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Ultrasonic friction modulation modifies the area of contact, not the shear strength
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Adhesive friction of skin is the consequence of two factors: the area of real contact and the shear strength of each microscopic junctions. The frictional force of skin can be modulated by ultrasonic vibration. The transverse waves levitate the skin away from the plate, reducing the real area of contact. However, it is not clear if the shear strength of the junction is also affected by the vibration. Here, we image the evolution of the real area of contact as a function of the lateral force and of the amplitude of vibration. We find the decrease of the area of contact before the transition from stick-to slip is consistent across all vibration amplitudes. The findings suggest that the shear strength of the contact is not affected by the ultrasonic vibrations.

Introduction

Friction is fundamental to the perception of material properties and the motor control of grasping and manipulation [START_REF] Cadoret | Friction, not texture, dictates grip forces used during object manipulation[END_REF]. The adhesive model of friction recognizes that the resistive force of friction emerges from the adhesion of a collection of microscale junctions. Each of these junctions support a maximum interfacial shear, called the shear strength τ 0 of the contact. The total frictional force is the integral of the shear strength over the real area of contact A R , which is made by every junction, such that the friction force reads f t = τ 0 • A R [START_REF] Persson | Contact area between a viscoelastic solid and a hard, randomly rough, substrate[END_REF]. This adhesive law of friction has been experimentally verified for the contact of soft elastomers and of biological tissues such as skin [START_REF] Sahli | Evolution of real contact area under shear and the value of static friction of soft materials[END_REF].

Since friction perception is an essential dimension of tactile perception, several haptic devices modulate its amplitude to create vivid effects. Among them, ultrasonic friction modulation can reduce the friction force of skin on glass by more than 90%. Imaging of the contact showed that ultrasonic friction modulation has a profound effect on the area of contact A R [START_REF] Wiertlewski | Partial squeeze film levitation modulates fingertip friction[END_REF]. However, it is still unclear if ultrasonic vibration impacts the shear strength τ 0 .

We studied the evolution of the area of real contact under an increasing lateral force at different amplitudes of ultrasonic vibration. Before sliding, the real area of contact decreases with increasing lateral force, and that its value at the transition between stick-to-slip relates directly to the shear strength [START_REF] Sahli | Evolution of real contact area under shear and the value of static friction of soft materials[END_REF]. We find that every subject has the same shear strength over all trials, providing evidence that ultrasonic levitation phenomenon is unlikely affecting the shear strength. Moreover, the findings reinforce the idea that acoustic levitation pressure has a similar effect than the pressure from the normal force.

Methods

Ten volunteers placed their index finger on the apparatus shown in Fig. 1 at a 20 • angle. The apparatus could measure the real area of contact using frustrated total internal reflection and change the friction owing to the ultrasonic glass plate. The plate moved back and forth lateral, while the friction randomly changed at each stroke from over seven levels.

The normal force was controlled with a balance mechanism, and the lateral motion was speed-controlled with a DC-motor. Forces were captured from a 6-axis force sensor (ATI Nano 43). A high-speed camera imaged the contact made by the finger on the glass plate at 300 fps with a pixel resolution of 0.0535 mm.

The FTIR illumination highlights the asperities in contact, creating a high contrast between contacting and non-contacting asperities [START_REF] Wiertlewski | Partial squeeze film levitation modulates fingertip friction[END_REF]. The raw image was first masked by applying Otsu thresholding followed by closing and then opening operation. This operation removed any leakage of light. From the masked image, we estimate the value of the area of real contact A R using the light scattering measurement described in [START_REF] Huloux | How to measure the area of real contact of skin on glass[END_REF].

Results

Each measurement of the area of contact as a function of the shear force followed a parabola, see Fig. 2a and was fitted with a quadratic function, leading to a R 2 ≈ 0.65 ± 0.09. For a given participant, the transition between the stick and slip regimes is aligned for all frictional conditions, as shown in blue in Fig. 2a. We then regressed a linear function (R 2 ≈ 83 ± 0.11), unique for each subject. It can be shown that the slope of this line is the reciprocal of the shear strength τ 0 . In figure 2a, we report the shear strength of the contact of each subject and the R 2 correlation coefficient. The linear fit led to an average goodness of fit R 2 of 83%, showing good agreement with a linear model.

(mm 2 ) A R = A R 0 -αR × Q 2 A R (N /mm 2 ) R 2 τ 0 τ 0

Conclusion and Discussion

The results are consistent with an independence of the frictional strength of fingertip/glass contact against ultrasonic modulation. The found value of the shear strength exhibited large variance, further demonstrating the non-trivial nature of fingertip friction. Moreover, the quadratic trend of the area of real contact at the onset of sliding for different amplitudes of vibration follows the same trend as the effect of normal force shown in [START_REF] Sahli | Evolution of real contact area under shear and the value of static friction of soft materials[END_REF]. Ultrasonic vibration changes friction force by changing the area of contact, and seems to leave the shear strength of each remaining junction unchanged. These findings also hint that modulating the area of contact before sliding can be key to rendering virtual materials with varying static friction.
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Fig. 1 .

 1 Fig. 1. (a) Apparatus for contact imaging at the onset of sliding. Contact images of a typical subject when the finger is resting (top row) and at the moment of sliding (bottom row) (b) without ultrasonic actuation, and (c) with a vibration of 3 µm.

Fig. 2 .

 2 Fig. 2. (a) Evolution of the area of real contact of a typical subject, dots represent individual datum, blue ones represent the very moment of sliding, and line the quadratic fit, A R = A R 0 -αR × Q 2 . (b) Shear strength of each subject (black) and the goodness of fit of the linear function (gray).
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