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Abstract. In the field of the research on piezoelectric mgtthe control of friction forces by ultrasonicwea was studied
mainly from an experimental point of view [1]. Thenciple of friction force reduction by imposed chanical vibrations
in unlubricated contacts was recently studied iteotto reduce the friction losses in an internahlsostion engine with
Langevin type actuators [2]. This article dealdwitte advantages of flexural stationary wave pikbec actuators in the
control of the friction forces thanks to their highessures generated at high frequencies (>10 Hing).use of specific
contact geometry which is defined by the Hertz thessociated with partial slip contact conditicsipws optimizing the
lubrication effect. In the case of piezoelectrieqtee limiter application, the design and the nuoarisimulation of

dedicated piezoelectric actuator are compared.gieemment with the contact modeling, the charac#de of the

complete actuator on mechanical test bench vabddte "torque limiter" function and the optimizatiof lubrication

principle with dedicated contact geometry.

Keywords: piezoelectric actuators, stationary wave, meclaribrations, electroactive lubrication, frictiéorce control,
friction coefficient reduction.

Introduction Cylinder/plane contact. Discretization.

The electroactive lubrification principle is basga the Recent developments concerning the study of the
superposition of mechanical vibration within contimcdry  electroactive lubrication for classical ball/placentact
friction. Preliminary studies, which are done froam geometry [2], [3], shows that specific indentor gedry
elementary ball/plane contact, made it possiblestablish needs to be took into account in order to optintize
predictive analytical models. In order to obtairgh@r mechanical vibration parameters and the mechapmaér
relative speeds, an optimization of this new cohdsp of dedicated actuators. A low tangential stiffnassociated
necessary. Two improvement ways are possible: th a high normal stiffness are necessary in omé&eep the
increase of contact frequency by the choice of addd sliding contact in partial slip condition with a wo
piezoelectric structure, and the vibratory amplktud magnitude of the mechanical vibration. A necessary
minimization by the decoupling of contact stiffneasfirst ~ mechanical decoupling between the tangential ared th
part is devoted to determine the parameters of aréchl  normal stiffness by a discretization of the geosnefrthe
vibration (amplitude and frequency) by an analyticaindentor is then studied.
model, in the case of a discretized contact. Faligwhe Amplitude and frequency of vibrations. To
obtained results, the choice of piezoelectric dotua determine vibratory amplitude Z and frequenay,
structure and the one of their specified geometry a tangential and normal stiffness have to be expdestbe
carried out. The selected structure as well agliferetized cylinder/plane contact is considered as the limft o
contact principle were implemented and validatethiwi  ellipsoidal/plane contact. The major axis “b” ispposed
an operational structure of piezoelectric clutghety infinite.
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accordance with Coulomb Orowan’s law
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Fig. 1. Cylinder/plane contact with a and I, respectfull{f-ha Q ,[o ,u( ) d( )

width and length of contact and R, radius of cylin@ié

. ) T is excitation period and is the effective contact time
Respectfully, the tangential and normal stiffnesgetwwen the two surfaces.

expressions are, [5]: Normal and tangential stiffness allow to determine
apparent friction coefficient which is the ratiotieen
a Ker normal static effort P and the tangential forceTQ.limit
For E_)O' —=1 dynamic force and the power of used actuators, the
CN

electroactive lubrification has to be optimize: ratory
amplitude has to decrease and relative speed has to

and increase. According to the last study, the improsetrof
electroactive lubrification corresponds to the aagtation

K. = oP of normal stiffness and to the diminution of tanin
CN ™ 5_52 stiffness. The discretization of cylinder/plane tzmh seems

to be a good solution to ensure the optimization.

. . . . . Contact discretization. The studied con{&ét is
P is the static effort ang} is the indentation. Some authors iilustrated by

propose different expressions of indentation. Thawokthe Fig. 2.
last contact hypotheses, the equation of indemtagigiven

by [6]. To insure the regular separation of surfadhe
dynamic force, which is produced by the excitatidth a
vibration, has to be negative or null. This comtitimplies
minimal vibratory amplitude. Moreover, the requirm of
partial slip is respected by the definition of anmial
excitation frequency, for a constant relative tanige
speed,v. The relative displacement has to be inferior or
equal to the transient displacement. This last isnthe
limit between partial slip and total slip [2], [3].

P
Z> =7,
Ken
and Fig. 2. Discretized contact
In first approximation, the new normal and tanganti
w> v ) 1 stiffness are defined by, [2]: 2
Hq-Ker Koy \Z% - Zg
Enep
After expressing excitation conditions, the instmeous Ken :T

friction coefficient can be calculated.
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and Studs/plane contact
_n3E.pe€’
T 12n® 0.3

0.25

These expressions are inserted in the calculatfon o
instantaneous friction coefficient.

Comparison  between discretized and non
discretized contact.According to the last study, there are
two fundamental parameters of excitation: amplitaahel
frequency. In order to determine the most efficieotact
for electroactive lubrification, Matlab simulationare
compared. The two surfaces in contact are compbged
the same material (steel). The normal static effogbout
20 N for each type of contact. The dynamic friction 0
coefficient which is experimentally defined without
vibrations is chosen about 0.3. Moreover, we egadthe
contact areas. The cylinder/plane contact is ddfimethe  Fig. 3. Evolution of apparent friction coefficient accardito
length of 7.5 mm and the equivalent radius of 20./mhe  vibratory amplitude. For each contact, excitatieytiency is
discretized contact is as shown in 22 kHz and relative speed is 0.05 th.s

Fig. 2: e=1.5 mm, h=5 mm and p=2.5 mm.

For each curves, it exists threshold which is etuéhe 04 '
dynamic friction coefficient. From the minimal aritptie, ' v=01mls
there is the separation of contact surfaces. Homveve 0.35 !
friction forces increase for the cylinder/plane @ while
they decrease for the studs/plane contact. In #se of
cylinder/plane contact, the vibratory amplitude ates a
dynamic force which is superior to static effortd®ntrary
to studs/plane contact.

For a high excitation frequency, the apparent ibict
coefficient tends to decrease until a low valuer Fo
studs/plane contact, the friction forces decreasmem
quickly for a frequency range less important. Thalgtical
simulations show that studs/plane contact allowbeat
control of electroactive lubrification thanks to hégher
relative tangential speed. So, we chose implasttifie of 0-050
contact on the dedicated piezoelectric actuator.
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Actuator characteristics

Inner Radius: 4 mm

Outer Radius: 12.5 mm

Mass length: 20 mm

Piezoelectric ceramic thickness: 0.5 mm
Material: steel

Dedicated actuator

In order to insure the required amplitude and fesapy
for efficient electroactive lubrification, piezoetec
actuators seem to be the best appropriate. Undgr hi
pressure (20 MPa), they generate low vibrations (fen).
When piezoelectric actuators are exited in theichmeical
resonance, the frequency becomes high enough igfysat
the frequency condition. The chosen actuator hasite:

The study of this actuator is based on [7]. At the
mechanical resonance, this actuator is representetthe
following schema of Mason.

e good electromechanical conversion. The longitudinal . YYYY

piezoelectric mode presents the most efficient L L=M/N? H L
Co S— §R0

electromechanical coupling. —AP2
e easy processing and good resistance for severe C=N/K
1 Y

applications. A prestressed structure is prefetoed
Fig. 6. The equivalent schema of Mason for flexural aciuat

glued structure.
CO: locked capacity
RO: electric looses
M: vibratory mass
K: structure stiffness
Ds: mechanical dissipation
N: electromechanical coupling

So, the most appropriate assembly is composed by tw  ©
masses which prestress piezoelectric ceramic sthtiis
actuator presents a normal deformation, it is agkeam
type. The contact frequency is equal to excitation
frequency. However, the contact frequency of flektype
actuator, which has a flexural deformation, is ®wic
superior to the excitation contact. According tontemt
study, the increase of contact frequency is anradge for
the optimization of friction force control. So, tfiexional

actuator is selected.
Ro, Co, M, K, Ds and N are analytically defined by [7].

AN They depend on mechanical and electrical propedies
on the structure geometry. These parameters akdinidg
the dynamic behavior and the optimal operating ttamms
of actuator. B G, L, C and R are experimentally
determined by the admittance measurement of eguital
circuit while N is defined from the vibratory speedd
excitation tension. To do the last measurement, an
impedance meter and a laser vibrometer are usestdbr
to determine the most appropriate actuator geometry
comparison is done thanks to Ansys simulations &etw
two actuators.

The magnitude of the displacement measured with a
laser vibrometer on the surface of structure ndbisut 1.5
pm, for an electric field about 200 kV/m. The comgan
of the two actuators presented on the table 2, shbe
influence of actuator geometry on the vibratemyplitude

NODAL SOLUTION
APR 24 2007

SLnel 17:42:06

SUB =1
FREQ=28336
REAL ONLY
ustM (ave)
Reye=0

DMz =.137E-08
My =, 135E-08
Mz =.197E-06

. B
.135E-08 L 448E-07 .883E-07 132E-06 L 173E-06

.231E-07 L 66SE-07 . 110E-06 . 153E-06 . 197E-08

Fig. 5. The Ansys study of specific flexional actuator

Table 2. Comparison between two flexural actuators obtaimigidl ANSYS numerical simulation

Structure 1 Structure 1 Structure 2
(ANSYS) (Experimental data) (ANSYS)
Masses length L (mm) 20 20 40
Inner radius Rin (mm) 4 4 4
QOuter radius Rout (mm) 12,5 12,5 12,5
Constitutive material Steel (XC38) Steel (XC38) Sie€ER8)
Resonance frequency f (Hz) 24250 28336 14031
Modal Vibratory mass M () 43,26 58,87 65,89
Modal Stiffness K (N.n) 1.10 1,91.16 5,12.18
Electromechanical coupling N (NY 1,18 1,45 1,18
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and the resonance frequency. The contact optilbizat Conclusion
which is obtained by its discretization allows trefer a

high resonance frequency to an important vibratory The electroactive lubrification principle whichfisstly
amplitude, in particular when high relative speetl®  studied for a ball/plane contact was extended te th
required. In addition, the minimization of vibragor cylinder/plane contact and was optimized by its
amplitude associated to a high resonance frequieatls  discretization in order to obtain higher relativeesds.
to the reduction of actuator volume and its eledtro According to modelling, excitation frequency has ke

converter. maximised while vibratory amplitude presents a aont
. . separation threshold which has to be minimised. The
Electroactive thrust bearing increase of contact frequency is difficult except the

) o o . choice of piezoelectric flexural type structure. €Th
_ The_ electroactive lubrication principle constituts  yiphratory magnitude was decreased by a discretivetact
interesting way when one wants to act on high ®ree  pgjce. These optimizations are validated by tlegssing
high torques, possibly by controlling them ele@lis 5,4 the characterisation of piezoelectric thrustring. The
without magnetic pollution, and in a reduced volU@ie  gptained results show, on the one hand, a gooelation
The typical industrial application should be ant the proposed contact model and on the othedha

electroactive thrust bearing or a piezoelectri¢otiuA first  iction coefficient decrease about 85% of its eaithout
piezoelectric clutch bearing had been designed ttith imposed vibrations.

new concept of contact geometry. This piezoelectric
actuator is based on the structure of flexural aotu
excited in a stationary wave condition. The exmt@t References
frequency is about 25 kHz.
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Fig. 7.a) Design of the piezoelectric clutch - b) Companisf
theoretical and experimental results of the frictiorque as a
function of the vibratory magnitude
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