact boundary line was rough and it significantly changed the values of D in comparison with the perfectly circular contact. We observed an increase in shear stresses with the increase in contact area, which should be investigated in more detail; however, that is outside of the scope of the present work because it needs an additional complex analyzation of the form and length of the contact boundary line, which can also have a fractal character. However, based on the data shown in Figure 5, we can state that the discussed increase in <τ> is insignificant and with sufficient accuracy the relation Fx ≈ τ0A (4) can be used. Moreover, in the case we are now considering, in all experiments, τ0 ≈ 45 kPa (this value is shown in Figure 5e by the horizontal dashed line).



Note that the stresses denoted as <τ> in Figure 5e remain nearly constant during indenter sliding; despite this fact, the normal force (FN) varies over a large range. Thus, Figure 5a shows that, for an indenter with a radius of R = 100 mm, the maximum force was of the order of 20 N, which is much greater than the maximum load of 1.5 N in the classical experiment performed by McFarlane and Tabor [32], the results of which are shown in Figure 1. However, despite the significantly higher normal load values, the friction coefficient (μ), shown in Figure 5f, decreases throughout the whole indentation. This experimentally confirms that, in the whole range of normal forces, the relation Fx ≈ τ0A (4) is fulfilled and the transition to “normal” friction, Fx = μFN (3), does not take place. Note that at the beginning of indentation, at low normal forces, large fluctuations of both normal and tangential forces are observed. This is caused by the irregularities that are inevitably present on the surfaces of the rubber and the indenter. At small indentation depths (d), inhomogeneities strongly influence the contact configuration and contact forces, especially in the presence of adhesion. Moreover, at the very beginning of indentation (when the indenter just touches the elastomer surface), the normal force can often pass through zero value, changing its sign. As a result, the friction coefficient (μ) changes dramatically over a wide range of values at the beginning of indentation. However, once the normal force acquires a steadily increasing trend, the friction coefficient (μ) begins to decrease monotonically, as confirmed by Equation (17).



In addition to the experimental results, as depicted in Figure 5 and displayed by solid lines, the results of the boundary element method (BEM) simulation are shown with symbols. This method allows us to calculate the dependencies of the normal force (FN) and the contact area (A) on the indentation depth (d) when immersing an indenter with an arbitrary geometrical profile (in our case it is a sphere with radius R) into an elastic layer with a fixed thickness (h) in the normal direction. The need for modeling lies precisely in the limited thickness of the elastomer h, since in this case the analytical estimates (16) and (17) for the half-space become incorrect. The BEM algorithm is described in [44], and its experimental verification was performed in [31]. In the simulation, the results of which are shown in Figure 5, the elastomer parameters E = 0.324 MPa, ν = 0.48, h = 5 mm, corresponding to the TARNAC CRG N3005 material sheet [31], were used, with the indenter radii being exactly the same as the experimental ones. In the experimental work [30], it was shown that, at the indentation stage in the considered case, a low value of the specific work of adhesion (Δγ = 0.0175 J/m2) was realized, which was then used in the simulation of normal indentation. With such a low value of Δγ, the influence of adhesion is very weak, which has been observed previously in many experiments and is associated with the influence of the roughness [45] that prevents the contact from propagating. It should be noted that, at the detachment stage, Δγ is already much higher and amounts to Δγ = 0.35 J/m2. But such a large value of Δγ can be realized during the pull-off phase in a purely normal direction when the contact is not tangentially loaded (see, for example, [46], where very similar value of Δγ = 0.326 J/m2 was found). Note that the value of Δγ is not stable and strongly depends on the duration of the contact, contact pressure (indentation depth), roughness of contact surfaces, their chemical properties and many other parameters [42,47].



In the experiment described in the proposed work, there is always tangential loading in the contact, including the final stage of indenter detachment when it moves in a purely normal direction. Therefore, to simplify the consideration for both indentation and detachment, the same value of Δγ = 0.0175 J/m2, which corresponds to a nearly adhesion-free contact, was used in the simulations.



In Figure 5a, the symbols show the normal force dependences of FN(t) obtained in the simulation. One important detail is worth mentioning here. In the experiment, the maximum indentation depth was dmax = 0.6 mm, but BEM modeling shows that, for this depth, a greater value of normal force is needed than that which was experimentally observed. The problem is that, in a real experiment, there are irregularities and roughnesses on the indenter and elastomer surfaces and the indentation depth in the experiment is counted from the moment of the first contact, which can occur between the protrusions on the surfaces. In this case, the true indentation depth (d) between the indenter and the elastomer will be less than what was recorded in the experiment. Such problems are often observed in experiments with spherical indenters that are conducted under conditions of controlled movement (fixed grips). Therefore, in the simulation, the maximum indentation depth (dmax) was chosen so that it approximately corresponds to the maximum normal force (FN) observed in the experiment. In the case shown in Figure 5, the maximum depth (dmax) in the simulation was 0.568 mm. This value is only 0.032 mm smaller than in the experiment, which is within the experimental accuracy of determining the first point of contact.



The dependencies of FN(t) and A(t), shown by symbols in Figure 5a,d, are obtained directly from BEM simulations of the normal indentation process. The dependence of Fx(t), corresponding to the symbols in Figure 5b, is the result of a simulation-based calculation where the friction force is defined as Fx = τ0A (4). In this formula, the contact area (A) is the result of BEM, and the used stress value τ0 = 45 kPa is shown in Figure 5e by the horizontal dashed line, being an average value that is observed experimentally. Since we now have the simulation-compliant dependencies FN(t) and Fx(t), it is easy to calculate the theoretical dependencies of the friction coefficients as μ = Fx/FN (5). These μ(t) dependencies are shown in Figure 5f, for the indenter with radius R = 100 mm in solid and for the indenter with radius R = 50 mm in dashed bold lines. It can be seen from Figure 5f that the simulation results adequately describe the experiment and further confirm that there is no transition between the “adhesive” (4) and “normal” (3) friction modes. Another interesting feature is that the theoretical dependencies of μ(t) shown in the graph have common points (intersection points), at t ≈ 22.9 s during the indentation phase and at t ≈ 54.9 s during detachment. At the same time, at small indentation depths (d increases linearly with t), an indenter with a radius of R = 100 mm shows higher values of the friction coefficient (μ) compared to an indenter with a radius of R = 50 mm, which qualitatively agrees with the analytical estimate for a half-space (16). However, when the depth (d) exceeds the critical value, the situation is reversed. At the point of the intersection of dependences at some fixed value of d, both indenters show the same value of the friction coefficient (μ). In the experiment, a similar situation is observed, since the experimental dependences of μ(t) for indenters with different radii (R) also have common intersection points. This suggests that elastomer layers with limited thickness show a more complex behavior than the in the case of a half-space, for which, according to Equation (16), and all other things being equal, an indenter with a larger radius always shows a higher coefficient of friction.



Figure 7 shows the results of an experiment in which the indenter was moved only in the normal direction and the elastomer is rotated using the rotation stage (8) shown in Figure 2. The scenario of such an experiment is shown in Figure 4 with trajectory A’B’.



In this case, it is possible, in principle, to realize a quasi-infinite motion, since the elastomer can be rotated around its axis for any length of time; the detailed technic of the experiment is described in Section 3.2 of the paper. The basic idea is that, with a sufficiently large distance of the indenter from the rotation axis of the elastomer, we should obtain the equivalent of linear indenter motion. Therefore, in the experiment the indenter was moved to the maximum possible distance from the rotation axis: L = 26 mm. Figure 7 shows dependencies similar to those shown above in Figure 5, so we will focus on describing the differences in the results obtained. These are:




	(1)

	
In the case of the elastomer rotation (Figure 7), the maximum indentation depth (dmax = 0.6 mm) corresponds to a larger normal force (FN) and contact area (A) compared to the case of the tangential indenter movement (Figure 5). This can be explained by the fact that, in the experiment shown in Figure 7, the initial contact of the indenter with the elastomer was carried out in the area where there were no pronounced irregularities. This is confirmed by the fact that the BEM simulation results, shown in Figure 7, also correspond to a maximum depth of dmax = 0.6 mm, while in Figure 5, in the simulation, the maximum depth (dmax) has a smaller value of 0.568 mm (see description of Figure 5 in the text of the paper).




	(2)

	
In Figure 7, smaller values of tangential stresses (τ0) are observed. Therefore, the value τ0 = 40 kPa was chosen in the BEM simulation, while in the situation demonstrated in Figure 5, a higher value of τ0 = 45 kPa was used. It is worth noting here that the steady-state value of τ0 may differ slightly in different experiments [29,30] since it depends on the current chemical state of the friction surfaces, which changes with time. Therefore, the existence of such differences is not related to the geometric features of the compared experiments.




	(3)

	
The objectively registerable difference between the experiment with rotation of the elastomer (Figure 7) and the experiment with tangential movement of the indenter (Figure 5) is that, in the case of rotation of the elastomer, larger values of the lateral force (Fy) are observed for obvious reasons (see Figure 7c). This causes the direction of the resulting force (Ft) to change, as shown in Figure 6b. However, this fact does not affect the dependence of the friction coefficient μ(t), which is shown in Figure 7f (compare with Figure 5f).




	(4)

	
In the experiment with elastomer rotation, visible differences are observed in the contact configuration and in its evolution compared to the experiment using linear motion. These differences can be seen in the Supplementary Videos attached to the article. These differences are also due to the fact that, when the elastomer is rotated, the parts of the indenter that are in contact have different distances from the rotation axis and therefore slide with different linear velocities through the elastomer. The differences in slip velocities can be significant as the contact size increases. This feature opens up the possibility of analyzing the influence of movement velocity on the sliding processes in experiments using a fixed angular velocity for the elastomer. Moreover, rotating contacts are often used in various branches of technology, so such studies are also of practical interest.









In general, despite the differences mentioned above, the data shown in Figure 5 and Figure 7 are largely equivalent, demonstrating that both loading scenarios (see Figure 4) can be used in experiments to study tangential contact.




4.2. Friction Coefficient at High Loads


The experimental results described in Section 4.1 show that a decrease in the formally calculated coefficient of friction is observed over the entire FN load range. This indicates that the “adhesive” friction mode Fx ≈ τ0A (4) is realized in the system. This subsection describes additional experiments in which the maximum force acting on the friction surface was varied over an even wider range. In this case, the experiments were carried out under the scenario with a tangential shear of the indenter along the AB trajectory (see Figure 4), and the experimental results are shown in Figure 8.



The dependencies shown in the figure are similar to those presented in Figure 5, but with the difference that, in the experiment shown in Figure 8, a larger indentation depth of dmax = 1.0 mm was used, while in Figure 5 the data for a smaller value of dmax = 0.6 mm are presented. To achieve a depth of dmax = 1.0 mm, the indenter was moved a distance of 25 mm in the tangential direction (along trajectory AB in Figure 4). In the BEM simulation, the results of which are shown by symbols in Figure 8, the maximal indentation depth (dmax) was also 1.0 mm. Figure 8 shows the results of two experiments in which different materials, CRG N3005 and the softer elastomer CRG N0505, were used as the indentation substrate. In the BEM simulation, the indentation of the CRG N3005 material used the same elastic parameters as in Figure 5, i.e., E = 0.324 MPa, ν = 0.48, h = 5 mm, Δγ = 0.0175 J/m2. For the softer elastomer CRG N0505, a lower value of elastic modulus E = 0.042 MPa was chosen, and all other parameters were similar to the material CRG N3005. Note that in Figure 8d only one calculated in BEM dependence (for material CRG N0505) is shown, because dependencies for both materials (CRG N3005 and CRG N0505) for indenter with the same radius (R) are almost the same. Each panel in Figure 8 shows only two experimental curves, one for each elastomer, since only one experiment was performed for each material (the repeatability of the experiments has been previously demonstrated in Figure 5 and Figure 7). It is worth noting that the FN(t) dependence shown in Figure 8a deviates from the simulation results regarding large FN forces. The deviation is caused due to the fact that the experimental setup used (see Figure 2) was designed for much smaller normal forces than those used in the experiment. Therefore, the device does not have sufficient rigidity to maintain a fixed indentation depth at high FN forces. Going into detail, it was in this particular experiment that a partial mechanical failure occurred at one corner of the glass plate that held the elastomer. As a result of the glass fracture, there was a change in the normal force dependence when the indenter was further indented. Nevertheless, despite the existing problem, in the experiment shown in Figure 8, the maximum normal force (FN) was of the order of 60 N, which is three times larger than the previously used maximum value of FN ≈ 20 N (see Figure 5). However, the dependence of μ(t) shown in Figure 8f, even over such a large load range, demonstrates a steady decrease in the friction coefficient as the FN force increases (at least up to the moment of the glass plate fracture). In this case, μ(t) does not reach a constant value, which confirms that there is no transition between “adhesive” Fx = τ0A (4) and “normal” Fx = μFN (3) friction, since over the entire range of normal forces the friction force (Fx) is satisfactorily described by Equation (4).



The results for the softer CRG N0505 elastomer, also presented in Figure 8, show a much lower critical shear stress value of τ0 ≈ 7 kPa, resulting in a much lower friction force (Fx) compared to the stiffer material. Note that material CRG N0505 shows significantly lower value of the specific work of adhesion Δγ in comparison with harder CRG N3005 [42]. However, despite this, CRG N0505 shows better contact propagation due to adhesion in the normal direction, since it is softer and more deformable. Therefore, the contact area (A) increases faster in the case of softer material and takes on a larger value at the maximum indentation depth (dmax) (see Figure 8d). It is also interesting that, in the case of softer material, the dependence of A(t), as shown in Figure 8d, undergoes abrupt changes both during indentation and at detachment. This is due to the propagation of elastic waves in the contact, which is well visualized in Supplementary Video S3. Such waves are called Schallamach waves [48,49] and represent one of the least-studied and intriguing processes in modern friction physics.



Figure 6c shows the dependence of the angle αF between the directions of indenter motion and the resulting tangential force (Ft) acting in the contact plane. The above dependencies show that the angle αF is small, indicating that the experiments were set up correctly. From the comparison of all the data in Figure 6, it can be seen that only in the case of elastomer torsion (Figure 6b) the angle αF takes significantly different values from zero, which can affect the experimental results. However, when solving the problems posed in the proposed work, the value of αF does not have a determining influence, since the friction coefficient (μ) is calculated using the resultant tangential force (Ft) (20), which also takes into account the lateral component of the friction force (Fy).





5. Discussion


Figure 9 shows the dependences of the friction coefficient (μ) on the normal force (FN) for all experiments described in the text above.



All dependencies are presented in different colors, and the same color in the figure panel summarizes information about the experimental conditions: indenter radius (R), elastomer type (CRG N3005 or CRG N0505), maximum indentation depth (dmax) (0.6 mm or 1.0 mm), and if a linear or rotational motion scenario was used (see trajectories AB and A’B’ in Figure 4). Figure 9 shows six dependencies that correspond to the data shown in Figure 5, Figure 7 and Figure 8. In order not to overload the figure, for experiments in which several indentation cycles were performed (these are Figure 5 and Figure 7), only the first cycle is shown. Thus, Figure 9 contains the results of all the experiments described in the paper performed under different conditions. Note that the μ(FN) dependences shown in the figure contain results for both the indentation and detachment phases. Often in these phases different dependences, such as μ(FN), are realized, which leads to an apparent hysteresis of the friction coefficient during loading and unloading of the contact. Hysteresis is well visualized in the lower curve corresponding to the CRG N0505 material. The upper part of the curve corresponds to the detachment phase, i.e., larger values of the friction coefficient (μ) at a given normal force (FN) are realized. There may be several reasons for this behavior, one of them is the hysteresis of the adhesive contact area, which consists of the fact that, in the detachment phase, the contact area is always larger than the area that corresponds to the same indentation depth in the indentation phase. If the area (A) is larger, the resulting friction force (Fx = τ0A) (4) is also larger, which can lead to an increase in the friction coefficient. Note that the area hysteresis during loading/unloading of the contact is also observed in non-adhesive contacts, as experimentally shown in [27]. Also, the discussed increase in the friction coefficient (μ) can be related to viscoelasticity, since the indenter was pulled off at a bigger normal velocity than it was indented (see Section 3.2). Another explanation might be the effect of contact hardening with time that was discussed in our previous work [23], in which normal indenter detachment experiments were also performed in a tangentially loaded contact.



The inset of Figure 9 shows the same dependencies as in the main panel of the figure, only on a logarithmic scale. Here, bold dashed lines show the dependences   μ ∝   1 /   F   N     1 / 3    , corresponding to the friction law (17). Note that, according to Equation (17), under otherwise equal conditions, the friction coefficient (μ) increases with the increase in the indenter radius (R), which is observed in Figure 9 when comparing experiments with indenters of different radii. The experimental dependencies are generally well described by the law   μ   ∝   1 /   F   N     1 / 3    , as indicated in the inset of Figure 9. Although in some situations, such as the experiment with the CRG N0505 elastomer (bottom curve), the coefficient of friction decreases with the increasing force of FN faster than what is given by Equation (17). However, even in this case, the dependence of μ(FN) follows a power law, since in logarithmic coordinates it represents a straight line.



The reason for the deviation of μ(FN) from Equation (17), as observed in Figure 9, is that, in the experiment, a sheet of rubber with a limited thickness of h = 5 mm is used as a substrate upon which indentation is performed. As it is known, as the thickness of elastomer decreases, its stiffness increases. Therefore, for the same normal force (FN), a thinner layer corresponds to a smaller indentation depth (d) and, as a result, a smaller contact area (A), and thus a smaller friction force (Fx = τ0A) (4). As a result, for thin layers, the friction coefficient μ = Fx/FN decreases faster as the FN force increases, as demonstrated in our experiments. The described effect of reducing the friction coefficient by coating hard surfaces with layers of softer materials is well known and actively used in the industry [24,39,50].



Since the dependence of the friction coefficient on the thickness of the elastomer layer is of practical importance, we performed additional BEM calculations, the results of which are shown in Figure 10. From the figure, it follows that, as the elastomer thickness (h) decreases, the friction coefficient (μ) decreases also. The two upper curves corresponding to the values of thicknesses (h = 100 mm and h = 1000 mm) overlap, since at these elastomer thicknesses the half-space conditions are already fulfilled and a further increase in the thickness of h will not lead to a visible change in the results. The solid straight line in Figure 10 shows the theoretical dependence for the half-space (17). It follows from the figure that as the normal force (FN) increases, the obtained solutions for large layer thicknesses (h = 100 mm and h = 1000 mm), which correspond to the half-space, approach this theoretical straight line. The deviation of the simulation results from the theoretical estimate of (17) at small normal loads is due to assuming the absence of adhesion in the normal direction during the derivation of Equation (17). At the same time, the simulation considers adhesive contact, in which the contact area is larger and thus the friction force (Fx), which is proportional to the contact area, is higher. In general, Figure 10 demonstrates that the dependence of the friction coefficient on the normal load at different elastomer thicknesses can be described by the power law   μ ∝   1 /   F   N     α    , where the exponent α takes a minimum value of α = 1/3 in the case of the half-space and increases with decreasing elastomer thickness (h). This behavior is evident for the reasons described above and consistent with the experimental results, which are also shown in Figure 10. Thus, the change in the value of the degree exponent α, determining the rate of decrease in the friction coefficient (μ) with the external load FN, can be caused not only by a change in the contact geometry (see Equation (13) and the paragraph describing it), but also by the effect of the thickness (h) of the elastomer layer.



Figure 11 shows the experimental dependencies of the friction coefficient (μ) on the external load (FN) taken from the works of various authors [26,32,51,52,53,54,55,56,57,58,59,60,61,62]. Here, the upper dependences are the data from [32], previously discussed above and shown in Figure 1. To avoid misunderstandings, we note that in Figure 1 the mass in grams was plotted along the abscissa axis because the original data from [32] was shown, while Figure 11 shows the dependence of the friction coefficient on the external force expressed in Newtons.



The only criterion for selecting the dependences shown in Figure 11 was that the experimentally measured friction coefficient (μ) should decrease with the increase in the external load. Therefore, the dependencies shown in Figure 11 correspond to experiments that were performed with different materials and under different conditions, including different contact geometries, indenter velocities, etc. However, the general behavior observed here is that all μ(FN) dependencies are following a power law. That means all dependencies are described by the functions   μ ∝   1 /   F   N     α    , represented in the figure by straight lines, with the values of the exponent α also given in the figure. It is worth noting that the data in Figure 11 are given in a fairly wide range of external forces (FN) from 0.01 N to 600 N, and for all cases a power-law decrease in the friction coefficient (μ) is observed. Moreover, the exponent α varies in different experiments in a fairly wide range—from 0.08 [55,59] to 1.9 [62].



We note two interesting features that follow from Figure 11. The first one is that, in some cases, the exponent α < 1/3 [26,54,55,57,59,61], indicating the realization of experimental conditions or even a friction mechanism different from those considered in the present work. In fact, as demonstrated in Figure 10, when the frictional force is proportional to the contact area (adhesive contact) and the indenter is spherical, the minimum possible value of α = 1/3 is achieved in the half-space limit. This value of α is realized in 4 out of 14 experiments [32,52,53,56], the data of which are shown in Figure 11. However, we should also keep in mind that another reason for the change in the decreasing rate of the friction coefficient may be the deviation of the indenter geometry from the spherical one (see Equation (13) and its explanations). Indeed, in some experiments, and in the data shown in Figure 11, the geometry of the experiment deviated strongly from the case of contact of a sphere with a smooth surface.



The second point worth noting is the data from [57], which investigated friction over a wide range of loads, from 10 N to 600 N. Figure 11 shows that, initially, with increasing normal load, the friction coefficient decreases rather slowly with an exponent of α = 0.2, but when the force exceeds a critical value of FN > FC ≈ 80 N, the friction coefficient continues to decrease much faster, which corresponds to a greater value of α = 0.65. Thus, in [57], a regime is observed in which an increase in the load on the friction surface leads to a change in the friction mode.




6. Conclusions


In the proposed work, adhesive contact between a spherical steel indenter and a much softer elastomer is studied experimentally. In this case, the friction force is proportional to the contact area, resulting in a friction coefficient that decreases in accordance with a power law and an increasing external load on the contacting surfaces. The experimental results are consistent with both the theoretical predictions and the simulations carried out in the work. The main goal of the proposed work was to study the presence of a transition between the modes of “adhesive” friction, in which the friction force is proportional to the contact area, and a “normal” friction mode, in which the familiar Amonton’s law is satisfied. The presence of such a transition with an increasing external load on the friction surface is stated in some classical works; however, in our system, such a transition was not clearly detected. Moreover, it was demonstrated that some of the results of other authors showing the transition between “adhesive” and “normal” friction can be described within the framework of the “adhesive” friction regime over the entire range of normal loads on the friction surface. When analyzing experimental data from some works by other authors, it was found that in experiments where the friction coefficient decreases with an increase in the external load, this decrease is most often described by a power function, with the exponent varying widely. The value of the exponent, which determines the rate of decrease in the friction coefficient with an increase in the external load, depends on the thickness of the layer with which the indenter is in contact, as well as on the geometric shape of the indenter. If the indenter has a conical shape, the friction coefficient becomes independent of the normal force, although the friction force remains proportional to the contact area. Moreover, it is possible to produce indenters with shapes for which the friction coefficient increases as the load increases, as shown analytically. We are planning to investigate such cases experimentally in the future.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomimetics9010052/s1. Video S1: Experiments performed according to the scenario, a schematic of which is shown by trajectory AB in Figure 4. Spherical steel indenter was immersed to a depth of dmax = 0.6 mm into a layer of TARNAC CRG N3005 rubber with a thickness of h = 5 mm. In the indentation phase, the indenter was shifted at an angle α to the elastomer surface with the velocities vn = 0.2 μm/s in normal and vt = 5 μm/s in tangential directions, which gives the value of the angle as α = arctan (0.2/5) ≈ 2.29°. The video shows a series of two experiments with indenters of different radii: R = 100 mm and R = 50 mm. After the indentation to the maximum depth (dmax), the indenter was pulled off the elastomer in the normal direction with a velocity of v = 1 μm/s. Separate panels in the video show the time dependencies of the normal (FN) and tangential (Fx) forces, contact area (A), average tangential stresses <τ> = Fx/A and formally calculated friction coefficient <μ> = Fx/FN. In addition, the lower left panel shows the evolution of the contact zone; it also shows the current values of the indentation depth (d), the tangential shift of the indenter (x), and the time (t) that has passed since the beginning of the indentation. The video relates to Figure 5 in the article. Video S2: It is similar to the Video S1 experiments, but with one difference: that, in this case, the indenter was moved only in the normal direction and the elastomer layer was rotated with fixed angular velocity (direction of elastomer layer rotation is shown in Video by arrow). The distance between the axis of the indenter and the rotation axis of the elastomer was L = 26 mm. Schematically, the experiment is shown by trajectory A’B’ in Figure 4 (full description of the experimental procedure can be found in the article text with the explanation of Figure 4). The video relates to Figure 7 in the article. Video S3: It is similar to the Video S1 experiments, but with bigger values of maximum indentation depth (dmax = 1.0 mm) and, as a result, a greater length of the path AB = 25 mm, which is shown in Figure 4. The video shows a series of two experiments with the indenter of the same radius (R = 100 mm), but with two different elastomers: CRG N3005 as in previous experiments and the much softer material CRG N0505. The video relates to Figure 8 in the article.
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Figure 1. Dependence of the friction coefficient (μ) on load. Symbols: experimental data from [32]. Solid line: approximation (17). The inset to the figure shows the same dependence in logarithmic coordinates. 
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Figure 2. (a) a general view of the experimental setup; (b) close-up view of the contact area between the spherical indenter (4) and the elastomer (5) illuminated by a surrounding LED light (9), powered by a system of sliding contacts (10) and (11). 
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Figure 3. An accurate 3D model showing the sliding contact mechanism indicated as numbers (10) and (11) in Figure 2. 
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Figure 4. Schematic drawing of the experiment where the indenter (4) is in contact with the elastomer (5). The path of the indenter is shown by trajectories AB and A’B’. A spherical indenter with a radius of R = 100 mm is shown to allow visual assessment of the relationships between the quantities displayed in the figure and the indenter radius. 
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Figure 5. Dependences of the normal (FN) (a), tangential (Fx) (b) and lateral (Fy) (c) contact forces, contact area (A) (d), average tangential stress     τ   =       F   x   2   +   F   y   2       1 / 2   / A   (e) and formally defined friction coefficient   μ =       F   x   2   +   F   y   2       1 / 2   /   F   N     (f) on time (t). In the figure, the dependencies corresponding to the indenters with radii of R = 100 mm and R = 50 mm are labeled. The figure corresponds to the experiment with linear motion of the indenter at resting elastomer, the experiment layout is shown using trajectory AB in Figure 4. A Supplementary Video is also available for the figure (Video S1). 
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Figure 6. Dependences of the angles αF (21) between the directions of the resulting tangential force (Ft) and the indenter trajectory: (a) in the experiment with linear motion, the results of which are shown in Figure 5; (b) in the experiment with elastomer rotation; (c) in the experiment with different elastomers. 
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Figure 7. Dependences of the normal (FN) (a), tangential (Fx) (b) and lateral (Fy) (c) contact forces, contact area (A) (d), average tangential stress     τ   =       F   x   2   +   F   y   2       1 / 2   / A   (e) and formally defined friction coefficient   μ =       F   x   2   +   F   y   2       1 / 2   /   F   N     (f) on time (t). In the figure, the dependencies corresponding to the indenters with radii of R = 100 mm and R = 50 mm are labeled. The figure corresponds to the experiment with torsion of the elastomer when the indenter moves only in the normal direction. The layout of the experiment is shown using trajectory A’B’ in Figure 4. A Supplementary Video is also available (Video S2). 
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Figure 8. Dependences of the normal (FN) (a), tangential (Fx) (b) and lateral (Fy) (c) contact forces, contact area (A) (d), average tangential stresses     τ   =       F   x   2   +   F   y   2       1 / 2   / A   (e) and formally defined friction coefficient   μ =       F   x   2   +   F   y   2       1 / 2   /   F   N     (f) on time (t). In the figure, the dependencies corresponding to the elastomers CRG N3005 and CRG N0505 are labeled, and the indenter radius in both experiments was R = 100 mm. In panel (d), only the result of BEM simulations for material CRG N0505 is shown, because dependence for CRG N3005 is almost the same. The figure corresponds to the experiment with tangential displacement of the indenter, the layout of which is shown using trajectory AB in Figure 4. A Supplementary Video is available for the figure (Video S3). 
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Figure 9. Dependencies of the friction coefficient (μ) on the external normal force (load) (FN) for all experiments conducted within the framework of this work. All dependencies are shown in different colors; the conditions of the corresponding experiments are briefly described with the same colors. The inset to the figure shows the same dependences, only in logarithmic coordinates, and the dashed lines in the inset show two dependences,   μ ∝       F   N       − 1 / 3    , which serve to demonstrate the friction law (18). 
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Figure 10. Dependences of the friction coefficient (μ) on the external normal force (load) (FN). The dashed dependencies show the results of BEM simulations when indenting an indenter with a radius of R = 100 mm into an elastic substrate with parameters E = 0.042 MPa, ν = 0.48, Δγ = 0.0175 J/m2, which correspond to the material CRG N0505. The dashed curves from bottom to top (8 curves in total) correspond to cases with increasing elastomer thickness (h); the thickness values are shown in the panel of the figure. The brown bold line shows the dependence following a power law (17), obtained at τ0 = 7 MPa and the elastic parameters mentioned above. The red solid line of smaller thickness shows the results of the experiment on the indentation into CRG N0505 material (see Figure 8). 
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Figure 11. Dependences of the friction coefficient (μ) on the external normal force (FN). Symbols represent experimental data from [26,32,51,52,53,54,55,56,57,58,59,60,61,62], solid lines show the exponent approximations   μ ∝   1 /   F   N     α    , where the value of the exponent α for all straight lines are given in the figure panel with a reference to the source with the corresponding experimental data. 
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