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ABSTRACT

It has been shown that the coefficient of dynamic friction between two surfaces decreases when ultrasonic vibra-
tions are superimposed on the macroscopic sliding velocity. Instead of longitudinal vibrations, this paper focuses
on the lateral contractions and expansions of an object in and around the half wavelength node region. This
lateral motion is due to the Poisson effect (ratio of lateral strain to longitudinal strain) present in all materials.
We numerically and experimentally investigate the Poisson-effect ultrasonic lubrication. A motor effect region
is identified in which the effective friction force becomes negative as the vibratory waves drive the motion of the
interface. Outside of the motor region, friction lubrication is observed with between 30% and 60% friction force
reduction. A “stick-slip” contact model associated with horn kinematics is presented for simulation and analysis
purposes. The model accurately matches the experiments for normal loads under 120 N.
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1. INTRODUCTION

Friction is the resistance to the relative motion between two objects sliding in contact with each other. Ultrasonic
lubrication refers to the friction reduction that occurs when ultrasonic vibrations, that is vibrations at frequencies
above 20 kHz, are applied in a direction collinear with the macroscopic sliding velocity. Being solid state,
this phenomenon has significant fundamental and technological interest in applications in which lubricants are
undesirable, such as certain aerospace components or human-machine interfaces. Further, the ability to modulate
the friction force between a low and a high state can be advantageous in applications like adaptive vehicle
suspensions, steering mechanisms, and powertrain components.

Ultrasonic lubrication was first studied by Mason1 for reducing wear in electrical relays, and studies on the
effect were published by Pohlman and Lehfeldt in the 1960’s.2 More recently, it has been researched by Littmann
et al.3 both experimentally and analytically through Coulomb friction modeling. Littmann et al.4 developed the
curve shown in Fig. 1, in which the friction ratio µi is the ratio of friction force with ultrasonic vibrations over
the native friction force, and the velocity ratio ζ is the sliding velocity over the ultrasonic vibration velocity. It
was shown that the relationship between µi and ζ is

µi =







1 ζ ≥ 1,
(2/π) sin−1 ζ −1 ≤ ζ ≤ 1,
−1 ζ ≤ −1.

(1)

A low friction ratio µi corresponds to effective friction reduction. If the sliding velocity is high, so is ζ and
according to Fig. 1, the friction ratio is large resulting in low or null friction reduction. Thus, for a given sliding
velocity, the velocity of the ultrasonic vibrations has to be sufficiently high for µi to be as low as possible.
This can be achieved by increasing the frequency or amplitude of the ultrasonic waves. The degree of friction
reduction can be controlled by modulating the working ultrasonic power. Because friction is a system property,
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Figure 1. Friction ratio versus velocity ratio for ultrasonically lubricated system.4

the effectiveness of ultrasonic lubrication is affected by several system properties. Bharadwaj and Dapino5, 6

studied the dependence of friction reduction on ultrasonic sliding velocity, normal load, contact stiffness, and
system stiffness.

In none of these studies has the lateral expansion of a solid driven by the Poisson effect under ultrasonic
vibrations been the means for achieving friction reduction. In all prior art, the ultrasonic vibrations were applied
in the same plane as the sliding interface either parallel or transverse to the sliding motion, whereas in this
paper, it is desired that the ultrasonic vibration created by the Poisson effect be perpendicular to the sliding
plane. Due to the Poisson effect, the longitudinal vibration of the horn induces vibration through the thickness
of the vibrating object. The combination of vibrations in two orthogonal directions leads to elliptical movement
of points located at the interface between the sliding objects, creating a different type of friction reduction
mechanism. This mechanism is potentially more effective than the conventional in-plane modes of vibration.

This paper shows how Poisson-effect ultrasonic vibrations affect the dynamic friction coefficient between sur-
faces under various conditions including different material combinations and normal loads. A cube-type model
is presented which describes the Poisson-effect friction reduction for low to moderate normal loads.

2. FINITE ELEMENT ANALYSIS

A finite element simulation was implemented in COMSOL Multiphysics 4.2 to calculate the Poisson-effect vi-
bration of the horn subjected to force excitation on one side face. The first axial modes for the aluminum and
stainless steel horns are 20.6 kHz and 20.8 kHz, respectively. Since the drive frequency for the welder is 20 kHz,
the first axial modes this dominate the vibration of both horns. The axial strain from horizontal vibration of
the horn causes lateral strain, which makes the vibration at the bottom surface of the horn follow an elliptical
pattern.

The locus curves of the vibration are shown in Fig. 2 for three different locations: Point 0 (centerline of the
bottom surface of the horn), Point -1 (1 in to the left of the centerline), and Point +1 (1 in to the right of the
centerline). The motion at locations -1 and +1 follows an overall elliptical trend. Such motion generates contact
forces which push points on the horn surface towards the centerline. We refer to this phenomenon as motor

effect, and we consider it similar to the motor force encountered in piezoelectric ultrasonic motors. Theoretically,
the entire flat surface of the bottom of the horn should be subjected to symmetric motor forces pushing points
towards the centerline. However, it is observed experimentally that around the centerline the motor force is
negligible due to the small vibration amplitude associated with the half-wavelength node. We refer to this region
with negligible motor effect as transition region. In this region the motion of points on the surface of the horn is
random. The approximate dimensions of the motor effect regions and transition regions measured experimentally
for aluminum and stainless steel are shown in Table 1.
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Figure 2. Locus curves of the vibrations at points on the horn surface [(a) point -1; (b) point +1; (c) point 0].

Table 1. Approximate dimensions of the transition and motor effect regions for the aluminum and stainless steel horns.

Horn Transition region Motor effect (left) Motor effect (right)
Aluminium -0.25 in to +0.25 in -1.5 in to -0.25 in +0.25 in to +1.5 in

Stainless steel +0.1 in to +0.2 in -1.5 in to +0.1 in +0.2 in to +1.5 in

3. EXPERIMENTS

3.1 Experimental setup

An experiment was developed using a commercial ultrasonic welder (Dukane 220) as the source of vibrations.
When connected to its dedicated power supply, this welder reliably supplies 20 kHz sinusoidal signals at various
discrete power levels (25, 50, 75, and 100% of the full 8.5 micron amplitude, 2.2 kW power machine limit).
As shown in Fig. 3, vibrations from the welder are transmitted to a horn with dimensions 5 in (127 mm) by
2.4 in (60.96 mm) by 1 in (25.4 mm). A block with a curved top surface slides underneath the horn, creating a
line contact with the bottom surface of the horn. Two different materials were chosen for the horn and sliding
block, stainless steel and aluminum. Tests were conducted for three material combinations (aluminium horn on
stainless steel block, stainless steel horn on aluminium block, and stainless steel horn on stainless steel block).

In order to investigate the Poisson-effect ultrasonic lubrication, which is expected to be most effective around
the half-wavelength node region, the system was tested with the interface between the horn and sliding block
within ±1 in (±25.4 mm) of the centerline of the horn. In this manner, both the transition and motor effect
regions are characterized. The block is given a sliding velocity of 0.2 in/s (5 mm/s) under normal loads from 60 N
to 240 N supplied by a screw connected to a load frame. Low-friction pads located between the “top piece” and
the horn minimize the tangential force created by friction between these two components. Load cells measure
the normal force exerted by the screw and tangential force required to displace the sliding block.
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Figure 3. Experiment developed to investigate the Poisson-effect ultrasonic lubrication.

3.2 Friction reduction in motor effect regions

The first group of tests was conducted at location -1 with no externally applied tangential force acting on the
sliding block. The sliding block was observed to experience a net contact force from the piezoelectric vibrations
which creates macroscopic motion toward the centerline of the horn. The motor force thus overcomes the static
friction coefficient, giving an effective friction reduction of more than 100%. Similar results were obtained from
the tests conducted at location +1. The motor force was quantified from the reading of the tangential load cell
with the sliding block fixed at either the -1 or +1 position (Fig. 4). This measurement was conducted for the
aluminum horn and stainless steel block. As shown in Fig. 5, the net motor force increases linearly as the normal
force increases.

3.3 Friction reduction in transition region

Tests conducted in the transition region for the aluminum horn and stainless steel sliding block are shown in
Fig. 6(a). The data shows a relatively linear relationship between tangential and normal forces both without and
with ultrasonic power applied. In order to calculate the effective friction coefficients, points were extracted from
the data as shown in panel (b). The dynamic friction coefficients are reduced from approximately 0.55 without
ultrasonic vibration to approximately 0.35 with ultrasonic power applied. The percent friction reduction, shown
in panel (d), hovers around 40% for all normal forces.

The measurements and calculated friction reduction curves for the other two material combinations are
presented in Fig. 7 and 8. For the combination of stainless steel horn and aluminium block, the dynamic friction
is reduced by 25 to 48%. For the combination of stainless steel horn and stainless steel block, the friction is
reduced by 50 to 56%. The stiffer material combination gives greater friction reduction, as expected in general.
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(a) (b)

Figure 4. Test set-up for quantifying the net motor force: (a) point -1 and (b) point +1.
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Figure 5. Relationship between normal force and net motor force: (a) point -1 and (b) point +1.

4. ANALYTICAL MODEL

4.1 Horn kinematics

Calculation of horn kinematics illustrates how the horn vibrates under the ultrasonic actuation. To simplify the
analysis, the tapering and rounded edges of the horn were not taken into consideration. A simplified model of the
horn is shown in Fig. 9. For a free-free end horn with length L, the motion can be described by superimposition
of the motions of all modes,

u(x, t) =

∞
∑

n=1

(An sinωnt+Bn cosωnt)Un(x), (2)

where ωn is the n-th order frequency and Un(x) is the function of n-th order mode shape. Let β = ω/c0, where
c0 is the axial speed of propagation. It has been shown that7

∂2U

∂t2
+ β2U = 0, (3)

where U = C sinβx+D cosβx. Substitution of the the boundary conditions ∂u(0, t)/∂t = 0 and ∂u(L/2, t)/∂t =
0, it is derived that C = 0 and sinβL = 0, thus βL = nπ (n = 0, 1, 2...). Therefore, the order frequencies are ωn =
nπc0/L (n = 0, 1, 2...). When n = 1, the frequency is called half-wavelength frequency, f = ωn/(2π) = c0/(2L),
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Figure 6. Transition region data for the aluminium horn and stainless steel block. (a) Measured normal forces and
tangential forces. (b) Points extracted from the data at 20 N intervals. (c) Relationship between normal forces and
friction coefficients calculated from the points in panel (b). (d) Friction reduction percentage as a function of normal
load.
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Figure 7. Data, reduced data, calculated friction coefficients, and calculated friction reduction for the stainless steel horn
and aluminum block.
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Figure 8. Data, reduced data, calculated friction coefficients, and calculated friction reduction for the stainless steel horn
and stainless steel block.

Figure 9. Illustration of the horn kinematics.

and the mode shape is as shown in Fig. 9. For stainless steel and aluminium, the bar velocities are respectively
1.99×105 in/s (5.06×103 m/s) and 2.06×105 in/s (5.23×103 m/s), thus the have-wavelength frequencies of the
horns are 19.9 kHz and 20.6 kHz, respectively. Since the actuation frequency is 20 kHz, the first axial mode is
dominant. The first axial mode follows a sinusoidal function, thus the axial displacement function is written as

ux(x, t) = A sin(2πft) sin
(πx

L

)

. (4)

The axial strain of the horn is written as

ε =
∂u(x, t)

∂x
=

Aπ

L
sin(2πft) cos

(πx

L

)

. (5)
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For isotropic materials, Hooke’s law has the form8







































εx =
1

E
{σx − ν(σy + σz)}

εy =
1

E
{σy − ν(σx + σz)}

εz =
1

E
{σz − ν(σx + σy)}.

(6)

In this case, σx and σy arise from the axial vibration and the normal loads but σz is null. Thus, the horn strains
can be written as















εx =
1

E
{σx − νσy}

εy =
1

E
{σy − νσx},

(7)

whereas the stresses in the x and y direction are calculated as



















σx(x, t) = Eεx(x, t) =
AEπ

L
sin(2πft) cos

(πx

L

)

σy(x, t) =
FN

A0

.

(8)

where A0 is the contact area of the interface between the top piece and the top surface of the horn. Substitution
of (8) into (7) gives



















εx =
Aπ

L
sin(2πft) cos

(πx

L

)

− FNν

EA0

εy =
FN

EA0

− Aπν

L
sin(2πft) cos

(πx

L

)

.

(9)

Thus, the displacements can be integrated from stains as



















ux = A sin(2πft) sin
(πx

L

)

− FNν

HE

uy =
FND

2EA0

− DAπν

2L
sin(2πft) cos

(πx

L

)

,

(10)

where D is the thickness of the horn.

4.2 Contact model

Asperities are present in all surfaces.9 As shown in Fig. 10, the contact between two nominal flat surface is in
fact between asperities. Therefore, the actual contact area is much smaller than the nominal contact surface. A
cube is used to represent the combined asperities. It is assumed that Ar0 is the area of the top surface of the
cube which is equal to the actual contact area. The shear stresses τ are distributed evenly over the top surface
and d0 is the average height of all contacting asperities. Therefore, when the ultrasonic vibrations are off, the
native friction force is calculated as

FT0 = τ0Ar0 =
G∆l0Ar0

d0
, (11)

where G is the shear modulus of the cube and ∆l0 is the shear deformation of the cube under friction force.
As discussed in previous sections, when the ultrasonic power is turned on, the points on the surface of the horn
follow an approximately elliptical locus. When the horn surface moves down to press the block surface, the
friction force increases to a larger value than the natural dynamic friction so that there is no relative movement
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FN

ANominal flat surfaces

Figure 10. Asperities at the interface between two surfaces and “cube” model.

between the two surfaces. This is called the “stick” stage. When the horn surface moves up away from the block
surface, the friction force decreases which enables relative motion under a lower friction. This is called the “slip”
stage. The sliding between the horn and the block consists of a series of “stick” and “slip” events that take place
alternately. The overall friction is the friction of the “slip” stage.

The motion of the horn changes the contact parameters and the dimension of the cube. The new shear
deformation is ∆l = ∆l0+ux and the new height of the cube is d = d0+uy. Since the motion of the horn creates
different contact stress at the interface, the real contact area also changes due to deformation of the asperities.
Assuming that the asperity deformation is overall elastic, the friction force with ultrasonic power on is calculated
as

FT = τAr =
G∆l0Ar

d0
=

G(∆l0 + ux)Ar

d0 + uy

. (12)

The normal loads are known from measurements, and the average height of the asperities can be calculated
using,10

d = −Rq

λ
ln
[ FN (d)λ

5

2

c
√
πRqRsE∗An

](Rs

Rq

)
1

2

(13)

where An is the nominal contact area, η is the areal asperity density of contact surface, Rq is the deviation of
asperity heights of contact surface, Rs is the asperity radius of the contact surface, E∗ is the combined Young’s
modulus of two contacting materials calculated as 1/E∗ = 1/E1 + 1/E2. c = 17, and λ = 3 are constants
obtained from experiments. The actual contact area is calculated as

Ar =
FN (d)

E∗

(πλRs

σ

)
1

2

. (14)

4.3 Simulation results

Simulation results for the aluminum horn and stainless steel block are shown in Fig. 11. The model and test
results match well for normal loads lower than 120 N. A comparison of the friction reduction between test results
and model simulations is shown in Fig. 12. There is a discrepancy when the normal load is greater than 120 N.
The discrepancy could be caused by plastic deformation or modulus change under high normal stress. A new
model for a broader range of normal loads is being developed to address the mismatch.

5. CONCLUDING REMARKS

This paper presents an experimental and analytical study of ultrasonic lubrication created by Poisson-effect
excitation. The ultrasonic horn was designed to exhibit two distinct regions. In the motor effect regions, the
friction forces are fully cancelled by the motor force generated by the ultrasonic vibrations. The friction reduction
in this region is 100%. In the transition region, the friction reduction percentages vary with different material
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Figure 11. Comparison of friction forces from test results and model simulations.
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Figure 12. Comparison of friction reduction from test results and model simulations.

combination and normal loading, in the range from 30% to 60%. The net motor forces increase when the normal
load increases and the relationship follows a linear trend. The vibratory response of the horn was analyzed and
a “cube” contact model was developed. The model simulation shows a close match with the test results under
the condition that the normal load is under 120 N.
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