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Abstract

In oscillating mechanical systems, nonlinearity is responsible for the departure from propor-
tionality between the forces that sustain their motion and the resulting vibration amplitude.
Such effect may have both beneficial and harmful effects in a broad class of technological
applications, ranging from microelectromechanical devices to edifice structures. The
dependence of the oscillation frequency on the amplitude, in particular, jeopardizes the use
of nonlinear oscillators in the design of time-keeping electronic components. Nonlinearity,
however, can itself counteract this adverse response by triggering a resonant interaction
between different oscillation modes, which transfers the excess of energy in the main oscil-
lation to higher harmonics, and thus stabilizes its frequency. In this paper, we examine a
model for internal resonance in a vibrating elastic beam clamped at its two ends. In this
case, nonlinearity occurs in the form of a restoring force proportional to the cube of the
oscillation amplitude, which induces resonance between modes whose frequencies are in
a ratio close to 1:3. The model is based on a representation of the resonant modes as two
Duffing oscillators, coupled through cubic interactions. Our focus is put on illustrating the
diversity of behavior that internal resonance brings about in the dynamical response of the
system, depending on the detailed form of the coupling forces. The mathematical treatment
of the model is developed at several approximation levels. A qualitative comparison of our
results with previous experiments and numerical calculations on elastic beams is outlined.

Introduction

Vibrating material objects of different kinds and forms have been used for producing and dem-
onstrating oscillatory phenomena since times immemorial. The most ancient musical instru-
ments in the archaeological record, over 40,000 years old, are flutes [1], which produce sound
from the vibrations of an air column confined inside a tube. The monochord -a stretched
string of controlled length and tension- was widely employed to study the mathematical rela-
tions of consonance between tones in traditional Western music theory, presumably, starting
from Pythagoras [2]. Elastic deformations of clamped solid beams, which are essential parts of
any building structure, were first discussed from a modern scientific perspective around the
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mid-eighteenth century by Euler and Bernoulli, constituting an early contribution to contin-
uum mechanics [3]. Much more recently, within the field of micro- and nanotechnologies,
minute vibrating silica beams clamped at their two ends (clamped-clamped, or c-c beams)
have been proposed to replace quartz crystals as pacemakers in the design of time-keeping
components (clocks) within miniaturized devices [4-6]. With respect to quartz crystals, the
advantages of these micromechanical oscillators range from easiness of fabrication to low
power consumption during operation.

The linear theory of elasticity works under the assumption that, when the vibration ampli-
tude is small, the restoring force acting on the beam is proportional to the amplitude itself [7].
Analogously, under the action of an external force, the amplitude is proportional to the force
strength. However, linear response breaks down when the beam is driven to vibrate at suffi-
ciently large amplitudes. In this situation, the restoring force on a c-c beam acquires cubic
terms, proportional to the third power of the amplitude [8, 9]. The standard model for cubic
nonlinearity in mechanical oscillatory motion is given by the Duffing equation, which was first
proposed in 1918 by the German engineer Georg Duffing [10], and has been systematically
studied as a source of nonlinear phenomena ranging from hysteresis to chaos [11].

In order to overcome the effects of electronic and thermal noise, micromechanical oscilla-
tors must vibrate at large amplitudes, thus operating well inside the nonlinear regime [12].
This condition brings about the noxious amplitude-frequency (or a-f) effect [13, 14]: in con-
trast with a linear oscillator, whose frequency is independent of the amplitude, in its nonlinear
counterpart frequency and amplitude are generally interdependent quantities. This means that
a variation in the amplitude —due, for instance, to an uncontrolled fluctuation in the driving
force- causes a change in the frequency. In a clock, in turn, this change translates into inaccu-
racy in time keeping.

Another effect of nonlinearity on the dynamics of vibrating beams, which is the main phe-
nomenon addressed in this contribution, is internal resonance [15]. As it is well known, an
extended elastic object can exhibit different kinds of vibration, called oscillation modes, which
differ from each other in their patterns of deformation and frequencies [7]. In a purely linear
oscillator, each of these modes can be excited separately —for instance, through the action of an
external force- leaving all other modes at rest. Nonlinearity, on the other hand, couples differ-
ent oscillation modes with each other in such a way that exciting one of them entails energy
transfer toward other modes, thus establishing a complex combination of oscillatory patterns.
If, moreover, the frequencies of two such modes are mutually syntonized, the corresponding
oscillations can synchronize with each other, dramatically enhancing the energy transfer
between them, and thus realizing internal resonance. Cubic nonlinearity triggers internal reso-
nance when the frequency ratio between the two modes is close to a multiple of 3. In a recent
series of experiments on c-c micromechanical nonlinear oscillators, it has been shown that, if
internal resonance is taking place, the oscillation frequency can be drastically stabilized against
amplitude variations [16, 17]. As a consequence, the a-f effect referred to in the previous para-
graph is neutralized over a wide range of operating conditions. In this situation, remarkably,
nonlinear effects of different nature are compensating each other to the advantage of such
applications as the design of time-keeping devices.

Here we examine the main mode stationary response near a 1:3 resonance with a higher
harmonic mode by means of a model consisting of two coupled oscillators, each of them repre-
senting a mode [18]. The 1:3 frequency ratio, in fact, is the primary resonance induced by cubic
forces, due to the triple frequency terms appearing when a harmonic function is raised to the
third power [19]. The model, which is qualitatively presented at the beginning of the next sec-
tion and mathematically formulated in the Methods section, allows for a variety of functional
forms in the coupling forces between the two modes. Thus, it is able to describe several
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different responses to internal resonance, likely associated with vibrating beams of different
geometries, materials, and design. Moreover, the model can straightforwardly be extended to
analyze internal resonance for frequency ratios other than 1:3. Although an exhaustive explora-
tion of the parameters that define coupling is virtually impossible, after studying numerous
combinations of parameter values, we have selected a representative set of cases which illustrate
the most frequent kinds of behavior. These results, obtained from our mathematical formula-
tion through numerical means, are presented in the main part of next section.

Our presentation focuses on the interrelation between oscillation amplitude, frequency, and
phase of the main mode. Experimentally, in fact, these are the most readily accessible quantities
characterizing the stationary dynamics of the system [16, 20]. The mathematical formulation
developed in the Methods section yields the tools for obtaining the higher harmonic dynamics
as well. Moreover, under suitable assumptions, this formulation makes it possible to obtain
explicit algebraic expressions that provide an approximate, analytically tractable description of
internal resonance. In the concluding section, we summarize our contribution, and point out
previous work where resonance phenomena similar to those presented here for the two-oscilla-
tor model have been observed in experiments and numerical calculations on actual c-c beams.

Model and Results
Two-Oscillator Model for Internal Resonance

In experiments with c-c beam micromechanical oscillators, internal resonance was observed to
occur between the main oscillation mode and a higher harmonic mode whose frequency is
above three times the frequency of the main mode [16]. The vibration pattern of the main
mode is transversal, resembling that of a plucked one-dimensional string. In the higher har-
monic vibration, on the other hand, the dimensions perpendicularto the beam length become
relevant, and the deformation is torsional. In the experimental setup, the oscillator is excited by
a periodic force applied through an electric circuit. If, due to its nonlinear response to the driv-
ing force, the frequency of the main mode attains one third of that of the higher harmonic,
internal resonance takes place.

To model this behavior, we represent the two oscillation modes as two mutually coupled
one-dimensional Duffing oscillators, subject to linear damping and to periodic driving forces
(see Methods). The ratio between the natural frequencies of the two oscillators is below 1:3.
Coupling between the oscillators is modelled by a generic cubic force —i.e., with the same degree
of nonlinearity as the Duffing restoring force- consisting of several contributions proportional
to different powers of the two oscillation amplitudes. The cubic nonlinearity is insured if the
powers of the two amplitudes in each contribution add up to 3.

When the system attains stationary motion, the two oscillators and the driving force are
synchronized in such a way that the frequencies of the main mode oscillator and the force are
identical, and exactly equal to one third the frequency of the higher harmonic oscillator. Sta-
tionary oscillations are thus characterized by the frequency of the driving force and, addition-
ally, by the amplitudes and phases of the two oscillators. As discussed in the Methods section,
these five quantities are linked through four algebraic relations, so that only one of them can be
varied independently as a control parameter. In the (open-loop) configuration traditionally
considered when studying mechanical nonlinear oscillators, the driving force is applied as an
externally controlled action on the system [21]. In this case, the control parameter is the force
frequency, which is “copied” by the main mode oscillation and tripled by the higher harmonic
mode. On the other hand, in the (closed-loop) self-sustaining configuration used in clock
design, the signal produced by the oscillator itself is reinjected as the driving force after shifting
its phase and fixing its amplitude [22, 23]. In contrast with the open-loop setup, the parameter
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controlled by the experimenter in this situation is the phase difference between the force and
the main mode, and the stationary oscillation frequency adjusts to this control. While the alge-
braic relation between frequency, amplitudes, and phases is the same in both configurations,
the stability properties of each kind of stationary oscillation may change depending on the
parameter being controlled [17].

Stationary Oscillations without Internal Resonance

Fig 1 illustrates the interdependence of amplitude, frequency, and phase of the main mode
oscillator when its coupling with the higher harmonic mode is absent. The left panel shows the
stationary oscillation amplitude as a function of the detuning between the driving force fre-
quency and the main mode natural frequency (see Methods for detailed definition of these
quantities). This is the well-known “leaning” resonance peak of the forced Duffing oscillator
[11],i.e., the counterpart of the “straight” resonance peak of its linear analogue. The case
shown in Fig 1 corresponds to a hardening nonlinearity, where the amplitude grows for
increasingly positive detuning [15]. This is, in fact, the kind of nonlinearity associated with the
main mode oscillation of a c-c beam [8, 9]. The most characteristic feature of the Duffing reso-
nance peak is the existence of a range of frequencies where three amplitudes exist for each fre-
quency. In the open-loop configuration, where the driving force frequency is controlled, the
oscillations whose amplitudes are plotted with full and dotted lines are respectively stable and
unstable. The light-grey curve shows the so-called backbone of the resonance peak [15], an
approximation that —as we show below- helps to estimate the effects of the interaction with the
higher mode oscillator in the vicinity of the internal resonance. The formulation of the back-
bone approximation is discussed in the Methods section.

The right panel of Fig 1 shows the relation between the frequency detuning and the phase
shift between the driving force and the main mode, defined as the amount by which the driving

4
54 ]
o
q’ 4 L | &l e
g £ 31
S 44 c
= S5
— et
o D,
£ 5. O
© >
C o
O S 1
= 24 S
© o
— O
B 1- W= 04
o -
0 T T T T ¥ T T T T -1 T T T T v T
-1 0 1 2 3 4 0 1 . 2 3
frequency detuning phase shift

Fig 1. Interdependence between amplitude, frequency, and phase in the absence of internal resonance. Left: Oscillation amplitude vs frequency
detuning. Full and dotted lines respectively correspond to stable and unstable oscillations in the open-loop configuration. The light-grey curve stands for the
backbone approximation. Right: Frequency detuning vs phase shift. Full and dotted lines correspond to the same stability properties as in the left panel. The
units of amplitude and frequency are arbitrary, and the phase shift varies in the interval (0, ). The values of the parameters used to obtain the curves are
givenin Table 1.

doi:10.1371/journal.pone.0162365.9001
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force phase precedes the main mode phase. To ease the comparison between the two panels,
full and dotted lines in both of them correspond to the same stationary oscillations. To the
right, however, we have plotted the phase shift in the horizontal axis as a way of emphasizing
its relation with the frequency in the closed-loop configuration, where the control parameter is
the phase shift. This representation will become useful when discussing frequency stabilization
through internal resonance. In contrast with the open-loop setup, in the closed-loop configura-
tion all the stationary states shown in the figure are stable [22, 23] (below, stability differences
in the closed-loop configuration are represented by different colors).

Internal Resonance with a Linear Higher Harmonic Mode

First, we consider the case where the Duffing cubic nonlinearity in the higher harmonic oscilla-
tor is disregarded —namely, we assume that the higher harmonic restoring force is linear. This
assumption has been used in the description of internal resonance in micromechanical oscilla-
tors [16], and allows for the extension of the backbone approximation referred to above (see
Methods). On the other hand, as advanced, coupling between the two oscillators will be
described by generic cubic terms.

In all the cases considered below, the higher harmonic oscillator is subject to a coupling
force proportional to the cube of the main mode amplitude. It can be seen from the equations
of motion that changing the sign of this force does not affect the oscillation amplitudes, but
just adds a fixed amount equal to 7 to the phase of the higher harmonic oscillation. In analogy
to Figs 1 and 2 shows the main mode amplitude as a function of the frequency detuning
between the driving force and the main mode (left), and the frequency detuning as a function
of the phase shift (right), when the main mode oscillator is subject to a coupling force propor-
tional to the higher mode amplitude and to the square of the main mode amplitude. Rows A
and B correspond to coupling forces of opposite sign.

As in Fig 1, full and dotted lines in Fig 2 correspond to stable and unstable stationary oscilla-
tions in the open-loop configuration. Now, moreover, dark- and light-green curves respectively
stand for stable and unstable oscillations in the closed-loop configuration. Note that an unsta-
ble oscillation in one of the configurations can be stable in the other, and vice versa. In the left
panel of Fig 2A, for instance, the full light-green segment marked with an arrow corresponds
to stable (respectively, unstable) oscillations in the open-loop (respectively, closed-loop) con-
figuration. In the right panel, the arrow points to the same oscillations, now in the representa-
tion of frequency detuning vs phase shift.

Comparing Figs 1 and 2, we see that a major effect of the interaction between the two oscil-
lators is the appearance of a gap in the main mode resonance peak. The position of the gap
coincides with the detuning for which the main mode frequency attains one third of the higher
harmonic frequency (see parameters in Table 1), thus realizing internal resonance. Note also
that coupling forces of different signs cause contrary deformations of the peak at the two sides
of the gap. Outside the gap, these deformations are well described in both cases by the back-
bone approximation, plotted as a light-grey curve.

The right panel of Fig 2A illustrates the phenomenon of frequency stabilization induced by
internal resonance, which counteracts the a-f effect, as observed in experiments [16, 17, 24].
Indeed, there is a wide interval of phase shifts where the frequency attains a plateau, varying
much less than when internal resonance does not occur (cf. right panel of Fig 1). In the closed-
loop configuration, where the control parameter is the phase shift, operating within the plateau
insures that the system performs stable oscillations with practically constant frequency. Their
amplitude lies in the lower part of the resonance peak, at the boundary of the internal reso-
nance gap. For the opposite sign of the coupling force (Fig 2B), meanwhile, two wider parallel
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Fig 2. Internal resonance with a linear higher harmonic mode (1). In this case, the coupling force acting on the main mode oscillator is proportional to the
higher mode amplitude and to the square of the main mode amplitude. Rows A and B correspond to opposite signs of this coupling force. Full and dotted
(respectively, dark- and light-green) lines correspond to stable and unstable oscillations in the open-loop (respectively, closed-loop) configuration. Arrows in
row A mark curve segments referred to in the text. The light-grey curve is the backbone approximation. The corresponding parameters are given in Table 1.

doi:10.1371/journal.pone.0162365.9002

plateaus develop —note that, here, the phase shift varies in (-, 7). In this case, stable oscilla-
tions lie in the upper plateau, on the large amplitude “island” of the resonance peak.

Fig 3 shows internal resonance in the case where the coupling force on the main mode oscil-
lator is proportional to its own amplitude and to the square of the higher harmonic amplitude.

Table 1. Parameters used in Eq (6) to obtain the results plotted in Figs 1 to 4.

Fig 1 2A 2B 3A 3B 4A 4B
B 0 0.5 -0.5 0 0 0 0
a4 0 0 0 1 -1 1 -1
as 0 0 0 0 0 3 -3

The remaining parameters are wy =1; w3z =9; 03 =6; 4 = U3 =0.1; y1 =-0.33; y3=0; B3 =0.5; fy = 1.

doi:10.1371/journal.pone.0162365.t001
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Fig 3. Internal resonance with a linear higher harmonic mode (ll). As in Fig 2, when the coupling force acting on the main mode oscillator is proportional
to its own amplitude and to the square of the higher harmonic amplitude.

doi:10.1371/journal.pone.0162365.9g003

Rows A and B correspond to forces of different signs. In the case of Fig 3A, the sharp deforma-
tion of the resonance peak toward higher amplitudes at both sides of the internal resonance
gap (left panel) is associated with a very flat plateau in the frequency as a function of the phase
shift (right panel). In this case, frequency stabilization induced by internal resonance is even
more effective that in the case considered in Fig 2A. On the other hand, as shown in Fig 3B, a
change in the sign of the coupling force inverts the direction of the deformation and, more
remarkably, does not give rise to the internal resonance gap. In both cases, the direction of the
deformation is well captured by the backbone approximation.

A considerable modification to the previous situation occurs if, in addition to the coupling
force acting on the main mode oscillator, a force proportional to the higher harmonic ampli-
tude and to the square of the main mode amplitude is applied to the higher harmonic oscilla-
tor. Its consequences are illustrated in Fig 4. Comparing with Fig 3 two effects are apparent.
First, there is a shift in the frequency detuning at which internal resonance takes place, to
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Fig 4. Internal resonance with a linear higher harmonic mode (lll). As in Fig 3, with the addition of a coupling force acting on the higher harmonic
oscillator. This additional force is proportional to the higher harmonic amplitude and to the square of the main mode amplitude.

doi:10.1371/journal.pone.0162365.9g004

smaller values in Fig 4A and larger values in Fig 4B. Second, in both cases, the deformations of
the resonance peak bend to the left, towards smaller detuning. Concurrently, the flat plateau in
the left panel of Fig 3A becomes distorted, and frequency stabilization is significantly degraded.
The effects of this additional coupling force in the higher harmonic oscillator can be under-
stood taking into account its proportionality to the higher harmonic amplitude itself. Any addi-
tional linear force acting on the oscillator will effectively modify its natural frequency ~which is
defined by the linear restoring force- thus changing the frequency at which the higher har-
monic oscillator is able to synchronize with the main mode. The direction of this shift depends
on the sign of the force, but its magnitude is also controlled by the main mode amplitude. The
shift, therefore, varies along the resonance peak, which explains the bending of the internal res-
onance deformations. This also explains why frequency stabilization breaks down with this
kind of coupling, as the effect of the coupling force is to change the oscillation frequency. From
the viewpoint of the dynamical states accessible to the two-oscillator system, it is worthwhile

PLOS ONE | DOI:10.1371/journal.pone.0162365 September 20, 2016 8/18



@° PLOS | ONE

Internal Resonance in a Vibrating Beam: A Zoo of Resonance Peaks

pointing out that the bending of some portions of the resonance peak near the internal reso-
nance creates intervals of frequency detuning where stationary oscillations —both stable and
unstable- with up to seven different amplitudes coexist.

The results presented in Figs 1 to 4 have been obtained for a fixed value of the driving force
amplitude. Fig 5 illustrates the effect of changing this parameter. In Fig 5A, we see that, in the
absence of internal resonance, progressively larger driving strengths (light- to dark-green
curves) widen the resonance peak and shift its highest point to larger frequency detuning. Note
that the backbone approximation is the same for all curves, as it does not depend on the driving
force amplitude (see Methods). Fig 5B and 5C show close-ups in the zone of the internal reso-
nance gap, when increasing the driving force in the cases considered in Figs 2A and 3A, respec-
tively. In both of them, the resulting effect is the closure of the gap when the force attains a
sufficiently large value. The driving force is thus effectively competing against the coupling
forces, responsible for internal resonance. As expected from the results shown in Fig 5A, the
closure of the gap is combined with the widening of the resonance peak. This widening is also
apparent in Fig 5D, which corresponds to the case depicted in Fig 3B.

Internal Resonance with a Nonlinear Higher Harmonic Mode

Experimental results with c-c micromechanical oscillators do not provide evidence that nonlin-
ear behavior in the higher harmonic mode plays any crucial role in the occurrence of internal
resonance, but they do show that cubic nonlinearity is in fact present in the higher harmonic
dynamics [16]. In experiments, moreover, it appears that the higher harmonic nonlinearity is
softening, with the oscillation amplitude decreasing as the frequency grows. Softening nonline-
arity has also been found within certain parameter ranges in finite-element numerical calcula-
tions for vibrating c-c beams [25].

Our results for stationary oscillations in the two-oscillator model show that, even for rela-
tively large values of the Duffing coefficient in the higher harmonic oscillator (up to ten times
as large as for the main mode; see Methods), no qualitative changes are observed in the
response of the main mode oscillator, as long as the driving force amplitude remains moderate.
On the other hand, when the driving force grows, the resonance curve near the internal reso-
nance gap can become strongly distorted.

This effect is illustrated in Fig 6, where we present close-ups of the gap for different choices
of the parameters, and increasing values of the driving force amplitude (light- to dark-green
curves). The higher harmonic cubic nonlinearity is softening. Successive rows correspond to
cases with the same coupling forces as in Figs 2 and 3. We see that, as the driving force is
increased, the resonance curves may bend and develop foldings that, within certain frequency
intervals, imply the appearance of several new possible values for the amplitude. At the same
time, in rows A to C, the two branches at each side of the gap approach each other, making the
gap narrower. However, whereas in A and B they become mutually superposed for sufficiently
large driving forces, they fail to connect with each other (cf. Fig 5B). The gap in the frequency
detuning has disappeared, but there is no continuity of solutions across those frequencies. Note
additionally that, for the higher harmonic nonlinearity considered in these cases, there is gener-
ally no frequency stabilization by internal resonance.

Methods
Mathematical Formulation of the Two-Oscillator Model

In the following, we describe the mathematical tools used to obtain the results presented in
Figs 1 to 6. As advanced in the preceding section, our model consists of two coupled Duffing
oscillators [18]. Emphasizing the fact that they represent two oscillation modes whose
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respectively.
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PLOS ONE | DOI:10.1371/journal.pone.0162365 September 20, 2016

10/18



®PLOS | one

Internal Resonance in a Vibrating Beam: A Zoo of Resonance Peaks

>

oscillation amplitude

o

oscillation amplitude

@

oscillation amplitude

O

oscillation amplitude

5 24
] 2 U
£
/ [=
4 2
(0]
©
J >
(8]
5
34 =}
B
| =
2 T 1.6 T T 1
51.6 2.0 2.4 2.40 1 2 3
1 (®)]
c
41 2
(0]
©
- >
5
34 >
[on
(0]
| =
2 T 1.6 T T f T T T ¥
61'6 2.0 2.4 3 -3 -2 -1 0 1 2 3
()]
£
C
=]
S
(0]
v E
" 5
C
(0]
=]
(on
(0]
=
T 1 T T T
1 2 3 2‘40 1 2 3
()]
£
c
4 3
(0]
©
>
(&)
5
34 >
o
(0]
¢=
2 . 1.6 T T
1.6 2.0 24 0 3

frequency detuning

1 2
phase shift

Fig 6. Internal resonance with a nonlinear higher harmonic mode: effect of the driving force. All panels
show the zone of the internal resonance gap, with curves for larger force amplitudes plotted with increasingly
darker shades of green (see parameters in Table 3). Differences in stability are disregarded. Rows A to D
respectively correspond to the coupling forces considered in Figs 2A and 2B and 3A and 3B.

doi:10.1371/journal.pone.0162365.9006
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Table 2. Parameters used in Eq (6) to obtain the results plotted in Fig 5.

Fig 5A 5B 5C 5C
B 0 0.15 0 0
o 0 0 1 -1
f, 1,2,5,10 1,2,3,4,5 1,2,5,10 1,2,5,10

The remaining parameters are wy = 1; w3 =9; 03 =6; Uy = U3 =0.1; y1 =-0.33; y3=0; B3 =0.5; a3 = 0.

doi:10.1371/journal.pone.0162365.t002

frequency ratio is close to 1:3, we denote their coordinates by x; () and x;(¢), respectively. The
equation of motion for the main mode oscillator is

X 4 ofx, = €[ =2pu,%, + 9% + fixix, + oayx,x; + pyx; + f cos Q] (1)
and, for the higher harmonic oscillator,
Xy + ng:z = 6[_2/135‘3 + V:zxg + p3x§xl + ochgxf + ﬁzxf + f; cos (Qf + 93)]> (2)

where w; and wj; are the corresponding natural frequencies, and y; and y; are the damping
coefficients. The coefficients o;, ;, and y; (i = 1, 3) weight the different cubic forces acting on
the oscillators. In particular, ¥, and y; give the Duffing cubic coefficients, specific to each oscil-
lator. The driving force, which is assumed to act on the two oscillators with amplitudes f; and
f5> has frequency Q and appears with a generic phase shift 0, is the equation for x;. Note that all
these forces, as well as damping, are normalized by the effective masses of the oscillators. Gen-
erally, the coupling forces appearing in Eqs (1) and (2) cannot be derived from an interaction
potential and, therefore, are not associated with a conservation law for the mechanical energy.
An interaction potential does exist, however, when the coefficients of the coupling terms satisfy
the identities 31/38; = a1/ = 3p1/ps.

The prefactor € in the right-hand side of Eqs (1) and (2) is formally introduced as a small
parameter, meaning that all the forces multiplied by € are assumed to be small as compared
with the linear elastic force in the left-hand side. This assumption is made to apply the multi-
ple-scale approximation to Eqs (1) and (2), as follows [15, 24].

The solutions to Eqs (1) and (2) are expected to depend on time through two different
scales. On one side, we have relatively fast oscillations with frequencies of the same order as w,
w3, and Q. On the other, the oscillation amplitudes and phases change more slowly, allowing
for many oscillations to take place within their typical evolution scales. This scale separation is
implemented, to the lowest approximation order, by proposing solutions of the form

xl(fov 71) = Al(rl) cos [wlfo + @1(71)],
x%3(19,7,) = Ay(1,) cos [w,T, + @4(1,)],

(3)

where the fast variable 7, = t coincides with the ordinary time ¢, and the slow variable is 7; = et.
The amplitudes A; and the phases @; (i = 1, 3) depend on 7, only. Moreover, we assume that
the frequencies involved in the equations of motion mutually differ by quantities of order e,
namely

Q=w, + €0y,

(4)

w, = 3w, + €g,.

Thus, 07 and 0; measure the detuning between the driving force and the higher harmonic oscil-
lator with respect to the natural frequency of the main mode.
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The multiple-scale approximation proceeds by expanding the equations of motion in pow-
ers of e. Equations for the amplitudes and phases are found by requiring that secular contribu-
tions to the fast oscillations vanish [15]. To the first significant order, this procedure yields

1 . 1, .
0 Al = —u oA, + gﬁlAfA3 sin g, + §f1 sing,,

, 1 1 T
A 9] = — gﬁlA?AS cos g, — ZalAlAé - gylAf + 4f, cos ¢,

1 .
gAY = — a5 Ag — 3 B,A]sin ¢,

WAy = — %ﬂsAf cos g3 — io‘sA?As - g’/sAgv
where the primes are derivatives with respect to the slow variable 7. For convenience, we have
introduced ¢, = 07 7, — ¢, and ¢5 = 03 7, + @3 — 3¢, which are the phase shifts of the driving
force and the higher harmonic oscillator with respect to the main mode oscillator. Note that
the terms with coefficients p; and ps, as well as the force on the higher harmonic oscillator, do
not contribute to the dynamics at this approximation order.

The explicit form of ¢/ in Eq (5) depends on the working setup being considered. In the
open-loop configuration the driving force frequency is fixed, and therefore oy is a constant,
which implies ¢| = o, — ¢,. In the closed-loop configuration, on the other hand, the phase
shift between the force and the main mode oscillator is fixed, ¢, = 0, and the force frequency
changes. Therefore, ¢, = g, + 1,0/. As for ¢}, since 03 is constant in both configurations, we
have ¢}, = 3¢ — 0, + ¢;. This yields ¢}, = 36, — 0, + ¢, — 3¢, and ¢}, = 30, — 7, + ¢, —
301, for the open- and close-loop configuration, respectively. Hence, in addition to the
unknowns A;, A;, and ¢3, Eq (5) are differential equations for ¢, in the open-loop configura-
tion and for oy in the closed-loop configuration. This difference must be taken into account, for
instance, when analyzing the stability of the stationary solutions to the equations.

On the other hand, as mentioned in the preceding section, the stationary solutions are the
same in both configurations. Respectively replacing ¢/ and ¢, by 0y and 303 — 03, and taking
A = A}, = 0, we obtain the following algebraic equations for the stationary solutions:

8u,w, A, — BAIA, sin g, — 4f, sing, =0,

8w, A 0, + f,AIA, cos p, + 20, A A} + 3y, A} + 4f cos ¢, =0,
83545 + B3AT sindy = 0,

8w,A, (30, — a,) + p,A% cos , + 2a,A%A, + 3y,A3 = 0.

These are the equations which were solved to get the results presented in Figs 1 to 6. Solutions
were found numerically, using a standard multidimensional Newton-Raphson algorithm [26].
Tables 1 to 3 show the parameters used in each figure.

Table 3. Parameters used in Eq (6) to obtain the results plotted in Fig 6.

Fig 6A 6B 6C 6D
B 0.5 -0.5 0 0
ay 0 0 1 -1
f, 1,2,3,4 1,2,3,4 1,1.2,1.4,1.6 1,2,3,4

The remaining parameters are wy =1; w3 =9; 03 =6; u; =Pz =0.1; y; =-0.33; y3=3; B3=0.5; a3 = 0.

doi:10.1371/journal.pone.0162365.t003
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Backbone approximation and estimation of the frequency gap

The backbone curve is an approximation for the resonance peak of the Duffing oscillator,
which schematically reproduces its profile at a significantly lower cost in mathematical com-
plexity [15]. The left panel of Fig 1 shows that the backbone curve for a single forced Duffing
oscillation, whose equation is

A=\ |—50, (7)

gives a quantitatively satisfactory description of the effect of nonlinearity on the resonance
peak. In this case, the approximation is obtained by assuming that damping and the driving
force are both negligible as compared with the restoring (linear and cubic) forces.

For our two coupled oscillators, a backbone-like approximation can be obtained in the spe-
cial case where the cubic restoring force of the higher harmonic oscillator is absent, y; = 0. In
this case, the two last of Eq (6) are linear in A3, which makes it possible to immediately obtain
Aj as a function of A;:

|Bs|A}

A, =
2/ AL + 8,0, AA? + 1602 (A° + 42)

, (8)

with A = 307 — 0;. From the same equations, we find

A} (2a)3A + %0‘3A%)
w2A + 8w,0,AA? + 1603 (A° + 12)

Ay cos Py = — (9)

Replacing Eqs (8) and (9) into the second of Eq (6) and taking the limit f; — 0, a higher-
order equation for A, is obtained. An approximated solution to this equation can in turn be
found under the assumption that the coupling forces acting on the main mode oscillator are
small as compared with its restoring forces, yielding

A2 — A% — & 3 B AL — By (ngA +%O‘3Af)Ai
T 3y A 4 80,0, AA? + 1602 (A + 12)

(10)

where A, = /—8w,d,/3y, is nothing but the backbone curve for the uncoupled main mode,
Eq (7). The graphs of A; as a function of oy, as given by Eq (10), are the backbone curves plot-
ted in Figs 1 to 5.

Finally, taking these results as the lowest order approximation to the solution of the second
to fourth of Eq (6), we replace them in the first equation and solve for sin ¢;, getting

. 1 iﬁ1ﬂ3w3ﬂ3A%
sing, = O+ 27 A2 ;
h 02 At + 8w, 0, AA? + 1603 (A” + 12)

. (11)

The frequency gap caused by internal resonance occurs when this equation does not provide a
(real) solution for ¢, i.e. when

o, + i[’aﬁsw:}/‘sAit
T 2 AL 4 8,0, AA? + 1602 (A + 12)

Al

h

> 1. (12)

This inequality is satisfied inside the gap, and does not hold outside.
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Conclusion

In this paper, we have examined the stationary motion of a system of two coupled nonlinear
oscillators, driven by a harmonic force, where restoring and coupling forces are cubic functions
of the oscillation amplitudes. The system is conceived as a model for the interaction between
the main oscillation mode and a higher harmonic mode of a vibrating clamped-clamped elastic
beam. When the ratio between the natural frequencies of the two modes is close to 1:3, cubic
nonlinearity is most effective in coupling the respective oscillations, which synchronize with
each other, and internal resonance thus takes place. Internal resonance has recently been pro-
posed as a mechanism to neutralize the amplitude-frequency interdependence in micromecha-
nical oscillators [16], which threatens their possible application as pacemakers in the design of
time-keeping miniaturized devices.

Our emphasis has been put in illustrating the diversity of behavior that various choices of the
parameters controlling the coupling between modes bring about in the stationary response of
the main mode oscillation, in particular, in the vicinity of internal resonance. Although —because
of the multiplicity of those parameters- a systematic exploration of parameter space is not possi-
ble, the selection of cases presented in the results summarizes the main effects of different forms
of coupling that a more extensive analysis shows to occur. We have also paid attention to the
effects of changing the strength of the driving force, which is a key control parameter in applica-
tions of vibrating c-c beams. Our presentation has been limited to results on the main mode
oscillation, which is most readily accessible to experimental observation —directly through elec-
trical measurements. The mathematical formulation presented in the Methods section, however,
provides the tools for studying the higher harmonic dynamics as well.

It is important to point out that our approach to the dynamics of c-c beams has been based
on deterministic equations of motion, while in the Introduction we mentioned that in some
applications —specifically, those related to microtechnology- noise may play an important role
in establishing the working conditions of the oscillator [12-14]. The effect of stochastic forces
can generically be predicted taking into account that internal resonance is the consequence of
the occurrence of direct and inverse saddle-node bifurcations [27] in the dynamical system
under study. This brings about the possibility that its response to noise has the form of one or
more well-studied phenomena in stochastic nonlinear systems, ranging from noise-induced
transitions to bifurcation postponement, and stochastic phase locking [28]. Being a system of
forced coupled oscillators, noise may also prompt the occurrence of stochastic resonance with
the external force and/or between the two interacting modes [29]. Nonetheless, experiments
with actual micromechanical oscillators have revealed robustness against noise under standard
conditions [16].

The appearance of a gap in the Duffing resonance curve, separating the possible stationary
oscillations of the system into two disconnected branches, is the most evident signature of the
occurrence of internal resonance. The gap has been directly observed in clamped-clamped
micromechanical oscillators vibrating in closed-loop configurations [17, 24], and is also
responsible for the behaviour reported in open-loop experiments with both micro- [16] and
nanomechanical oscillators [30, 31]. Similarly, the appearance of an “island” in the response of
a single forced oscillator has been predicted for subharmonic resonances, when the driving
force frequency is close to one third the natural oscillation frequency [15]. Very recently, analo-
gous effects have been found in related systems such as vibrating electroelastic crystals [32] and
velocity-coupled nonlinear oscillators [33].

Application of the two-oscillator model to a quantitative fitting of experimental or numeri-
cal results on c-c beam vibration, which we have not attempted here, makes it necessary to esti-
mate the model parameters for each particular instance. This estimation would in turn require
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detailed information on the set-up under consideration —for example, in an experiment, the
design of circuits that transduce mechanical motion into electric signals. Moreover, in some
specific experiments, such as those involving micromechanical oscillators, there are huge quan-
titative differences between the involved forces —e.g., a ratio as large as 10° between the elastic
force and damping [16]- which result into parameter values which differ from each other by
several orders of magnitude. In such situation, dealing with the equations derived from the
mathematical approach demands more sophisticated numerical algorithms than those used in
our calculations.

On the other hand, several of the results for our two-oscillator system are in qualitative
agreement with specific forms of behavior observed in clamped-clamped beams. For instance,
the closure of the internal resonance gap upon increasing the driving force (cf. Fig 5B) has been
reported from experiments on micromechanical oscillators [24]. The downward bending of the
Duffing resonance curve near internal resonance (cf. Figs 3B and 4B) has also been obtained
from finite-element computation of c-c beam nonlinear vibrations. The profile of the reso-
nance curve near the gap in the cases considered in Fig 5C is the same as successively reported
since long ago, both experimentally and theoretically, for different types of vibrating structures
[19, 34, 35]. These similarities point to the versatility of the two-oscillator model as an approxi-
mate description of mode interaction in this kind of system.

Acknowledgments

The authors acknowledge fruitful collaboration and enlightening discussions with Hernan Pas-
toriza, Daniel Lépez, Dario Antonio, Sebastian Arroyo, Chanyao Chen, David Czaplewski, and
Jeff Guest.

Author Contributions
Conceptualization: FM DZ.
Data curation: FM DZ.

Formal analysis: FM DZ.
Investigation: FM DZ.
Methodology: FM DZ.
Resources: FM DZ.

Software: FM DZ.

Validation: FM DZ.
Visualization: FM DZ.

Writing - original draft: FM DZ.
Writing - review & editing: FM DZ.

References

1. Higham T, Basell L, Jacobi R, Wood R, Bronk Ramsey C, Conard NJ (2012) Testing models for the
beginnings of the Aurignacian and the advent of figurative art and music: The radiocarbon chronology
of GeiBenklésterle. J. Human Evol. 62: 664—676. doi: 10.1016/j.jhevol.2012.03.003

2. Gaffurius F (1492) Theorica Musicae. Milan: P. Mantegatium.
3. Timoshenko S (1953) History of Strength of Materials. New York: McGraw-Hill.

PLOS ONE | DOI:10.1371/journal.pone.0162365 September 20, 2016 16/18


http://dx.doi.org/10.1016/j.jhevol.2012.03.003

@° PLOS | ONE

Internal Resonance in a Vibrating Beam: A Zoo of Resonance Peaks

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.
30.

Ekinci KL, Roukes ML (2005) Nanoelectromechanical systems. Rev. Sci. Instrum. 76: 061101. doi:
10.1063/1.1927327

Nguyen CTC (2007) MEMS technology for timing and frequency control. IEEE Trans. Ultrason. Ferroe-
lectr. Freq. Control 54:251-270. doi: 10.1109/TUFFC.2007.240 PMID: 17328323

van Beek JTM, Puers R (2012) A review of MEMS oscillators for frequency reference and timing appli-
cations. J. Micromech. Microeng. 22: 013001. doi: 10.1088/0960-1317/22/1/013001

Landau LD, Lifshitz EM (1986). Theory of Elasticity, 3rd ed. Oxford: Butterworth Heinemann.

Narashima R (1968) Non-linear vibration of an elastic string. J. Sound Vib. 8: 134—146. doi: 10.1016/
0022-460X(68)90200-9

Molteno TC, Tufillaro NB (2004) An experimental investigation into the dynamics of a string. Am. J.
Phys. 72: 1157-1169. doi: 10.1119/1.1764557

Duffing G (1918) Erzwungene Schwingungen bei Veranderlicher Eigenfrequenz. Braunschweig: F.
Vieweg u. Sohn.

Kovacic |, Brennan MJ (2011) The Duffing Equation: Nonlinear Oscillators and Their Behaviour. New
York: Wiley.

Postma HWC, Kozinsky I, Husain A, Roukes ML (2005) Dynamic range of nanotube- and nanowire-
based electromechanical systems. Appl. Phys. Lett. 86:223105. doi: 10.1063/1.1929098

Agarwal M, Mehta H, Candler RN, Chandorkar S, Kim B, Hopcroft MA, et al (2007) Scaling of ampli-

tude-frequency-dependence nonlinearities in electrostatically transduced microresonators. J. Appl.
Phys. 102: 074903. doi: 10.1063/1.2785018

Agarwal M, Chandorkar SA, Mehta H, Candler RN, Ki B, Hopcroft MA, et al (2008) A study of electro-
static force nonlinearities in resonant microstructures. Appl. Phys. Lett. 92: 104106. doi: 10.1063/1.
2834707

Nayfeh AH, Mook DT (1995) Nonlinear Oscillations. New York: Wiley.
Antonio D, Zanette DH, Lépez D (2012) Frequency stabilization in nonlinear micromechanical oscilla-
tors. Nat. Comm. 3:806. doi: 10.1038/ncomms1813

Arroyo Sl, Zanette DH (2016) Duffing revisited: phase-shift control and internal resonance in self-sus-
tained oscillators. Eur. Phys. J. B 89: 12. doi: 10.1140/epjb/e2015-60517-3

Visweswara Rao G, lyengar RN (1991) Internal resonance and non-linear response of a cable under
periodic excitation. J. Sound Vib. 149: 25-41. doi: 10.1016/0022-460X(91)90909-4

Nayfeh AH, Balachandran B (1989) Modal interactions in dynamical and structural systems. Appl.
Mech. Rev 42: S175-S201.

Yang Y, Ng E, Polunin P, Chen Y, Strachan S, Hong V, et al (2015) Experimental investigation on
mode coupling of bulk mode silicon MEMS resonators. 28th IEEE Int. Conf. MEMS: 1008—1011.
Antonio D, Czaplewski DA, Guest JR, Lépez D, Arroyo SI, Zanette DH (2015) Nonlinearity-induced
synchronization enhancement in micromechanical oscillators. Phys. Rev. Lett. 114: 034103. doi: 10.
1103/PhysRevLett.114.034103 PMID: 25659001

Yurke B, Greywall DS, Pargellis AN, Busch PA (1995) Theory of amplifier-noise evasion in an oscillator

employing a nonlinear resonator. Phys. Rev. A 51: 4211-4229. doi: 10.1103/PhysRevA.51.4211
PMID: 9912098

Arroyo Sl, Zanette DH (2014) Synchronization of a forced self-sustained Duffing oscillator. Eur. Phys.
J. Special Topics 223: 2807—2817. doi: 10.1140/epjst/e2014-02294-7

Mangussi F (2015) Estabilizacion de la frecuencia de un microoscilador no lineal mediante una reso-
nancia interna, M. Sc. thesis, ricabib.cab.cnea.gov.ar/545/

Ribeiro P, Petyt M (1999) Non-linear vibration of beams with internal resonance by the hyerarchical
finite-element method. J. Sound Vib. 224: 591-624. doi: 10.1006/jsvi.1999.2193

Press WH, Flannery BP, Teukolsky SA, Vetterling (1992) Newton-Raphson Methods for Nonlinear
Systems of Equations, in Numerical Recipes in FORTRAN: The Art of Scientific Computing, 2nd ed,
372-375. Cambridge, England: Cambridge University Press.

Drazin PG (1992) Nonlinear Systems. Cambridge, England: Cambridge University Press.

Moss F, McClintock PVE, eds (1989) Noise in Nonlinear Dynamical Systems. Cambridge, England:
Cambridge University Press.

Ando B, Graziani S, eds (2000) Stochastic Resonance: Theory and Applications. Boston: Kluwer.
Westra HJR, Poot M, van der Zant HSJ, Venstra WJ (2010) Nonlinear modal interactions in clamped-

clamped mechanical resonators. Phys. Rev. Lett. 105: 117205. doi: 10.1103/PhysRevLett.105.
117205 PMID: 20867605

PLOS ONE | DOI:10.1371/journal.pone.0162365 September 20, 2016 17/18


http://dx.doi.org/10.1063/1.1927327
http://dx.doi.org/10.1109/TUFFC.2007.240
http://www.ncbi.nlm.nih.gov/pubmed/17328323
http://dx.doi.org/10.1088/0960-1317/22/1/013001
http://dx.doi.org/10.1016/0022-460X(68)90200-9
http://dx.doi.org/10.1016/0022-460X(68)90200-9
http://dx.doi.org/10.1119/1.1764557
http://dx.doi.org/10.1063/1.1929098
http://dx.doi.org/10.1063/1.2785018
http://dx.doi.org/10.1063/1.2834707
http://dx.doi.org/10.1063/1.2834707
http://dx.doi.org/10.1038/ncomms1813
http://dx.doi.org/10.1140/epjb/e2015-60517-3
http://dx.doi.org/10.1016/0022-460X(91)90909-4
http://dx.doi.org/10.1103/PhysRevLett.114.034103
http://dx.doi.org/10.1103/PhysRevLett.114.034103
http://www.ncbi.nlm.nih.gov/pubmed/25659001
http://dx.doi.org/10.1103/PhysRevA.51.4211
http://www.ncbi.nlm.nih.gov/pubmed/9912098
http://dx.doi.org/10.1140/epjst/e2014-02294-7
http://dx.doi.org/10.1006/jsvi.1999.2193
http://dx.doi.org/10.1103/PhysRevLett.105.117205
http://dx.doi.org/10.1103/PhysRevLett.105.117205
http://www.ncbi.nlm.nih.gov/pubmed/20867605

o ®
@ : PLOS | SINE Internal Resonance in a Vibrating Beam: A Zoo of Resonance Peaks

31. LullaKJ, Cousins RB, Venkatesan A, Patton MJ, Armour AD, Mellor CJ, et al (2012) Nonlinear modal
coupling in a high-stress doubly-clamped nanomechanical resonator. New J. Phys. 14: 113040. doi:
10.1088/1367-2630/14/11/113040

32. Kirkendall CR, Kwon JW (2016) Multistable internal resonance in electroelastic crystals with nonli-
nearly coupled modes. Sci. Rep. 6:22897. doi: 10.1038/srep22897 PMID: 26961749

33. Habib G, Detroux T, Viguié R, Kerschen G (2015) Nonlinear generalization of Den Hartog’s equal-
peak method. Mech. Sys. Signal Processing 52-53: 17-28.

34. Lee CL, Perkins NC (1992) Nonlinear oscillations of suspended cables with as two-to-one internal res-
onance. Nonlinear Dyn. 3:465-490.

35. ChenLQ, Jiang WA (2015) Internal resonance energy harvesting. ASME J. Appl. Mech. 82: 031004.
doi: 10.1115/1.4029606

PLOS ONE | DOI:10.1371/journal.pone.0162365 September 20, 2016 18/18


http://dx.doi.org/10.1088/1367-2630/14/11/113040
http://dx.doi.org/10.1038/srep22897
http://www.ncbi.nlm.nih.gov/pubmed/26961749
http://dx.doi.org/10.1115/1.4029606

