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ABSTRACT 

 
[Smart Vehicle Workshop] The ability to control the effective friction coefficient between sliding surfaces is of 
particular fundamental and technological interest for automotive applications. It has been shown that the friction force 
between sliding surfaces can be reduced by superimposing ultrasonic vibrations on the macroscopic sliding velocity.  We 
developed a systematic approach based on experiments and models to describe and characterize the friction force 
between sliding surfaces in the presence of ultrasonic vibrations generated by a piezoelectric transducer.  The controlling 
parameters in this study are static contact pressure, relative velocity, voltage, and frequency.  Using a low power PMN-
PT driver, we experimentally demonstrate a decrease of up to 68 % in effective friction coefficient and analytically show 
the underlying principle behind the friction reduction. The trends show a decrease in the effect with increasing sliding 
velocity and normal load.  The results underscore the role of ultrasonic power in harnessing the friction control concept 
in applications. 
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1. INTRODUCTION 
Friction is the resistance to motion during sliding or rolling that is experienced when one solid body moves tangentially 
over another with which it is in contact. There are two main types of friction that are commonly encountered: dry friction 
or “Coulomb” friction and viscous friction.  Dry friction is the tangential component of the contact force that exists when 
two solids in contact move relative to one another.   The tangential force required to initiate motion (static friction force) 
is greater than or equal to the tangential force required to maintain relative motion (kinetic friction force) [1]. 

Friction is not a material property; it is a system response. Amonton [2] proposed laws of friction for macroscopic bodies 
in contact, which state, 1) friction force is directly proportional to the applied load, and 2) friction force is independent of 
the apparent area of contact.  Coulomb later added a third law, stating that the dynamic friction is independent of the 
sliding velocity [1].  However, at a microscopic level, these friction laws do not necessarily hold.  At these scales, 
adhesion plays an important role and frictional forces depend on the contact area.  

Friction control in the presence of ultrasonic oscillations has been reported in the literature. One way of reducing friction 
is by superimposing longitudinal or perpendicular vibrations on macroscopic motion [3-5].  Coulomb's friction laws have 
been shown to be applicable while modeling contact mechanics in ultrasonic applications [3], [4].  Energy considerations 
have been used to show that a significant reduction in friction can be attained with little additional energy to the system 
[5]. Recently, it was demonstrated using numerical analysis that Dahl’s friction model is more appropriate while 
modeling friction reduction in the presence of superimposed longitudinal vibrations [6]. The application of ultrasonics to 
actively modulate friction coefficients can be utilized in various vehicle systems (e.g., gear trains, sliding door/window 
mechanisms, seat belt systems, engine cylinders, brake systems, etc.), which often present contradicting requirements 
between sliding velocity, tangential and normal forces, and heat dissipation due to frictional effects.  

Superposition of high-frequency vibrations on low-frequency disturbances or dither control has been proposed for 
suppressing squeal in automotive brake systems [7-9]. It has been shown that there is a reduction in friction between the 
brake pad and rotor due to the application of a normal dither signal [8], [9]. However, introduction of normal dither 
signals causes a small reduction in the braking torque (<2%) [9]. Active or “smart pads” have been developed [10] which  
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An experimental apparatus similar to the one developed by Littmann et al. [3] was designed as shown in Fig. 2. A 
pneumatic cylinder pushes an aluminum slider carriage at different velocities. The slider carriage slides on aluminum 
guide rails. The ultrasonic transducer is attached to the carriage at one end. The ends of the transducer remain in contact 
with the guide rail surface throughout the tests.  

 
Fig.2. Rendering of friction control experimental setup. 

 

An adapter bracket connects one end of the transducer (#6-32 bolt) to the (¼ - 28) hole of a load cell (MPL-50-T). The 
load cell measures the average frictional force at the contact interface as the transducer moves. The function of the slider 
carriage is to transfer motion from the pneumatic actuator to the transducer. The carriage consists of a lever arm 
designed to apply external load on the transducer. Adjusting the flow of air into the cylinder controls the macroscopic 
velocity of the carriage and transducer. For these tests, the voltage/frequency of excitation is set at 6 V peak-to-peak, at 
40 kHz. At this frequency, the transducer operates in half wavelength mode and the maximum deformation occurs at the 
transducer ends. A range of loads is applied by placing static weights on the lever arm.  

 

 
Fig.3. Experimental setup for measuring the average frictional force with and without ultrasonic vibrations at various macroscopic 

velocities. 
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The load cell, which measures the average frictional force between the transducer and guide rail, is connected to a signal 
conditioner to eliminate high frequency noise. We use a Data Physics ACE as the data acquisition system. It is set to 
record data at a frequency span of 80 Hz and block size of 256. The voltage and current driving the piezoelectric stack 
are monitored. By adjusting the flow valves on the air cylinder, we obtain the desired speeds. The velocity of the 
transducer (assumed constant) is measured from the time taken to traverse a known distance. The velocity of the 
ultrasonic vibrations is measured using a laser displacement sensor. 

  

3. EXPERIMENTAL RESULTS 

Tests were conducted for two different macroscopic velocities (0.038 m/s and 0.068 m/s) in order to assess the 
sensitivity of friction control to velocity ratio. The voltage applied to the stack is 6 V peak-to-peak at constant current 
amplitude of 2 A peak-to-peak. The frequency of the excitation signal is 40 kHz. The friction force is measured at no 
load and at loads of 1 N, 2 N, 5 N and 10 N. 

Two sets of tests were conducted in order to quantify the effect of friction reduction. First, the actuator was run without 
the application of any excitation signal (“OFF” state). Next, the transducer was excited at t=3 sec to t=5 sec for case 1-
low speed, and t=1.5 sec to 2.5 sec for case 2-high speed, using an external burst trigger mode (“OFF/ON” state). The 
results obtained are shown in Fig. 4 and Fig. 5. 

 

 
(a)                                                                                               (b) 

Fig.4. Friction force measured at transducer velocity of 0.038 m/s in (a) “OFF” state and (b) “OFF/ON” state 
 
                  
 

 
(a)                                                                                                         (b) 

Fig.5. Friction force measured at transducer velocity of 0.068 m/s in (a) “OFF state and (b) “OFF/ON” state. 
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Friction force in the OFF state is the dry friction between the transducer and guide rails. The load cell initially does not 
experience any force when the transducer is at rest. Once motion is initiated, there is a compressive force (with negative 
sign) on the load cell. This is the static friction force to be overcome to sustain relative motion.  The compressive force 
measured by the load cell thereafter is the kinetic friction force. As the normal reaction (N=mg) increases with load (W), 
the friction force (μmg) also increases.   

In the “OFF/ON state,” i.e., when the PMN-PT stack is excited energized, ultrasonic vibrations along the direction of 
motion reduce the friction force at the interface. This creates a decrease in the compressive force on the load cell in Fig. 
4 (b) and Fig. 5 (b).  This trend is observed at both macroscopic speeds. However, the extent of reduction is observed to 
be greater in the case of low speeds. As the velocity ratio (ξ) increases, the effect of friction reduction decreases.  

 

4. ANALYTICAL MODELING 
In order to understand the mechanism of active friction control, two analytical models for friction control are considered: 
a) Coulomb friction model, and b) Dahl friction model. 

4.1 Coulomb’s friction model 

Coulomb’s model is based on the assumption that the interacting surfaces are ideally rigid. A free body diagram showing 
the various forces acting on the body is shown in Fig. 6. 

 
Fig.6. Coulomb’s friction model. 

 
For the transducer in motion, its velocity may be represented as the superposition of two velocities – a macroscopic 
velocity component  which is the velocity of the transducer, and a microscopic velocity component 
(  which is the velocity of the vibration in the longitudinal direction, 
 
                       .                  (1) 
 
The microscopic component is a function of time, whereas the macroscopic component is a constant. Since we apply a 
harmonic excitation signal to the transducer, the displacements and velocities are harmonic. Then,   may be 
written as 

                                                        cos cos ,                                      (2) 
 

where  is the displacement amplitude of the vibration and  is the excitation frequency (rad/s). Hence, 
 

                                                         cos .                                                   (3) 
 
Coulomb friction is defined by,  

                                                         cos ,          (4) 
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where  is the coefficient of kinetic friction between the surfaces and  is the mass of the body. 
 
Assuming  =0.2, the friction force is calculated at no load and at loads of 1 N, 2 N, 5 N and 10 N. It is assumed that 
75% of the load is transferred to the transducer. The velocity  is set at 0.038 m/s and 0.068 m/s. The applied 
excitation voltage is 6 V peak-to-peak and the excitation frequency is 40,000 Hz. The displacement amplitude is  = 0.3 
μm. The amplitude of the vibration velocity is calculated to be 0.0683 m/s. Figures 7-9 show the calculated velocities 
and forces resulting from equations (3) and (4). 

 
Fig.7. Time traces of transducer velocity, vibration velocity, and total velocity. 

 
Fig.8. Effect of friction reduction in presence of ultrasonic vibrations as explained by Coulomb’s model. 
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Fig.9. Ratio of average friction force with vibrations to average friction force without vibrations vs. velocity ratio (ξ), according to 

Coulomb’s model. 

       
                                                     (a)                                                                                                        (b) 

Fig.10. Instantaneous friction force versus time at different loads at transducer velocity of (a) 0.038 m/s and (b) 0.068 m/s. 
 

In Fig. 8, A and B represent the widths of the pulsating force as the vibration velocity changes sign. As the velocity ratio 
increases, B decreases, and the effect of friction reduction diminishes, as seen in Fig. 10(b). When the macroscopic and 
microscopic velocities become equal to each other, there is no friction reduction and the instantaneous friction force 
becomes equal to μmg. When the velocity ratio is close to zero, the sign is dominated by the vibration velocity and the 
instantaneous force becomes equal to a rectified cosine. The width A becomes nearly equal to B and the average friction 
force approaches zero (maximum friction reduction). 

3.2 Dahl’s friction model 

Dahl’s model is based on the assumption that during sliding motion, there are continuous deformations, both elastic and 
plastic, at the area of contact. The real area of contact between two surfaces is less than the apparent area. This is because 
surfaces are not perfectly smooth and the actual contact points are asperities that exist on both surfaces. During sliding, 
the asperities undergo plastic and elastic deformation. Work is done to break the adhesive bonds between the asperities. 
The classical Coulomb’s model does not consider this behavior. 

In Dahl’s model the asperities present on the interacting surfaces are modeled as micro-springs. When a tangential load 
is applied, a force is required to overcome the spring force exerted in the direction opposing motion. Once the force is 
large enough, the contact is broken and sliding takes place.  
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Fig.11. Dahl’s friction model. 

 

According to Dahl’s model [6], the total displacement  of the rigid body can be broken down-an elastic  and plastic  
component, 

                                                               .                                                                                          (5) 

The elastic component is related to the elastic deflections of the asperities in the tangential direction. The friction force 
 is then given by, 

                                                               ,                                                                                            (6) 

in which  is the tangential contact stiffness. Based on analysis carried out in [12],  is assumed to be 0.056 N/μm. 

The deflection is described with a differential equation, 

    =  1 .                                           (7) 

Here,  is a parameter that defines the shape of a curve describing the dependence of the tangential deflections. For 
brittle materials,  < 1 and for ductile materials,  is ≥ 1 [12]. In our case, we have considered  = 1. To calculate the 
deflection,  and frictional force , a MATLAB Simulink model is developed (Fig. 12). The instantaneous and average 
friction force calculated in this manner is shown in Fig. 13.  

3.3 Comparison of Coulomb and Dahl friction models with experimental data 

In Coulomb’s model, the instantaneous friction force changes its vector sign continuously in order to obtain a reduction 
in the average friction force.  In Dahl’s model, the instantaneous friction force does not change its vector sign. Instead, it 
gradually changes its direction and then starts to grow in the opposite direction. A comparison of the instantaneous 
friction forces in both models for a given load and velocity is shown in Fig. 17 (a). Both models depend on the velocities 
of the sliding objects. The friction ratio varies with the velocity ratio for both models as shown in Fig. 17(b). It can be 
observed that for a given velocity ratio, the theoretical percentage reduction can yield different results depending on the 
model chosen.  
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Fig.12. Simulink model for Dahl’s friction model. 

 

 

 

 

 
Fig.13. Effect of friction reduction in presence of ultrasonic vibrations as described with Dahl’s model. 
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Fig.14. Ratio of average friction force with vibrations to average friction force without vibrations vs. velocity ratio (ξ), as described 

with Dahl’s model. 

  
  (a)                                                                                                        (b) 

Fig.16. Instantaneous friction force versus time at different loads at transducer velocity of (a) 0.038 m/s and (b) 0.068 m/s. 
 

 
      (a)                                                                                     (b) 

Fig.17. (a) Comparison of instantaneous friction force using Coulomb and Dahl models at a given load and velocity.  
                          (b) Comparison of friction ratio vs. velocity ratio using Coulomb and Dahl models. 
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Table 2. Comparison of experimental results with analytical models for transducer velocity of 0.038 m/s. 
Velocity of transducer= 0.038 m/s, ξ = 0.56. 

Voltage = 6 V p-p @ 40 kHz. 
Load 
(N) 

W (N) μmg (N) Ft(N) Ft
* (N) μ = 

Ft/W 
μ* =    

Ft
*/W 

Ft
*(Coulomb) 

(N)  
Ft

*(Dahl) 
(N) 

%Reduction 
(Experiment) 

%Reduction 
(Coulomb) 

%Reduction 
(Dahl) 

0 0.540 0.108 0.11 0.035 0.20 0.06 0.0397 0.0821 68.18

63.21 

23.92
2 1.902 0.380 0.365 0.097 0.19 0.05 0.1402 0.2999 73.42 21.15
5 4.155 0.831 0.622 0.198 0.15 0.05 0.3059 0.6849 68.17 17.57
10 7.905 1.581 1.054 0.368 0.13 0.05 0.5819 1.3737 65.09 13.11

Table 3. Comparison of experimental results with analytical models for transducer velocity of 0.068 m/s. 
Velocity of transducer = 0.068 m/s, ξ = 1. 

Voltage = 6 V p-p @ 40 kHz. 
Load 
(N) 

W (N) μmg (N) Ft (N) Ft
* (N) μ = 

Ft/W 
μ* =    

Ft
*/W 

Ft
*(Coulomb) 

(N) 
Ft

*(Dahl) 
(N) 

% Reduction 
(Experiment) 

% Reduction 
(Coulomb) 

% Reduction 
(Dahl) 

0 0.540 0.108 0.112 0.087 0.18 0.09 0.1019 0.1079 22.32

5.57 

0.01
2 1.902 0.380 0.383 0.292 0.18 0.09 0.3596 0.3809 23.76 -0.15
5 4.155 0.831 0.564 0.544 0.15 0.08 0.7845 0.8309 3.58 0.00
10 7.905 1.581 0.813 0.793 0.12 0.07 1.4926 1.581 2.46 0.00

 

3.4 Effect of controlling parameters 

It is observed that the static contact pressure, velocity, voltage and frequency are the primary controlling parameters for 
active friction control. The effect of these parameters is discussed below:  

Effect of load - Experimental data shows that at the lowest speed the percentage reduction in friction force is relatively 
independent of load (for the loads considered). At the highest speed tested, there are two well defined reduction values 
depending on load. Coulomb’s model provides a calculation of the percentage reduction which is independent of the 
applied load. At the lowest speed, Dahl’s model is dependent on the applied load as the percentage reduction in friction 
decreases with an increase in normal load. 

Effect of velocity - Coulomb’s equation is not a function of the actual velocities but only of the velocity ratio. Thus, 
irrespective of the magnitudes, Coulomb’s equations take into account only the vector sign of the total velocity. On the 
other hand, Dahl’s model is dependent on the magnitudes of the velocities and not on the velocity ratio. For the same 
velocity ratio but higher velocities, Dahl’s model gives a much higher percentage reduction. For low transducer and 
vibration velocities, Dahl’s model does not correlate well with experimental results. As the velocity ratio approaches 
unity, the effect of friction reduction vanishes.  

Effect of voltage and frequency - An increase in voltage increases the displacement amplitude of the stack and an 
increase in cyclic frequency increases the amplitude of the vibration velocity. This tends to reduce the velocity ratio. In 
theory, a much higher percentage reduction in friction can be obtained by increasing the applied voltage or frequency. 
However, the maximum voltage that can be applied is limited by the properties of the piezoelectric material. The 
frequency is limited by the half wavelength operation of the stack. Since maximum displacement is created at the end 
points at the transducer’s resonant frequency, this parameter is a design constraint. 

 
3.5 Discussion on experimental data 

The experimental data at high transducer velocities shows inconsistencies, which are most likely due to fluctuations 
arising from the experimental setup. The aluminum shells and guide rail abrade during sliding, thus slightly changing the 
frictional properties after each test run. At high velocities, the assumption of constant transducer velocity may not 
necessarily hold. Since we use a pneumatic cylinder to drive the transducer, there is a brief period when the cylinder 
accelerates and reaches a steady-state velocity. Over a short distance, obtaining a constant high velocity is therefore a 
challenge with this setup. As part of ongoing work, we are improving the experimental setup to obtain repeatable and 
consistent data at higher loads and higher velocities which is of primary importance in commercial applications. 
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5. SUMMARY 
This study complements previous research showing that ultrasonic vibrations superimposed parallel to the macroscopic 
motion of a sliding object can reduce friction. The extent of friction reduction depends on the velocity ratio (ratio of the 
velocity of the sliding body to the velocity of ultrasonic vibrations). The effect is more pronounced for low velocity 
ratios. In the presence of an additional normal load, the friction force increases proportionally. The percentage change in 
friction force is independent of the load in case of the Coulomb friction model, whereas the opposite is the case in Dahl’s 
model. For low velocity ratios, experimental results can be correlated with Coulomb’s model. For the same velocity ratio 
but higher velocity magnitudes, Dahl’s model suggests a higher percentage reduction in friction. As the velocity ratio 
approaches unity, the effect of friction reduction vanishes. Active control of friction using ultrasonic vibrations would 
help improve the performance, efficiency, and lifetime of sliding mechanisms in automotive applications. Future work 
will focus on the application of this research to seat belt systems. 
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