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Abstract

The design of mechanical systems requires various studies in order to ensure an optimal behavior during operation. In

particular, the study of its dynamic behavior makes it possible to evaluate the role of a connection in the energy dissipation

mechanisms. In this context, an experimental setup dedicated to small structures has been developed to quantify damping

due to microsliding at the beam–clamp interface. The mechanical characterization of the clamped connection is carried out

by experimental dynamic tests on a free-clamped structure. The instantaneous frequencies and damping are identified by

the wavelet transform technique of a slightly nonlinear system. In parallel, numerical prediction of the equivalent damping

is achieved thanks to the implementation of the regularized Coulomb law in a finite element model. A genetic algorithm

and artificial neural networks are used to update the stiffness parameter and the friction coefficient. The optimized model is

in good agreement with experimental results. It allows for determining the spatial distribution of microsliding and

tangential force along the contact interface. The dissipated energy and equivalent damping are finally deduced according to

the dynamic deflection of the free part of the beam.

r 2008 Elsevier Ltd. All rights reserved.
1. Introduction

There has been growing interest in microsystem research these last years, especially for the domain of energy
harvesting [1–3]. For that purpose, many solutions have been proposed based on structures vibrating at
frequencies low enough to ease their excitation by ambient (very low frequency) solicitations. However, less
work has been performed in optimizing the embedment of such energy converters and to minimizing energy
losses due to friction at clamping areas. This work lies within the general scope of the study and design of a
microconverter (volume o100mm3) of mechanical vibratory energy (usually available in great quantity in the
ee front matter r 2008 Elsevier Ltd. All rights reserved.
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environment of some sensor) for electric power by through the use of piezoelectric materials. The use of this
microconverter is designed to replace batteries that are source of pollution. Moreover, the replacement of
batteries can be difficult due to limited accessibility within a structure.

The previous architecture of the microconverter is composed of a silicon beam fixed by adhesive material
(epoxy resin (SU8) or compressed gold) between four piezoelectric plates (quartz or lithium of niobate) in the
fitting region. The unit is then clamped by screws between the rigid supports 1 and 2 as shown in Fig. 1. The
excitation of the support 1 introduces the vibrations of the free part of the microconverter, which deforms the
piezoelectric plates. The cyclic deformation energy is then converted to the electrical energy using an associate
electronic system. In order to obtain a good energy transformation, minimal energy losses are required. In this
context, various dissipation processes can be observed in a vibrating structure. The internal dissipation, due to
molecular diffusion and mutual movements within the body of the device [4,5], is relatively weak for metals
and single-crystal materials at our operating frequencies (a few kHz) and its effect can be neglected [6].
Thermoelastic dissipation results from a coupling between the mechanical behavior of the material and
thermodynamic principles and results in a considerable dissipation process [7,8]. The free-clamped beam
vibration in contact with squeeze air and airflow also can generate considerable viscous damping causing
significant energy dissipation [9–12]. Also, when a cantilever beam vibrated in open air, a part of the elastic
energy trapped in the environment is converted to acoustic radiation at each vibration cycle, reducing the
quality factor of the whole system. This can be accounted for by an appropriate simulation of the fluid
medium’s influence on the vibrating structure, for instance coupling a Green’s function representation of the
open medium contribution to the localized vibration via boundary element methods [13]. The vibration of an
assembled structure by a bolt enables the phenomenon of friction because interfaces in contact are never
perfectly smooth and contain irregularities, like asperities, even if the materials are carefully polished [14]. The
application of a tightening torque amount introduces a normal force on the whole contact asperities [15].
When structures vibrate, resistance to microsliding originates from interactions between asperities where
energy dissipation phenomena occur as heat dissipation during the different steps of formation and separation
of microcontacts. At the scale of contact microgeometry, the microsliding phenomenon results in three
principal stages where the first can be decomposed in an elastic strain, followed by a plastic deformation
accompanied by an interpenetration of the asperities. An adhesive connection takes place in a second stage. In
the third stage the shearing of the junctions occurs, followed by an elastic relaxation of the asperities [16]. The
higher microsliding effect corresponds to the higher dissipated energy. Such phenomena result in weak quality
factors of the beam vibration defined as the rate between the restored and reported energies of the structure by
one cycle of vibration [17].

The computation of dissipated energy due to the stick-slip phenomenon requires the evaluation of relative
displacements at the contact interface as well as the corresponding tangential force [18]. The analysis of the
energy dissipation is generally based on the constitutive physics models related to the interfaces, enabling
representation of the structure behavior in a local way, or based on phenomenological models deduced from
experimental observations [19]. According to the friction force function, two types of friction models are
generally defined. The first is known as a static friction model and it is based on the assumption that the
relative speed of the surfaces in contact is constant [20]. The second type of friction models is known as
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Fig. 1. Scheme of the microconverter.
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dynamic model, in which the equations are based on the internal state variables [21]. In that matter, Iwan
proposed phenomenological models based on spring wiper elements known as Jenkins or Masing elements
[22–24]. Olofsson [25] proposed an analytical model based on the Hertz theory, with the aim of computing
dissipated energy caused by the stick-slip phenomenon.

The assembly between silicon and the piezoelectric plates is very rigid and advantages the low energy
dissipation. However, the screw fixation of the microconverter between the supports 1 and 2 (contact between
piezoelectric plates and supports 1 and 2) is very delicate to perform because of the fragility of the employed
material (silicon and quartz). In this paper, the experimental tests on the first bending mode of a small
cantilever quartz beam have been performed in order to study this specific problem of connection by screws
and especially the contact between the quartz and the support. Then, the study of the interface contact
between the quartz and the support aims to quantify the dissipated energy and to the technological choice of
the final architecture of the microconverter. The beam system is excited by burst sine force. The analysis of the
recorded signal is carried out by the wavelet transform identification technique with complex values [26–28].
Therefore, the wavelet transform amplitude of a slightly nonlinear system is related to the modal equivalent
damping coefficients, and the phase is related to the eigen-value coefficients of the considered mode [29]. This
technique of identification was also developed by Heller [19] in order to characterize bolted structures on large
scales, based on the general modified Morlet wavelet. Instantaneous parameters can be identified according to
the structure vibration amplitude.

The second part of this paper is dedicated to the modeling of the modal equivalent damping coefficient
based on the phenomenological models of Iwan [22] using the regularized Coulomb law. An optimization step
is employed based on twin genetic algorithms (GAs) with a neuron network [30,31] in order to reduce
computation delays. From the optimized modeling, the tangential force and microsliding are obtained
allowing for the prediction of dissipated energy and modal equivalent damping at the beam fitting.

2. Experimental study

The experiment is defined to emphasize the influence of microsliding produced at the clamped part of a
quartz cantilever polished on one side and lapped on the other side. The average arithmetic depth of the
roughness measured by a microprofilometer is equal to 3� 10�8m on the polished surface and to 2.1� 10�7m
on the lapped one. It should also be noticed that the roughness changes slightly along the surface. The
dimension of the quartz structure is equal to 0.36� 3.6� 15mm3. This specimen is clamped by an aluminum
clamping system, consisting of two plates with a notch (Fig. 2). The average arithmetic depth of the roughness
of aluminum plate is equal to 5� 10�7m. The thickness of the quartz beam is negligible compared to the
thickness of each plate (5mm). The notch jams the quartz beam movement in the y-axis direction. The
assembly of the two plates together with the beam is very carefully achieved over a beam length of 7.2mm by
four screws (using a torque wrench) in order to obtain uniform distribution of normal force over the contact.
Fig. 2. The 3D diagram of the clamped quartz beam.
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When the clamp is too high or excessive and the normal force non-uniform, the quartz beam can be
immediately damaged.

The first plate is fixed on the electrodynamic shaker (Brüel and Kjaer (B&K)), used in the vertical position,
and the second carries an accelerometer (Fig. 3). The whole setup, including the electrodynamic shaker, the
support system, the beam and the accelerometer is placed in a lined enclosure and upholstered using foam.
A tight borosilicate porthole is used as a lid. It ensures the transmission of approximately 90 percent of a
general wave whose amplitude varies between 4 and 7� 10�7m. The enclosure is connected to a vacuum pump
in order to create a primary vacuum monitored by a pressure gauge. The time-dependent response of the beam
is recorded by using a contactless method of the Doppler vibrometer, which is focused on the free-end of the
cantilever quartz beam that is cleaned with ethanol before measurements. Since quartz is transparent material,
a thin aluminum layer is sputtered with a very weak surface roughness (o1 nm) on the top face. Typically, it is
a physical vapor deposition (PVD) surface made of spherical aluminum aggregates whose diameter is about
10–50 nm. The aluminum layer ensures well the reflection of the laser beam in order to record the velocity
amplitude of the free-end beam vibration. The quartz cantilever is first excited by a harmonic force near one of
its resonance frequencies and the free response is recorded by stopping excitation signal. The free response of
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Fig. 3. Explanatory experiment diagram.
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the vibrating structure on its first eigen-mode is then acquired (Fig. 4). The acquisition and signal generation
are carried out by a multichannel dynamic signal analyzer (SigLab).
3. Nonlinear identification from the free responses

The dynamic behavior of a slightly nonlinear system results in a strong dependence of the frequencies and
damping on the amplitude of vibration of the structure. On the other hand, the dynamic behavior for constant
response amplitude is often assumed to be linear. Sine stepping measurements can thus be carried out with a
constant amplitude response for a set of selected amplitudes. For each measurement, a linear identification
technique provides the characteristics of the model associated with the given amplitude of vibration. In this
way, a discrete description of the nonlinear dynamic behavior is obtained. The major disadvantage of this
method is the long measurement time necessary for a relatively small quantity of information. Recently, a
time-frequency approach for free responses was developed [11,29,32]. It has the advantage of providing a
quasi-continuous description of the parameters (instantaneous frequency and damping as well as equivalent
modal frequency and damping) from only one time response. The principle is simple and is based on treating
the free response of the structure like the response of a nonlinear oscillator with only one degree of freedom.
This response makes it possible to sweep a whole range of amplitudes in only one measurement. The
continuous wavelet transform (CWT) of the recorded signal is then calculated and used to identify the
instantaneous frequency and damping.
3.1. Continuous wavelet transform (CWT)

The CWT can be explained by analogy with the Fourier transform. In both cases, the considered signal is
represented by a linear combination of basic functions. For the Fourier transform, the basic functions are
trigonometric functions covering the entire considered time interval, more or less dilated by a frequency
parameter. For the CWT, the basic functions are deduced from a reference function, called the mother
wavelet, defined in time and allowing the description of the signals for a localized frequency. A very common
mother wavelet is the general modified Morlet wavelet:

CðtÞ ¼ eðjo0tÞ e�t2=N (1)

where o0 is the wavelet frequency and N is the parameter which controls the shape of the basic wavelet (N40).
The dilated Fourier transform version of the modified Morlet wavelet is presented in the following:

ĈðoÞ ¼ eN=4ðo�o0Þ
2

(2)

An important value of N gives a narrower spectrum allowing a better frequency resolution. The optimal value
of N is obtained by minimizing the entropy of the wavelet coefficient (see Ref. [33] for more details). The CWT
gives time and frequency information about the analyzed data. The basis functions are deduced from the
Morlet mother wavelet, which is dilated by a scale parameter u defining the size of analyzing window and
localized in the time domain by a position parameter v:

Cðv;uÞðtÞ ¼
1ffiffiffi
u
p C

t� v

u

� �
(3)

The CWT of a temporal signal x(t) at the scale u and at the position v is calculated by correlating with the
corresponding wavelet [27]:

TC
x ðu; vÞ ¼

1ffiffiffi
u
p

Z þ1
�1

xðtÞC
t� v

u

� �
dt (4)

where C̄ is the complex conjugate of C(t). The skeleton of the CWT is the modulus of the CWT coefficient
|Tx(u,v)| that represents a surface in the time-frequency space (Fig. 5(a)). The ridge of the CWT is the locus
(ur(v),v) of local maxima on the CWT skeleton, which is described by Eq. (5) and represented in Fig. 5(b).
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Fig. 5. (a) Continuous wavelet transform amplitude for the free response and (b) ridge of resonance frequency versus time.
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Fig. 6. (a) Argument of the continuous wavelet transform and (b) logarithm edge of the continuous wavelet transform.
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For more details, see Ref. [33]:

jTxðurðvÞ; vÞj ¼ max
u
ðjTxðu; vÞjÞ (5)

3.2. Identification of equivalent modal parameters

By using the theory of asymptotic signals [34], a slightly nonlinear oscillator can be characterized by its
equivalent modal frequency oe(a) and damping xe(a), where the parameter a denotes the amplitude of
vibration. These two parameters can be identified thanks to the CWT. A brief discussion of the major issues of
the procedure is given in Heller [19]. The first step consists in computing the CWT of the resonator free
response and locating its ridge. It has been shown that the resonator instantaneous frequency is equal to the
time derivative of the argument of the CWT ridge (Fig. 6(a)):

oeðvÞ ¼
d

dv
Arg½TxðurðvÞ; vÞ� (6)

The instantaneous damping coefficient is obtained from the logarithmic decrement of the modulus of the
CWT ridge (Fig. 6(b)):

zeðnÞ ¼ �
1

o0

d lnðjTxðurðuÞ; vÞjÞ

dv
(7)
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where o0 is the natural angular frequency of the undamped system. The second step consists in identifying the
envelope of the signal. In our case, the measurements were achieved using a laser vibrometer. It was thus
necessary to integrate the signal in order to obtain a displacement envelope. Finally, the equivalent modal
frequency and damping are obtained by combining the instantaneous parameters and the envelopes. Note that
the natural angular frequency o0 is equal to oe(a ¼ 0) and is obtained by an extrapolation of oe(a) for a small
amplitude range. It also must be stated that the beginning and the end of the modulus of the CWT cannot be
used because of edge effect [28,35]. Note that the edge effect can be reduced by adding zeros or by adding
negative values of the signal at the beginning and the end of the signal.

3.3. Dynamic release tests results

The identification method of the nonlinear parameters from dynamic recordings of release tests is applied to
the assembled device (the clamped cantilever quartz beam and its embedding) presented previously. Both
experimental quantification uncertainties and influence of the ambient air pressure variation between the
primary vacuum and the atmospheric pressure inside the enclosure are basically studied and presented by
Nouira et al. [11]. In this paper, only the results performed under primary vacuum condition corresponding to
the first vibration mode are reported. The time-frequency approach for a free response has the advantage of
providing a quasi-continuous parameter description starting from a time-domain measurement. The results of
the nonlinear analysis of the dynamic release response show the time evolution of the instantaneous
frequencies and damping, respectively (Figs. 7(a) and (b)). The evolution of the equivalent modal frequency
(Fig. 7(c)) and damping (Fig. 7(d)) versus the deflection of the free part of the beam are deduced from the
instantaneous parameters by using the signal envelope.

The identified modal frequencies and the modal equivalent damping emphasize nonlinear effects,
demonstrating that the dynamic behavior depends on the deflection of the clamped structure. The evolution
of the frequency can be decomposed into two different parts: first the frequency increases linearly, and then it
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tends to become stable. The evolution of equivalent modal damping also exhibits the presence of two sections:
first the damping increases, then it decreases slowly. The maximum value of 1.46 percent is observed at
t ¼ 0.002 s. The corresponding quality factor for this supported structure is rather small (�35). This typical
behavior is very similar to the one observed on a large scale assembled structure [19], on which it has been
shown that the principal dissipation is the one produced by the stick-slip effect between contact interfaces. The
experimental study of the influence of the magnitude of the normal force is very difficult to perform with small
quartz structure because this kind of structure is very fragile. Though the influence of the normal force
magnitude is well studied on the macrostructure by Heller [19], we conclude that the contact friction in the
interface is also responsible for most of the energy dissipation in our case. In order to confirm this last
conclusion, a finite element model of contact based on the regularized contact law is proposed in the next
section.

4. Friction modeling

Friction is the tangential reaction force between two surfaces in contact. Physically, these reaction forces are
the results of many different mechanisms, which depend on the contact geometry and topology, on the
properties of the bulk and surface materials of the bodies, on the displacement and relative velocity of the
bodies and on the presence of lubrication. In dry sliding, the contacts between surfaces can be modeled as
elastic and perfect plastic deformation forces of microscopical asperities in contact, see Refs. [36,37]. The
friction force is basically electromagnetic: the atoms of one surface ‘‘stick’’ to atoms of the other (adhesive
junction) just before snapping apart (Fig. 8), causing the atomic vibrations, and thus transforming the work
needed to maintain the sliding into heat.

Each asperity carries a pns part of the normal load Pn. If we assume a perfect plastic deformation of the
asperities until the contact area of each junction has grown enough to carry its part of the normal load, the
contact area junction is ai ¼ pns/H, where H is the hardness of the weakest bulk material of the bodies in
contact. The total contact area can thus be written as Ac ¼ Pn/H. This relation holds even with an elastic
junction area growth, which means that H is adjusted properly. For each asperity contact the tangential
deformation is elastic until the applied shear pressure exceeds the shear strength ty of the surface materials,
when it becomes plastic. In sliding, the friction force is thus Pt ¼ tyAc, and the friction coefficient
m ¼ Pt/Pn ¼ ty/H. The friction coefficient does not depend on the normal load or the velocity in this case.
Consequently, it is possible to manipulate the friction characteristics by deploying surface films of suitable
materials on the bodies in contact. These surface films can also be the result of contamination or oxidation of
the bulk material. The measured rough surfaces of the quartz beam and the aluminum support change slightly,
Pn Pn

Pt

Pt Pt

Fig. 8. (a) Metal contact between asperities and (b) visualization of breakaway.
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then the friction coefficients are constant. Since the roughness of the upper and lower contact surfaces of the
quartz beam is different, the friction coefficient linked to the upper and lower interfaces between the quartz
beam and the aluminum support varies and increases when the roughness is higher [38].

As conclusion, it is imperative to control the modeling of the interface behavior in order to build a reliable
model of the assembled structures. Fig. 9 shows a drawing of beam 2 clamped between two supports 1 and 3.
Notations F, Pn, P

j!i
t and vij represent, respectively, the excitation force, the normal force on the interface, the

tangential force applied to the solid i and the relative velocity of the solid i with respect to the solid j.

4.1. Coulomb friction

Although a lot of different models are proposed to describe the friction phenomenon, the simple and very
well-known Coulomb friction will be used here. It belongs to the family of static models. The Coulomb law
defines the friction force Pt according to the friction coefficient m and to the normal force Pn (Eq. (8)). The
basic principle of this model is schemed in Fig. 10(a):

P
j!i
t ¼ mjPnjsgnðvijÞ (8)
(3)

(1)

(2)

v12

v23

−Pn

−F
(1)

              (2)

Pt
21→

z

x

Pn

Pn

v12

v21

Pn

Pt
12→

Fig. 9. Explanatory diagram of the friction phenomenon.
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Fig. 10. (a) Description of the Coulomb law, (b) viscously damped single degree of freedom system, (c) the Prandtl model and (d)

description of the regularized Coulomb law.
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4.2. Equivalent damping coefficient of nonlinear systems

The energy parameters in vibrating clamped cantilever beam incorporate the influence of both strength and
deformation and they include the effect of duration of strong vibrating motion. For an elastic perfectly plastic
system the input energy is dissipated as hysteretic energy and kinetic energy, amongst which the major part is
hysteretic energy. The concept of equivalent viscous damping was first proposed by Jacobsen [39]. Consider
a viscously damped linear system [40,41] as shown in Fig. 10(b). The rate of change of energy with time
(dDE/dt) is given by

dDE

dt
¼ FW ¼ �CW2 ¼ �C

dUðtÞ

dt

� �2

(9)

The negative sign in equation denotes the energy dissipated with time. Assume a simple harmonic motion as
U(t) ¼ U sin(ot), where U is the amplitude of motion and o is the excitation pulsation. The damping energy
dissipated in a complete cycle is given by

DE ¼

Z 2p=o

t¼0

C
dUðtÞ

dt

� �2

dt ¼

Z 2p

t¼0

CUo cos2ðotÞdðotÞ ¼ poCU2 (10)

Consider the modal equivalent damping of nonlinear systems as xe ¼ C/2MO (where O is the eigen-pulsation
and equal to O ¼ (Kt/M)0.5), the ratio of energy dissipated in viscous damping to the total input energy is as
specific damping capacity of structure. The total energy of the system Ee can be expressed either as the
maximum potential energy 0.5KU2 or as the maximum kinetic energy (0.5M W2max ¼ 0.5Mo2U2), the two being
approximately equal for small values (i.e. o10 percent) of damping. Thus, equating the ratio of hysteretic
energy to total input energy of elastoplastic structure to ratio of damping energy to the strain energy of
linearly elastic damped structures we get

DEðUÞ ¼ 2pze

o
O

KtU
2 ¼ 4pze

o
O

EeðUÞ (11)

From Eq. (11), the equivalent damping coefficient is obtained and depends on the ratio between the dissipated
energy and the elastic energy given to the systems:

ze ¼
1

4p
o
O
DEðUÞ

EeðUÞ
(12)

Thus, the equivalent damping coefficient can be evaluated from the energy loss and the total energy of the
system during a complete cycle.

4.3. Numerical implementation

In order to better reproduce the dissipative phenomena observed in experiments via the dynamic release test
and to accurately take into account the geometry of the problem, a model based on finite element method
(FEM) has been implemented. The purpose of this approach is to simulate both the evolution of the
equivalent damping coefficient and the dissipated energy. The calculations were carried out using the finite
element code Comsol Multiphysics (Femlab_3.2) in which the friction law described previously is integrated.
The suggested model consists of a collection of Jenkins elements [22,42]. In this study, the structure is reduced
in 2D (the x- and z-axes directions) with six nodes triangular elements. This choice of 2D FEM is mainly
related to the presence only of the relative displacement in the x direction. The relative displacement in the y

direction is wedged by the notch form manufactured in the both aluminum plates 1 and 2 (Fig. 2). In order to
better simplify the 2D finite element modeling, the regularized contact law is applied only in the upper
interface quartz beam. Each node of the aluminum plate ground interface is connected to quartz beam upper
interface by a linear spring with an elastic stiffness in series with a Coulomb slider. The stiffness represents the
capacity of the asperities to be elastically deformed. When the mechanical properties of the interface are
homogeneous, the employed friction coefficient and stiffness parameter are constant along the contact
interface because the surface roughness changes slightly. The stiffness parameter and the friction coefficient
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are then considered as global parameters of the interface. The ground quartz beam interface is jammed
because the finite element contact problem became symmetric.

The tangential contact action is evaluated from a regularized version of the Coulomb law. The first
modification consists in adopting a quasi-static resolution in which the velocity vij is replaced by relative
displacement uij on a given time interval. The second modification consists of correcting the discontinuity of
the Coulomb law in the vicinity of relative null displacements. A linear tangential force Pt evolution from the
initial position until the slip threshold is used at each point of the interface between solids i and j. The
evolution law is such that

KtjuijjpmjPnj ) Pt ¼ KtjuijjsgnðuijÞ (13)

KtjuijjXmjPnj ) Pt ¼ mjPnjsgnðuijÞ (14)

The use of this modeling requires defining the normal force Pn, the stiffness Kt and the Coulomb coefficient m.
In the case of a cyclic relative displacement u with an amplitude [�U, U], two different situations can be
distinguished. When the slip threshold is not reached, the contact behavior is purely elastic and no energy is
dissipated (Figs. 10(c) and (d)). When the slip threshold is reached (Fig. 11), a classical friction behavior is
assumed. For a complete period vibration, the corresponding local dissipated energy dDE and the elastic one
dEe are given by the following equations:

dDE ¼ 4 u�
pt

kt

� �
pt dxdy (15)

dEe ¼
p2

t

2kt

dxdy (16)

where the symbol d is the infinitesimal, pt is the tangential force par unit area, pn is the normal force par unit
area and kt is the stiffness par unit area.

The translation of this local formulation to the global formulation of the contact is obtained by integration
over the whole contact surface (‘ and Lc, respectively, the width and the length of the clamped part of the quartz
beam). Only relative displacement along the longitudinal direction (x-axis) is present in our case. The estimation
of the dissipated energy corresponding to a complete vibration cycle is given by the following expression Eq. (17)
[24,43], the expression of the elastic energy is given by Eq. (18) and the equivalent damping is given by Eq. (19):

DE ¼ 4

Z Lc

0

Z ‘

0

pt u�
pt

kt

� �����
����dxdy ¼ 4

Z Lc

0

‘pt u�
pt

kt

� �����
����dx (17)

Ee ¼

Z Lc

0

Z ‘

0

p2
t

2kt

dxdy ¼
Lc‘p2

t

2kt

(18)

ze ¼
2

pLc

o
O

Z Lc

0

kt

pt

u�
pt

kt

� �����
����dx (19)
uij

Pt = �

Ue U

kt

2PtUe

Pt (U−Ue)

Ft
j→i

Pn

Fig. 11. Force–displacement relation of a single Jenkins element.
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4.4. Parameters analysis

In order to evaluate the influence of friction parameters on microsliding, tangential friction force, dissipated
energy and equivalent damping, sensitivity analysis was carried out on the model of the quartz specimen. The
normal static force (constant with time) applied in order to ensure the contact is uniformly distributed on the
entire contact surface (pn ¼ 3.5� 105 Pa). The vertical displacement (along z-axis) at the free part of the beam
is imposed by a series of positive values between zero and the maximal deflection obtained in the experiment in
order to statically deform the quartz specimen. Two sets of results are presented:
�
 Set (a): the friction coefficient m is constant and the stiffness parameter varies between 3� 1013 and
7� 1013Nm�3. The corresponding results are given in Figs. 12(a), 13(a), 14(a), 15(a) and 16(a).

�
 Set (b): the stiffness parameter is constant and the friction coefficient m varies between 0.1 and 0.3. The

corresponding results are given in Figs. 12(b), 13(b), 14(b), 15(b) and 16(a).

Figs. 12 and 13 represent the spatial distributions along the contact interface, respectively, microsliding and
contact force for the deflection of the beam free-end Ad equal to 3� 10�6m. Three different zones can be
distinguished in Figs. 12 and 13. The first zone corresponds to the adherence (negligible microsliding
(8� 10�16m)) and is spread on a long part of 5� 10�6m (70 percent of contact surface). The second zone is a
transition zone characterized by the presence of partial microsliding. The microsliding values vary between
8� 10�16 and 3� 10�9m on a contact distance of 1.7� 10�3m, equivalent to 23 percent of the contact surface.
The last zone corresponds to the presence of total sliding under a constant friction or tangential force mpn

(total microsliding). It is distributed on a contact distance smaller than the two first parts and equal to
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0.5� 10�3m, equivalent to 7 percent of the surface of contact. The influences of both stiffness coefficient and
friction coefficient on the microsliding are negligible (Fig. 12). The influence of the stiffness coefficient on the
contact force pt is clearly visible when magnifying the right part of the contact surface (Fig. 14(a)). The spatial
evolutions of the contact force are similar, but the length of the transition zone decreases when stiffness
parameter increases. The friction coefficient variation influences the contact force saturation levels and the
length of the third zone (Fig. 14(b)).

The dissipated energy evolution and the equivalent modal damping evolutions are plotted according to the
dynamic deflection of the beam free-end in Figs. 15 and 16. The dissipated energy values are nulls when only
adherence exists over contact surface (first regime) and tend to increase proportionally to the dynamic
deflection amplitude when partial microsliding exist (second regime). The third regime is also characterized by
linear energy evolutions, but with higher slopes. The change of both stiffness (Fig. 15(a)) and friction
coefficient (Fig. 15(b)) coefficients generate variations on the three parts of the dissipated energy evolution.

The evolutions of the equivalent modal damping (Fig. 16) show a rapid increase until their maximum value
in the second regime. For larger deflections, equivalent modal damping decreases slowly versus the vibration
amplitude (third regime). The variation of the stiffness parameter generates visible variations on equivalent
modal damping evolution (Fig. 16(a)). The maximum value of equivalent damping goes from 1.21 to 2.93
percent when the stiffness parameter increases from 3� 1013 to 7� 1013Nm�3, which means that the quality
factor becomes lower for high stiffness parameters. The maximum remains constant when the friction
coefficient increases (Fig. 16(b)).

As a conclusion of the parameter analysis, the equivalent modal damping is sensitive to both friction
coefficient and stiffness parameter. Therefore, model updating has a good chance to converge and thus allows
the identification on the experimental parameters.
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5. Identification procedure

5.1. Optimization technique

The optimization algorithm used in this study is based on the use of GAs, which were introduced by
Holland and improved by Goldberg [44,45], who made them well known. GAs become widely used in
mechanical problems nowadays. They imitate natural behavior in terms of biological evolution in order to
reach the best possible solution to a given problem. Weak individuals tend to die before reproducing, while the
stronger ones live longer and bear many offsprings, who often inherit the qualities that will enable their
parents to survive. The working principle may be summarized as follows. The initial population is generated
by selecting individuals in the whole considered space. Pairs of individuals are selected from this population
and the selection is based on their performances (fitness/objective function values). Each pair of individuals
undergoes a reproduction mechanism to generate a new population in such a way that the preferable
individuals will spread their genes with higher probability. The children replace their parents. As this proceeds,
inferior attributes in the pool die out due to lack of reproduction. At the same time, strong attributes tend to
combine with other strong attributes to produce children who perform better. The reproduction cycle is
governed by a series of genetic operators, namely selection, recombination and mutation.

Although the GAs provide very robust properties, their main drawback is that they may suffer from a slow
convergence because they use probabilistic recombination operators to control the step size and searching
direction. Consequently, for real industrial problems involving expensive function evaluations, the GA-
required CPU time is usually impractical even with today’s computing power. Therefore, the acceleration of
the optimization process by exploiting an approximate model combined with the GA and by using robust and
efficient genetic operators is investigated. The algorithm architecture is organized in five steps, which are
summarized in Fig. 17.
(a)
 The first step consists in building a database using a design of experimental procedure. Numerous
techniques exist: full factorial, fractional, central composite, D-optimal, Latin-hypercube and random
selection among others.
(b)
 An approximate model is built using the design of experimental points in order to construct an analytical
relation between the design variables and the simulation responses.
(c)
 An optimization algorithm is used to find the optimum using the approximate model to evaluate the
objective functions and constraints.
(d)
 The accurate simulation is used to evaluate and verify the real objective function. This new simulation
result is added to the database. The database is therefore always enriched with new design points, leading
to an improved approximate model.
(e)
 Go to step (b) until the maximum number of optimization cycles specified by the user is reached.
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5.2. Artificial neural network

Several multidimensional and nonlinear interpolation techniques can be used to construct the approximate
model, e.g. kriging, artificial neural networks (ANNs), radial basis functions or lazy learning. These
techniques offer the advantages of decoupling the number of free parameters with respect to the number of
design parameters, which is not the case for a simple polynomial interpolation. In this research, the back-
propagation neural network is used, mainly because of its robustness in providing a more accurate model.
Moreover, it allows constructing a global approximate model, suitable for the entire design space and
represents an important aspect for the application of the optimization techniques. These techniques need
information from the whole search space. ANNs are computational techniques, which simulate the
computational abilities of biological systems. Any ANN has three principal key characteristics:
1.
 It consists of a number of processing elements (neurons).

2.
 Each neuron is connected to other elements through weighted links.

3.
 The functionality is determined by modifying these weights during a learning phase.
There are many types of ANN architectures in the literature. The back-propagation ANN is the most widely
known and is applied here to capture preferences [46]. The back-propagation ANN is a multilayer perceptron
network with a nonlinear transfer function within the neurons. The network is classified as supervised and is
used in a two-stage process. The first stage is learning and the second one is prediction. During the learning
process, the ANN is taught to recognize a given set of input and output conditions.

Additionally, the neurons use an enhanced transfer function, often a sigmoid, and they are usually arranged
into three or more layers (see Fig. 18). Only feed forward connections are allowed and they must be between
adjacent layers.

The back-propagation ANN is taught to create a mapping between input and output patterns. During the
training process the input/output pairs are known. However, instead of using a delta rule (difference between
input and output) a squared error rule is used. The weights are then adjusted by small amounts to reduce the
error across single neurons moving backwards from the output. The adjustment of weights via this back-
propagation continues until the squared error term is reduced below a certain threshold over the complete
training data set. When this has been achieved the trained network can be used as a predictor giving an output
pattern based on any given inputs.
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5.3. Model updating

This technique is developed and applied here in order to optimize both the parameter stiffness and the
friction coefficient used in the finite element model with the aim of better reproducing the equivalent damping
identified on the quartz specimen. The performance function used to solve this mono-objective problem is the
quadratic error cq between the experimental results and those given by the finite element model

cq ¼ hjjs� fðm; ktÞjji (20)

where s denotes the experimental values of equivalent damping obtained under the primary vacuum (a high
percentage of the damping caused by the ambient air presence is eliminated) and f denotes the values of
equivalent damping generated by the finite element model. In this modeling, the selected generation number is
equal to 20. The error function between the model and the experiment converges after five generations towards
a minimal error value of 0.3031 (Fig. 19). The response surface of the error evolution according to the
parameters to be optimized makes it possible to provide the best set of identified coefficients: the stiffness
coefficient kt and the friction coefficient m. Fig. 20 shows that the optimal value of the error is singular. The
identified stiffness parameter and friction coefficient m corresponding to the minimal error value are given in
Table 1.
5.4. Results and discussions

The behavior of the optimized numerical model is presented in this section. First, equivalent modal damping
evolutions according to the dynamic deflection amplitude of the free part of the quartz beam are shown in
Fig. 21 for both the experimental and the optimized models. The numerical damping curve fits the
experimental one well for the high dynamic deflection amplitude. For amplitude lower than 0.65� 10�6m, the
simulated damping is null due to the fact that no microsliding occurs while the experimental damping varies
between 0.4 and 0.9 percent. That difference comes from the fact that friction is the only energy dissipation
source that is taken into account in the model, whereas the experiment is subject to other dissipative
phenomena like radiation and heat transfer in the whole setup. The microsliding and the contact force pt

according to the abscissa along the contact are shown in Fig. 22. The dissipated energy evolution according to
the dynamic deflection is presented in Fig. 23, and starts increasing when the dynamic amplitude is sufficient to
activate microsliding processes on the interface.

Finally, the modeling correctly reproduces the experimental modal equivalent damping evolution due to dry
friction, confirming that the relative microsliding in contact surfaces is the main source of damping in small
structures clamped by the bolts. The computed relative microsliding and contact force pt provide information
on the most critical places for energy losses in the case of this kind of connection.
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Fig. 20. Response surface evolution versus the optimized parameters (kt and m).

Table 1

Identified parameters

Stiffness parameter, kt (Nm�3) 3.8� 1013

Coefficient of friction, m 0.165
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6. Conclusion

In this paper, the damping produced in the clamped part of small cantilever quartz beam is studied both
experimentally and numerically.

The experimental identification was performed using a technique based on the wavelet transform of free
responses obtained from dynamic release tests. The evolution of the equivalent damping versus the dynamic
deflection of the beam reveals a nonlinear behavior typically associated to the stick-slip phenomenon.

A finite element implementation of the regularized Coulomb law was performed. Stiffness and friction
parameters were updated thanks to an optimization procedure based on a genetic algorithm combined with an
artificial neural network. A good agreement between numerical and experimental results was achieved. The
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finite element model brings interesting additional information: the spatial distribution of microsliding and
tangential force along the contact interface. It appears that these distributions are strongly non-uniform, and
that most of the damping is produced in the region, which separates the clamped part from the free part of the
quartz beam.

The significant values of the damping also indicate that other assembly techniques like anodic bonding
should be preferable in the case of small size systems used for energy scavenging.
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