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Chapter 1

Introduction

1.1 Generalities

Atomic Force Microscopes (AFMs) are powerful devices used for surface
analysis in nano-electronics, mechanics of materials and biotechnology, as
they permit to topologically characterize surfaces up to micro and nano
resolution levels. An AFM consists of a probe, scanner, controller, and a
signal processing unit (figure . AFM works by rastering a sharp probe
across the surface to obtain a three-dimensional surface topography. As
the probe rasters, it feels the highs and lows of surface topography through
complex mechanisms of tip-surface interactions. These signals are sent via a
laser reflected back from the probe surface to a photo-detector. The photo-
detector, through a feedback control loop, keeps the tip at constant height
or constant force from the surface. The feedback signals are sent to a signal
processing software, which generates a three-dimensional topograph of the

surface.

The operating modes of AFM can be divided into static mode, when
the probe does not vibrate during imaging, and dynamic mode, when the
cantilever is excited to vibrate at or off its resonant frequency. The dynamic
mode AFM can be either an amplitude-modulated AFM (AM-AFM) or a
frequency-modulated AFM (FM-AFM), depending on the parameters used
as feedback signal, oscillation amplitude in AM-AFM and frequency shift
and excitation amplitude in FM-AFM. Usually, AM-AFM is referred to as
intermittent contact mode or tapping mode, and is characterized by the

close proximity of the probe to the sample surface, which induces both at-
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Figure 1.1: Schematic diagram of the main features of an AFM

tractive and repulsive interactions between the probe and the sample atoms
depending on their mutual distance. When, on the other hand, the imaging
is conducted by manipulating the repulsive interaction between a probe and
the surface, AFM is referred to as contact mode AFM, and when the probe
images the surface via an attractive interaction, it is usually referred to as
noncontact mode, which is also called FM-AFM (figure .

This study is focused on the latter mode, in which the beam is placed
above the sample, and the attractive forces cause the beam to change its
stable equilibrium configuration. The new position is a result of the balance
between the tip-sample atomic interaction and the stiffness of the beam.
When the beam elastic restoring force cannot contrast the attractive atomic
force, instability of the equilibrium configuration occurs, with the so called

“jump to contact” or escape (in dynamical systems terms) phenomenon.
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In addition, the cantilever motion can be influenced by various perturba-
tions, such as instrumental noise, thermal fluctuations, artifacts created by
the AFM tip, contamination of the mineral or tip surface, and tip-induced
surface deformations, which cause strong alterations of the dynamical re-
sponse and lead to possible unstable, aperiodic or even chaotic oscillations.
Well-known dynamical events have been experimentally and theoretically
documented in responses of atomic force microscopes operating in dynamic
mode, so that the crucial importance of investigating the AFM cantilever
nonlinear dynamical behavior has been clearly revealed in the last years.
Tools of nonlinear dynamics are in fact widely used not only for the purpose
of describing and interpreting the dynamical features of several mechanical
systems, but also, although still in a marginal way, to obtain useful practi-
cal indications to be applied toward design and control. The latter topics,
in particular, are of great interest in the field of AFM, and more generally
regarding all systems which require a precise calibration of the operating
parameters and efficient control techniques aimed at avoiding unwanted re-
sponses of the system.

This work intends to deepen both the mentioned instances, on one hand
dealing with the detailed analysis of the dynamical behavior of a model of
AFM and its dependence on the main system parameters, and on the other
hand using the obtained results to provide design indications of practical
interest, as well as proposing, in the second part of the thesis, a simple yet

effective control technique to prevent dangerous unstable motions.
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1.2 Literature review

Starting from the birth of Atomic Force Microscopes (AFMs) in 1986 [11],
a considerable number of improvements and developments have been made,
and many results have been achieved in measuring topography and physical-
chemical properties of organic and inorganic materials at nanometer length
scales in a variety of ambient media, together with the manipulation and fab-
rication of a variety of functional nanostructures. The great success of AFM
utilization has produced also a wide variety of experimental and theoreti-
cal studies, which have inspired several books [10} 27, [76] [77, [I00], surveys
and special issues [36], B8, 58, 127] as well as a number of workshops and
conferences dedicated to the topic.

In a typical AFM, the topography is imaged by scanning a sharp tip,
fixed to the free end of a micro-cantilever vertically bending over the sample
surface, and by measuring the tip deflection through a laser technology.
The tip-sample interaction modifies the beam dynamics and allows one not
only to image surfaces, but also to measure some physical properties of
the sample [36], 38, 58]. Thus, referring to a proper mechanical model for
the analysis of strongly nonlinear dynamics of these devices, in different

operational modalities, is crucial at both the design and in-service phase.

A commonly used model for the AFM microbeam is the lumped-mass
model, in which the cantilever beam is modeled as a single spring-mass sys-
tem [8] 21], 26] 29 [108]. This simple model, however, does not capture the
complexity of the spatial-temporal boundary-value problem describing AFM
dynamics because of the single-frequency content of the low-order dynamical
model. Moreover, its discrete nature does not allow one to account for the
effects of the actual geometry and location of the tip in cantilever dynamics,
as well as to accurately reproduce the actual control force applied to the
continuum structure. On the other hand, the continuum problem of the
scanning microbeam is addressed by formulation of the IBVP describing the
whole beam’s deflection and its boundary conditions. Theoretical investiga-
tions that treat the continuum problem include models employing nonlinear
boundary conditions and models incorporating nonlinear field forces local-
ized towards the end of the cantilever [17, [44] [45], 85] 94] 110} 117, 118, 120].

As far as the AFM dynamics is concerned, there are three main com-

monly used techniques for AFM operation, as already mentioned: contact,
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tapping and noncontact mode [10]. In contact AFM [4, 38, 107, 117, [118] the
tip is brought to a close proximity with the sample, where repulsive forces
dominate the tip-sample interaction, and the beam’s deflection is measured
and compared to the calibrated value. This mode can be operated in con-
stant force mode or constant height mode, depending on whether the feed-
back loop is turned on or off; the first one is used for non-atomically smooth
surfaces, while the second is most suitable for scanning atomically smooth
surfaces. This mode permits fast scanning and is used for rough samples
and for friction analyses, even if sometimes forces can deform or damage
samples. In the intermittent mode (also called tapping or Amplitude Modu-
lation mode (AM-AFM)) [59, [78, 85 93], 97, 110}, 11T, 128], the tip operates
in the repulsive force region, but touches the surface only for short periods,
in order to reduce damage to potentially fragile samples. The cantilever is
excited at a setpoint amplitude of cantilever oscillation, which dampens from
full oscillation (noncontact) to smaller oscillation when it encounters a struc-
ture on the surface (intermittent contact). The change in the amplitude of
the probe stores the structural information of the surface, which generates
a three-dimensional topography. It is usually conducted on soft samples,
such as loosely attached structure on the surface or even more delicate bio-
logical samples such as DNA, cells and micro-organisms, and permits high
resolution topography, although it becomes more challenging when scanning
liquids, for which slower scan speed is needed. In the noncontact mode (also
called Frequency Modulation mode (FM-AFM))[I], 21}, 29, 38, [86], 120] the
tip is excited with a low amplitude (which produces a displacement of a few
nm), while vibrating 10-100 nm above the sample surface. In this range,
attractive van der Waals forces govern tip-sample interaction and cause a
change in its oscillating frequency. Thus, the detection of these forces is
performed by measuring the change in the beam’s resonance frequency as a
function of the tip-surface distance. Thanks to this mode a very low force
is exerted on the sample, even if it usually needs ultra high vacuum (UHV)

to have best imaging.

For the noncontact AFM the tip has to maintain a design gap from the
sample such to ensure that the beam elastic restoring force is stronger than
the atomic attraction. Otherwise, an instability of the equilibrium config-
uration called “jump to contact” or escape (in dynamical systems terms)

[115] occurs. As the dynamic excitation tends to strongly reduce the equi-
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librium gap, the system stability study as a function of varying excitation
amplitude, or other (bifurcation) parameters, is a very important issue for
noncontact AFMs, in order to reliably determine the escape threshold sep-
arating the region of bounded (i.e., noncontact) solutions from that of un-
bounded solutions, the latter corresponding to unwanted contacts between

tip and sample.

As in all dynamical systems, the existence of possibly transient un-
bounded solutions is triggered by the occurrence of global bifurcations of
the system main saddle, whose analytical approximation is obtained by the
Melnikov method [7} [44], whereas in the specific AFM literature the thresh-
old for final jump to contact is determined only via numerical integration of
the system equations of motion with fixed initial conditions [44]. In fact to
date there are no works that evaluate AFMs escape boundary based on a
system bifurcation analysis. Yet, bifurcation diagrams permit to follow the
evolution (and eventually the disappearance) of all steady-state solutions of
the system (and not only of those related to particular sets of initial condi-
tions) and therefore offer a complete description of the dynamical response
as a function of the varying parameter (usually, the forcing amplitude). Ex-
amples of systematic numerical simulations based on basins of attraction,
bifurcations diagrams and behavior charts which are used to develop a care-
ful interpretation of systems nonlinear dynamical behavior are Rega and
Salvatori [91], Rega et al. [92], Szemplinska-Stupnicka [112], Szemplinska-
Stupnicka and Tyrkiel [114] for what concerns nonlinear oscillators, Lenci
and Ruzziconi [68] for cable-supported beams, Ghayesh et al. [37] for axi-
ally moving viscoelastic beams, Orlando et al. [82] for the Augusti’s model,
Ruzziconi et al. [95],[96] for MEMs and Liu et al. [72] for axially moving
plates.

Together with the deep investigation of the dynamical bifurcation behav-
ior, identification of the main kinds of regular response and of their basins
of attraction, along with the analysis of the erosion process of the latter up
to final escape of the solutions are topics of great theoretical and practical
importance, as it is nowadays agreed that the safe operation of a nonlinear
system depends not only on the local stability of its solutions but also on
the global dynamics associated with the uncorrupted basin surrounding each
solution [66, [67]. The issue of safety and integrity of a nonlinear dynamical

system was first addressed by Thompson and co-workers [56], 105}, 106, [115]
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which introduced the concepts of safe basin and erosion profiles. To investi-
gate in an analytical manner how the structure reliability is changed when
the parameters of the problem vary, integrity criteria have been proposed in
the literature to measure the magnitude of the safe basins [89]; among them
the global integrity measure (GIM) and the integrity factor (IF') are capable
of providing adequate information without formidable computational efforts.
The GIM is defined as the normalized hyper-volume of the safe basin, while
the IF is defined as the normalized radius of the largest hyper-sphere en-
tirely belonging to the safe basin. The IF is as computationally easy as
GIM, but it succeeds in eliminating the unsafe fractal tongues from the in-
tegrity evaluation. It is indeed a measure of the compact part of the safe
basin, which is the largest convex set entirely belonging to the basin and
the sole region which guarantees the system dynamical integrity. Drawing
the integrity measure vs. a selected system parameter which, from a prac-
tical point of view, is often the excitation amplitude, provides the so-called
“erosion profiles”, which are very useful in evaluating the loss of structural
safety. Detailed investigations on this topic have been presented by Lenci
and Rega [64] 67, 88, O0] who analyzed several definitions of safe basins
and different measures for their integrity, and presented also practical appli-
cations of dynamical integrity concepts to nonlinear mechanical oscillators
[60, 61, 8] and MEMs [63], as well as other authors who applied them to
nonlinear oscillators (Lansbury et al. [56], Szemplinska-Stupnicka [112], Soli-
man and Thompson [106], Souza and Rodrigues [I09], Xu et al. [I121], Gan
et al. [35]), to cylindrical shells (Gongalves et al. [40], Gongalves et al. [39],
Soliman and Gongalves [104]), to suspended bridges (de Freitas et al. [24]),
to guyed masts (Orlando et al. [83]) and to MEMs (Ruzziconi et al. [95]),
just to quote some examples. Integrity tools are here used to theoretically
check the robustness of competing attractors [65], [40], [39] and to analyze
erosion processes that bring to the escape from bounded regions [60], [67],
[114], but they become also practical instruments to validate experimantal
results and to furnish valuable information toward engineering design [83],
[96], [69]. Conversely, analyses devoted to investigate the solutions robust-
ness and dynamical integrity are to date lacking in AFM literature, despite
several numerical analyses have been accomplished to describe the AFM
nonlinear dynamical behavior. Moreover, in spite of many studies concern-

ing AFMs operating in tapping mode, such as investigation of their bistable
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oscillatory regime [14. [80), [85], detection of subharmonic, quasiperiodic and
chaotic motions [7, 23] 50, 122], examination of possible internal resonances
[94] 97] and influence of higher modes [3], 53], a handful of results refers to
the noncontact AFMs [20, 21, [44], 45], 120].

On the other hand, another topic of crucial importance in the AFM op-
eration study concerns motion control to avoid possible unstable or chaotic
responses of the system. It is in fact known that AFM nonlinear dynam-
ics exhibits several nonlinear phenomena, such as bifurcations, in-well in-
stability regions and possibly chaotic motions, that are common to many
other dynamical systems and represent an undesirable behavior which re-
stricts the operating range of many electronic and mechanical devices. For
this reason, several control techniques have been proposed in the last two
decades, mostly devoted to the interesting feature of controlling chaos of
whatsoever dynamical system. The starting point of this field is the work
published at the beginning of the 90s by Ott et al. [84], who suggested a
method (known as OGY method) for stabilizing an unstable periodic or-
bit by making a small time-dependent perturbation in the form of feedback
to an accessible system parameter. Subsequently, an alternative approach
has been introduced by Pyragas [87], who proposed two effective control
methods for continuous chaotic dynamical systems, the external and the de-
layed feedback control technique. The first method combines feedback with
a periodic external force of a special form, while the second (DFC method)
is based on a self-controlling delayed feedback and thus does not require
any external force. Starting from these pioneering works, several books
[16, 18, 19, B3], 51l 52 57, 99, [102], surveys [12] 13| 31l 32] B34, B8], journal
issues [B], 64], conference symposia and workshops have been devoted to the
topic of chaos control, together with various attempts to classify control tech-
niques and goals to be attained with them. Among them, Chen and Dong
[19] proposed a classification based on various tools employed in the control
process (parameter-dependent approaches, open-loop strategies, engineering
feedback control, adaptative control, intelligent control, etc.), while Fradkov
[31] proposed also a classification of the various applications in science and
engineering. Recent classifications focused on the phenomenological aspects
of chaos control distinguish among techniques aimed at stabilizing an unsta-
ble zone in parameter space or moving away from previously known chaotic

zones (control by system design [12], control through operating conditions,
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parametric variation methods [19]), techniques which stabilize a given, er-
ratic solution (classical methods where a properly modified input, periodic or
a-periodic, open-loop or feedback, is applied to the system [47, [48], 87, [103],
OGY method and its revision and enhancement [28] [42] [84] [125]) and meth-
ods able to regularize the overall system dynamics, irrespective of a single so-
lution behavior (method based on either combining parametric and external
excitations [71], or applying weak periodic perturbations [16], or modifying
the shape of the excitation [62], 90]). Together with the great development
of chaos control theory, several experimental realizations have been carried
out in the area of science and engineering, such as the physics of turbulence,
laser physics and optics, physics of plasma, molecular and quantum physics,
chemistry and electrochemistry, biology and ecology, economics and finance,
medicine, electrical and chemical engineering, motion control, telecommuni-
cation and information systems. Many theoretical and experimental studies
have focused also on mechanics and mechanical engineering, an extensively
survey of which was presented by Fradkov and Evans [32], who referred to
pendulums, beams and plates, stick-slip friction motion, impacting systems,
spacecrafts, vibroformers, ship oscillations, robot-manipulator arms, earth-
quake engineering applications, milling, whirling motion under mechanical

resonance and mechanical systems with clearance.

Also in the field of AFMs, chaos control techniques have been applied
to improve microscope performances or avoid unwanted behaviors: Ashhab
et al. [§] proposed a state feedback control based on the Melnikov function;
Humphris et al. [46] used a positive feedback system to improve the AFM
force; Zou et al. [129] presented and experimentally applied an inversion-
based feedback/feedforward control approach; Merry et al. [74] applied a
feedback control to all of 3 d.o.f. of a metrological AFM. Besides, Arjmand
et al. [6] used a nonlinear delayed feedback control to control chaos in AFMs,
as well as Yamasue and Hikihara [126] and Salarieh and Alasty [98]. More-
over, a feedback control composed by a sliding mode control (SMC) and a
backstepping feedback is proposed by Wang et al. [119] to control chaotic
motions in a spring-mass model of AFM, while Nozaki et al. [81] applied
the State Dependent Riccati Equation (SDRE) together with time-delayed
feedback control to a tapping-mode AFM model, and Korayem et al. [54]
used a sliding mode controller. Furthermore, Yagasaki [123] has recently

applied the external feedback control technique proposed by Pyragas to a
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simple tapping AFM model, which works by keeping the cantilever vibra-
tion to a selected reference one and allowing to simultaneously measure the

sample surface.

1.3 Aims of the work

Considered the above mentioned state of the art, the research focuses on
the description of the global dynamical behavior of a reduced-order model
of AFM. Different numerical analyses and continuation techniques are em-
ployed to investigate the evolution of the main system periodic solutions and
relevant basins of attraction under variations of the most significant system
parameters. Local bifurcations, stability boundaries and basin erosion pro-
cesses are studied in presence of the parametric horizontal excitation, as
well as of the external one, the former corresponding to horizontal scan ex-
citation of the AFM cantilever, the latter to vertical motion of its support.
Similarities and differences on the system outcomes, in the vicinity of both
primary and subharmonic resonance regions, are highlighted.

The obtained behavior charts represent a valuable tool not only to com-
pare the results with the literature findings, but also as practical instruments
able to characterize the operation ranges in terms of the selected parameters.

Within the same perspective, dynamical integrity concepts, such as basin-
of-attraction detection, and quantification of their erosion process via in-
tegrity measures, are applied to determine acceptable frequency-dependent
thresholds associated with a priori safe design targets.

On the other hand, the mentioned analyses allow one to theoretically
discuss similarities and differences between the chosen global approach and
the more traditional local one: the first involves the study of the evolution
of the periodic solutions and of their basins, while the other one is based on
the numerical integration of single trajectories.

Furthermore, an external feedback control is introduced at the outset
of the model formulation, with the aim to take the system response to a
selected reference one, and thus provide a simple and efficient method to
avoid possible unstable motions.

Upon checking the effectiveness of the procedure in the weakly nonlin-

ear regime via a perturbation approach, several numerical analyses in the
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strongly nonlinear regime are carried out for the controlled model too, with
the aim of achieving a description of its dynamical behavior in terms of
the newly inserted control parameters, and to realize a comparison with the
previous results related to the uncontrolled system. The latter objective has
the practical consequence of permitting the critical evaluation of the effec-
tiveness of the control actuation on the system dynamics, with also a view

to the overall response scenario.

1.4 Thesis outline

The first part of this thesis deals with the strongly nonlinear dynamics of
a reduced-order model of noncontact AFM formulated by Hornstein and
Gottlieb [44], and presents results obtained by the combined use of bifurca-
tion diagrams, behavior charts, attractor-basins phase portraits and erosion
profiles. In the second part of the work an external feedback control accord-
ing to the Yagasaki [I123] proposal is applied to the same AFM model, and
its effect on the dynamical behavior of the system is analyzed in view of a
comparison with the previous results.

More specifically, Chapter [2| includes a brief description of the single-
mode model noncontact AFM proposed by Hornstein and Gottlieb [44]
which represents the object of further numerical analyses; Chapter [3|is de-
voted to a systematic detection of bifurcation scenarios, response charts and
escape thresholds for the system under horizontal parametric excitation and
under vertical external excitation. On the other hand, the issue of dynam-
ical integrity and basins erosion is elaborated in Chapter [ which presents
several erosion profiles and isointegrity curves for both the parametrically
and externally forced system. A comparison between theoretical and prac-
tical stability boundaries of possible intent for design purposes is finally
presented in Chapter[5l The topic of controlling undesirable system dynam-
ical responses is addressed in Chapter [0 with the formulation of a 2-dof
system of AFM model with external feedback control (Sect. and anal-
ysis of existence and stability of its equilibrium solutions (Sect. . The
weakly nonlinear dynamics of the controlled system is analyzed in Chapter
by means of the asymptotic technique of multiple scales, together with its
validation via comparison with numerical results. A detailed description of

the strongly nonlinear dynamical behavior for the system under horizontal
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and vertical excitation applied separately is shown in Chapter [8| where the
influence of the applied control on the overall dynamical behavior of the
AFM system is discussed together with some critical aspects of practical

utility summarized in the concluding part of the work.



Chapter 2

Continuum formulation and

reduced-order modeling

In AFMs, a small radius tip is connected to a cantilever with a low spring
constant and interacts with a surface; in the non-contact mode region, the
tip is always in the weak attractive region, so that the sample and tip are not
easily damaged. Away from the surface, the cantilever is made to oscillate
close to its resonance frequency at a certain oscillation amplitude. When
the tip is close to the surface, the gradient of the total force on the tip acts
as an additional spring on the cantilever, so that it changes its resonant
frequency and, consequently, its amplitude, measured by a lock-in amplifier.
The deflection signal is then fed to the lock-in amplifier, and a feedback loop
performs topography changing the voltage in a piezoscanner used to control
the cantilever oscillation. Thus, imaging of the surface topography in AFM
is performed by measurement of the changes of the microbeam properties
and the quality of the mathematical model used for the microstructure dy-
namics influences the force estimation and consequently the final mapping
of the measured surface. Among many lumped-mass-spring-dashpot models
presented in literature, Hornstein and Gottlieb [44] proposed a general non-
linear continuum model of noncontact AFM which consistently incorporates
the generalized forces describing motion control and tip-sample interaction

and which the following sections refer to.

13
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2.1 Equations of motion

The physical model at the base of the work is a fixed-free AFM microcan-
tilever, which is assumed to be planar, inextensible and horizontal, with
length L and a sharp tip of height hp close to its free end, and with a
distance g between its fixed side and the sample (figure . The beam ma-
terial is considered linearly elastic, homogeneous and isotropic, with Young’s
modulus denoted by E. The general formulation proposed by Hornstein and
Gottlieb [44], based on the classical inextensional beam model of Crespo da
Silva and Glynn [22], is referred to and is reported here for the sake of com-

pleteness. The associated set of two truncated coupled PDEs for the beam
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Figure 2.1: Microbeam parameters

horizontal and vertical transverse vibrations is

muy — [Elﬁrrr@r — S04 0r + A(l + ﬂr)]r = Qu (2 1)
Moy — [El(ﬁrrr + @rﬂzr) + J, (ﬁttr + ﬂt%«@_}r) + AUT‘]T = Qv

where @(r,t) and o(r,t) are the horizontal and vertical displacements and
subscript letters denote partial differentiation with respect to the arc-length
r and time t. Coefficients F1, J, and m are the beam flexural stiffness, prin-
cipal mass moment of inertia about z and mass per unit reference length,
respectively, and A is a Lagrange multiplier accounting for the inextensibil-
ity condition. Generalized forces in the horizontal and vertical directions
are represented by Q, and Q,, the former corresponding to a feedback con-
trol force depending on the horizontal displacement and the latter also ac-
counting for the localized (at r = ap see figure transverse atomic force

interaction. They have the following expressions

Qu = —G1Ut — Goligrr — g3l

2.2
Qo :5(r—aT)F1j4—d77t 2:2)
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where g1, g2 and g3 are coefficients related to linear viscous damping, mate-
rial viscoelastic damping and a proportional displacement gain, respectively,
while d is a viscous damping coefficient and ¢ is the Dirac delta. F/4 takes
into account the interaction forces between cantilever tip and sample; dif-
ferent intermolecular, surface and macroscopic effects, in fact, give rise to
interactions with distinctive distance dependencies. They can involve a va-
riety of forces derived from electric, magnetic, and atomic interactions for
the noncontact regime, and from atomic, indentation, adhesion, and capil-
lary interactions for the contact regime. Several approximations to simu-
late tip-surface forces have been proposed, based on continuum mechanics
(Hertz model, JKR model, MD model, Schwarz model), long-range van der
Waals force, capillary forces, short-range forces, electrical double-layer force
in a liquid, and contamination effects [15, 49, [73]. In absence of external
fields and without special environmental conditions, an intermediate ap-
proach that represents a good compromise between a realistic description
of the tip-surface interaction and reasonable computational times consists
in referring to the phenomenological Lennard-Jones potential [49, [101] for

a sphere-plane system, which combines the attractive van der Waals and

1 o \" o
—2) == 2.3
i () - &

The term out of parenthesis to the right-side is the magnitude of the poten-

repulsive atomic potentials, yielding

WA ARy

v

60,

tial in terms of Hamaker constant Ay and tip radius Ry, while the term in
parenthesis describes the shape of the potential in terms of the actual tip-
sample distance g, and a typical atomic distance o,. The Lennard-Jones
force F, localized at the tip of the microcantilever (figure , is obtained
by taking the derivative of the potential function with respect to g, and

changing its sign

FA — Ap By {_02 102]
! 6oZ gz 3045
AR 2 8 (2.4)
_ Aglvr Oq Oq
~ 602 _<g+v—hT) +30(g+v—hT>]

where s = g+ ¥ — hy and hr is the tip height.
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Figure 2.2: Lennard-Jones force as a function of the tip-sample distance s, for Ry = 10
nm, 0, = 0.35 nm, Ay =1 aJ

The set of non-homogeneous boundary conditions

v(0,t) =V (t), ©.(0,t)=0, u(0,t)=U(t),
=0 0.

(2.5)
Upr(L, 1) o Opr(Lyt) =0, wr(L,t) =

completes the formulation of the problem, with V(¢) and U(t) the vertical
transverse and horizontal scan displacement, respectively. The holonomic
inextensibility constraint ((1+ ,)% 4+ 92 = 1) integration and incorporation

in the horizontal boundary conditions yields
_ '
u(r)y=U(t) — /ﬁfdr (2.6)
0

Its substitution in the first equation of (2.1) and the subsequent integra-
tion of the partial integro-differential equation, allows one to isolate the

Lagrangian multiplier:

1 -1
A= <1 - 173) |:le_fttr7_)r — BTy Uy

2
o =5 g [rtar) o= ]
m r—— | — vzdr | dr — wdr
L 2 Jpdt? \Jo L
Rescaling the boundary problem by its length L (s = r/L) and time (7 =

wst) by a standard characteristic frequency ws = v/ FEI/mL*, expanding the

multiplier up to the cubic order and substituting into the nondimensional

(2.7)
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form of the second of (2.1]) yields

Urr + Ussss — UUrrss — Q’U = |:_Us (Ussvs)s + s (UTSUS)T

7 1
— Us— / (/des) ds + v, (1 + v?) (2.8)
2 /i \ o - 2
</U7Tds - /Quds>]
1 1 s

where
v=u/L, Vs = Uy, vss = Upp/ L,
VUsss = Uprr /L%, Qu=LQu/EI, Q,=LQ,/EI, (2.9)
pw=J,/mL* U(r)=U/L, V(r)=V/L.

Equation[2.8] expressed in an inertial reference system, has nonhomogeneous
boundary conditions; it is thus convenient to transform the nondimensional

system in equation 2.8 to a moving reference frame:
’U(S, 7—) - ’U)(S, T) + V(T) (210)
It results

Wrr + Vir + Wssss — PWrrss — Qu = |:—’UJ5 (wssws)s + pws (wTSwS)q—

+ wg ((1 + ;wi) <UTT - /:Quds> (2.11)
STAVEEORD)

L)
/owgdsﬂ - [U(T) N % /ow‘zds} (2.12)

where

Qu=—g1 |:UT(T) -

1
2

1 o
+ 592 [67832 <
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and

g1 = g1L4wS/EI7 g2 = QQLQWS/EI7 g3 = g3L4wS/EI7
[y = AyRr/6EI, Ty = (0,0)%/30, v =duwsL, (2.13)
a=ar/L, v =(9—hr)/L.

g1, g2 and g3 are controller’s constants, I'; and I'y are nondimensional
atomic force constants, « is the nondimensional distance between tip and
microbeam fixed end,  is the nondimensional gap distance and v is the
nondimensional damping coefficient. A set of homogeneous boundary con-

ditions completes the problem formulation:

w(0,7) =0, ws(0,7) =0, wss(1,7) =0, wsss(1l,7)=0. (2.14)

2.2 Single-mode model

To study the main aspects of the nonlinear dynamics of AFMs, reduced-
order models can be satisfactorily used by considering the first-order ap-
proximation of the generalized force of transverse interaction. In this per-
spective, it has been shown that for tapping AFMs a multimode Galerkin
approximation allows to detect nonlinear phenomena (e.g. grazing bifurca-
tions) which a single-mode analysis cannot describe [3 9], thus highlighting
the importance of employing higher-order modes to avoid qualitative and
quantitative errors. However, in the noncontact operation range, a multi-
mode discretization does not enrich the system response, and a single-mode
approximation is thus sufficient to detect the main nonlinear aspects [9].
Moreover, the frequency range of the analyses reported in this paper spans
around the primary and subharmonic resonance of the first mode, where the
contribution of the higher modes is substantially negligible [45]. For these
reasons, a single-degree-of-freedom model is used for the purposes of this
work, as it allows feasible analyses and computations aimed at highlighting
the main response aspects in the absence of internal resonances, which are
instead considered in [43]. Thus, a single-mode assumption and a Galerkin

procedure are employed to reduce the IBVP to a set of ordinary differential
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equations:

w(s, ) = qu(7)P1(s) (2.15)
where the basis function is that of a clamped-spring beam:

®4(s) = cosh(z1s) — cos(z18) — K (sinh(z1s) — sin(z18)),
_cos(218) + cosh(z1) (2.16)
~ sin(z;) + sinh(z;)

and the frequencies are obtained form the dispersion equation:

w1 = Z% :
23 [cosh(z15) cos(z15)] — f1 [sin(z1s) cosh(z15) (2.17)

— cos(z15) sinh(z1s)]

Substitution of (2.15) into (2.11))-(2.12)), multiplication by ®;(s) and inte-

gration over the domain yields

Lairr + In(vair + wiqr) + L(Ver (7) + vV (7)) + I3q}

1
+ Lai (¢} + qirrq)) = Garr (9111 + g217) + =63 L1 gs

Ty (0) (_ 1 > i (2.18)

(Y + @1®1(a) + V(7))

+ (@l + 33bMs ) U (r) + 010r(7) + 02U ()

where expressions of the I;; integrals are reported in Appendix @ Here
the repulsion interaction (I';) has been neglected, since the work focuses
on noncontact mode, for which the most important atomic force interaction
is the attractive one, associated with the I'y parameter. A new variable

z(1) = q1(7)®1 () /7y is defined, and a new time scale t y = w7 is introduced
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to obtain
2\ - ) 2 o
(1—1—04230 )x—i— (a1+a2x + asx )x—
I‘1 2\ -
- — ()i
(1+z+Vy) (2.19)
- (V;; + V1Vg) 1)
+ (,ul.CC + ,LL2$3) (Ug + 77109 + 772Ug)
where
U St VI e — 7 I3 | g3ln
T TP T o) 7T @22\ 2L )
- P2 () Isy Isvy3
1 'YSW%Il y M1 Il y M2 2@%(&)1—1 ) (2 20)
_vin _ 7 91141 g217 _ 9
P~ wlll’ P2 P — 12(0[) w1]1 wlll ’ w1’
I,
N2 = 95y =2y, = 22RY 1(04), Vy = V(T), Ug = vir)
w1 w1 L v gl

p1 is the damping coefficient; U, and V, are horizontal and vertical exci-
tations, respectively, that are supposed to be harmonic (U, = U sin(wyt),
Vg = Vsin(wyt)); mi, n2 and pa are feedback control parameters related to
the time-dependent horizontal scan and the cubic damping term, respec-
tively; the coefficient ag of the cubic stiffness term is also affected by the
horizontal control gain. Looking at the various orders of magnitudes of the
parameters in with respect to the nondimensional distance between
the tip and the sample ~, it results that oy is of order 1, whereas both as and
as are a function of 2. Choosing a dimensional gap (between the tip and
the sample) of g — Ay = 100 nm, and a microbeam length of L = 200 pm, it
turns out to be v = O(10™*) and v2 = O(107%), so that both a9, a3 < as,
and for the other parameters, po < p1 and pa < pi. Accounting for the
orders of magnitude of various coefficients in commercial AFMs [44], and
in view of obtaining a simplified model for the numerical analyses reported
hereafter, terms related to feedback controls and the nonlinear term related
to ao can thus be neglected, while the curvature nonlinearity, which is re-
lated to the coefficient ag, is considered different from zero. The latter also
depends on the neglected proportional displacement gain of the controller in

the horizontal direction; yet, even consistently considering only small varia-
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tions of asg, it is possible to observe nontrivial modifications of the position
and amplitude of the system response, as shown, e.g., in the following figure

2.3] where the almost negligible contribution of ay is also highlighted.

0.0002F ]
00001} ]
& 0.0000] ]

~0.0001 | ]

00002 | T~ ~— ]
~0.1332 01330  -0.1328  —0.1326

X

Figure 2.3: System periodic response in the state plane for az = 0, ag = 0 (black orbit),
az =0, az = 0.1 (red orbit) and az = 0.1, az = 0 (green orbit)

The simplified dynamical system becomes

T
9'0'—1—0411:—!—04;;3:3 = ——12 — p1x
(1 —l—ﬂf—f‘vg) (2.21)

- (Vg + 7/1Vg) vy + Uy

which describes the single-mode dynamics of a nonlinear microcantilever
with a localized atomic interaction, subject to both parametric and external
excitation. Note that the vertical excitation V, appears also in the nonlinear
atomic interaction term, thus generating a parametric excitation which adds
to the sole external ones, after a series expansion. However, since the ensuing
relation with the variable x is of order -3, it is reasonable to liken the effects

of the vertical excitation V, to those of the sole externally forced problem.

2.3 Equilibrium analysis

The operation domain of noncontact AFMs must be such to avoid jump
to contact with the scanned sample. In dynamical system terms, this is
ascertained by considering the undamped, unforced version of (2.21)

I'y

a1z +asxd + ———— =0 2.99
1 3 (1+IL’)2 ( )
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whose Hamiltonian version reads

. OH
Ir =X, X1 = 07:1:2
L oH
=L = (2.23)
2 4 2
oy a3x) Iy x5
H = - 2
(21, 22) = =5 I Tia 2

with the associated single potential well with left (i.e. , towards the sample
position z = —1) contact direction. The unperturbed state space is depicted
in figure [2.4(a)l, where the two fixed points of the time-independent prob-
lem, the stable equilibrium (E) of the cantilever tip under elastic (aq, as)
and atomic interaction (I'1) forces and the corresponding hilltop saddle (),
are reported for a given set of values of the governing parameters. The
homoclinic orbit of the saddle is also plotted in figure 2.4(a)} it separates
the inner region of bounded periodic solutions from the outer region of un-
bounded solutions, the former representing the safe domain for noncontact
AFM operation.

The study of the fixed points as a function of the atomic interaction
coefficient I'y is reported in figure for ay = 1 and a3 = 0.1, and fixes
the upper boundary for the stable equilibrium FE existence at the limit value
I'y = 4/27 where a saddle-node bifurcation leads to the birth of the unstable
branch S. Beyond this point, the microbeam “jump to contact” with the

sampled surface. Note that the fixed points and the extent of the safe domain

0.5

(a)

Figure 2.4: Unperturbed phase space for I'y = 0.1 (a) and fixed points as a function
of I'y (b) for aq = 1,3 = 0.1. Homoclinic orbit (solid red), periodic orbit (solid black),
unbounded orbit (dashed black), equilibrium point (E), saddle point ()
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depend not only on the balance between atomic interaction force and non-
linear elastic force of the microbeam but also on the horizontal control gain
taken into account by the ag coefficient [44]. Apart from the distinct phys-
ical framework, the bounded/unbounded nature of the AFM Hamiltonian
phase space is analogous to that of a number of archetypal softening systems
[60, 112] 115], also occurring in micromechanics (see, e.g. , [2 [63] 05 96]),
which possibly undergo escape of the response from the single potential well
in one direction. In the AFM physical context, this phenomenon corresponds
to jump of the microbeam tip to contact with the sampled surface. This op-
eration mode is precluded in noncontact AFMs: so, there is a great interest
in analyzing the conditions for its impending occurrence in different ranges
of frequency around parametric and/or external resonance, along with the
features through which they are realized when varying a control parameter,
typically an excitation amplitude characteristic of the system.

In this last respect, the AFM scan process is performed by means of
both vertical and horizontal excitations, the former allowing to quantify
the interaction forces and the latter being necessary to obtain the three-
dimensional map of the sample. Yet, in existing commercial AFMs the
horizontal scan frequency is much smaller than the vertical one (which is on
the order of 100 kHz and above) [44], [I0T]. Thus, in view of a systematic
bifurcation analysis of the response, it appears reasonable to study the two
forced cases in the neighborhood of resonances separately, as their weak
interaction does not meaningfully modify the qualitative and quantitative
behavior of the system. Following [44], most of the results presented in the
subsequent sections will refer to the sole horizontal scan (i.e. , V, = 0),
which entails only parametric excitation, with the equation (2.21f reading

F+ a1z + asx® = —% — 1z — ulewZ sin(wyt) (2.24)

(1+z+V,)
However, considering the major role played by the sole vertical external
excitation (i.e. , U; = 0) in the AFM resonant dynamics [36], [77], it will be
addressed in the Sect. as well.
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Chapter 3

Local bifurcations and

respoinse scenarios

The nonlinear response of the AFM single-mode model described in the
previous chapter has been analyzed via continuation techniques (using Dy-
namics software and AUTO software) and numerical simulations, taking
into account the presence of the horizontal parametric excitation and of the

vertical external one, separately.

Several bifurcation diagrams have been obtained in a large range of forc-
ing frequencies which includes the fundamental (primary) (w, (w,) = wi) and
principal (subharmonic) (wy(wy) = 2wp) parametric (external) resonances,
whereby the main periodic solutions and local bifurcations have been de-
tected (for a description of such bifurcations in terms of Floquet multipli-
ers, see Appendix @ These diagrams, produced by increasing slowly the
forcing amplitude while holding the frequency constant, exhibit a variety
of response scenarios. The local bifurcation loci in the excitation parame-
ter control space (forcing frequency vs. forcing amplitude) are summarized
in semi-logarithmic charts, which report also the system escape threshold
obtained as the envelope of local bifurcation escape thresholds in different
parameter ranges. The escape excitation amplitude corresponds to total
annihilation of all basins of attraction (see Chapter {4| forward) and, from
a physical viewpoint, it represents the (unacceptable) amplitude value that
would bring the beam tip oscillation beyond the location of the sample (at
x=-—1).

25
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3.1 AFM system under parametric excitation

The parametrically excited single-mode model ([2.24) has been analyzed for

the following set of parameter values
a1 = 1, gz = 0.1, p1 = 0.001, Hm1 = 1.5708, Pl =0.1

corresponding to those chosen in [44]. The calculated natural frequency for
these values is w; = 0.8358. For the sake of completeness, it is useful to
report here that analyses concerning the effect of the damping ratio varia-
tion on the system escape threshold have been presented by Hornstein and
Gottlieb [44]; the results show that increasing the damping by two orders of
magnitude (corresponding to low damping (10~*) in ultra-high vacuum and
larger damping (1072) in air) does not modify the fundamental structure of
the escape region. As a consequence, the following numerical analyses have
been carried out setting the damping parameter at a fix intermediate value
of 1073.

The local bifurcation loci in the w,-U plane, obtained as result of a series
of bifurcation diagrams, are summarized in the semi-logarithmic chart of
ﬁgure The system escape threshold (black curve) separates the bounded
solutions (below the curve) from the unbounded solutions (above the curve);
changes in its slope correspond to changes in the kind of bifurcation event
leading to escape and, apart from a localized exchange of the governing
one in the frequency range between 0.2 and 0.5 (which will be analyzed
hereinafter), four main different regions can be identified in the parameter
control space (figure , from the escape viewpoint. The corresponding
response scenarios are reported in figures [3.2}3.7] in terms of bifurcation
diagrams, time histories, phase portraits and frequency power spectra.

Region I includes low frequencies set to the left (w, = 0.5 —0.72) of the
downward vertex A of the overall escape threshold corresponding to nonlin-
ear fundamental resonance. Here, the system displays coexistence, for low
values of the forcing amplitude, of two stable period-1 solutions, with the
initial Low-amplitude (non-resonant) P1L solution being connected to the
(resonant) P1H solution of High-amplitude through the classical unstable
branch in between a couple of saddle-node bifurcations (figure [3.2(a)). The
upper one (SN1L), related to the low-amplitude solution, is responsible for

the system escape from bounded response (green line in figure . The
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disappearance of P1H is caused by a supercritical period doubling bifurca-
tion (SpPD1H), which occurs at growing amplitude values as the frequency
increases close to the A-vertex (w, = 0.72), and is followed by a sequence of
period doublings. Note that, for the sake of readability, in figure and
in the following bifurcation diagrams only one branch of the period-doubled
solutions is reported.

In the right neighborhood of the nonlinear fundamental resonance this
bifurcation becomes the local event (red line in figure triggering global
escape, and it plays this role in the whole region II (w, = 0.72 — 1.12),

as reported in figures where coexisting solutions with higher
periodicity are also seen to occur in some ranges of forcing amplitude.

10
1 —— SNIL
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4\\ = rrrrererre—— SpPD1
/ S
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Figure 3.1: Local bifurcations map and overall escape threshold in the frequency-
amplitude space of parametric excitation. Gray area: region of stable reference response
of the controlled system; dotted gray line: overall escape boundary; SN1H: saddle-node
bifurcation of the P1H solution; SN1L: saddle-node bifurcation of the P1L solution; SN2:
saddle-node bifurcation of the P2 solution; SpPD1: supercritical period doubling of the
P1 solution; SpPD2: supercritical period doubling of the P2 solution; SbPD1: subcritical
period doubling of the P1 solution. Numbers I to IV correspond to four main regions of
distinct response scenarios



28

3. LOCAL BIFURCATIONS AND RESPONSE SCENARIOS

-0.1, - . . - -
P1L
—0.2 1
-0.3f 1
SN1L
K
x s
Z -0.4f 77 1
= P
—osfSNH -~
= SpPD1H
P1H - e
-0.6F P2" . TTTesmeen 1
SpPD2
0.00 0.05 0.10 0.15 0.20 0.25
u
(a)
02 . . . !
0.04 0.1 ]
0.0 hE|
0.02
-0.1 ]
X 0.00 X _02 ]
-0.02 03 1
-04 ]
—0.04 ~05 ]
59920 59940 59960 59980 60000 59920 59940 59960 59980 60000

0.015
0.010
0.005

X 0.000
-0.005
-0.010

-0.015

-0.15  -0.14 -0.13 -0.12

X

0.04 T T T T

0.03F ,

x_amplitude
o
=
S
\

=4
=
'

0.00 .
0.0 0.5 1.0 1.5 2.0

(b)

t

-03 -02 -0.1 00 0.1 02

Z05 04
X
05
04} ]
3
E 03} ]
E
g o0af ]
>
0.1 ]
0.0 L
0.0 05 1.0 15 20
w“

Figure 3.2: Bifurcation diagram at w, = 0.7 (region I)(a); time histories, trajectories
in the state plane and Fourier transform of P1L solution (b) and P1H solution (c) at
U = 0.05. Gray lines on time history diagrams represent the parametric excitation
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histories, trajectories in the state plane and Fourier transform of P1 solution (b) and P8
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Figure 3.6: Bifurcation diagram at w, = 1.6 (around principal resonance)(a); time

histories, trajectories in the state plane and Fourier transform of P2 solution (b) and P20
solution (¢) at U = 0.02. Gray lines on time history diagrams represent the parametric
excitation
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At the same time, the region of coexistence of P1L and P1H solutions is
progressively reduced as the forcing frequency approaches the fundamental
resonance (w, = w; = 0.835), as evident in figure and also from the

comparison between figures [3.2(a)| and [3.3(a); after this value, the P1H
solution becomes the main periodic solution for the system (figure |3.4(a))).

Figure shows a sample bifurcation diagram for frequencies rang-
ing in between 1.12 and 1.56 (region III), to the left of the downward vertex
B of the nonlinear principal resonance. Here a subcritical period doubling
bifurcation (SbPD1) of the sole stable period-1 solution P1 entails its dis-
appearance and onset of an unstable period-2 solution, thus marking the
occurrence of escape (dotted red line in figure [3.1). In this last respect,
the role played by the saddle-node bifurcation (SN1L) of the low-amplitude
period-1 solution to the left of the A-vertex is herein replaced by this sub-

critical period doubling bifurcation.

In figure the period-2 solution becomes stable via saddle-node
(SN2) bifurcation at low values of forcing amplitude and is characterized
by a highly prevailing amplitude of the subharmonic component (see the
frequency spectrum in figure ; the response pattern is now similar to
the one in region I (figure , apart from replacing P1H with P2. As in
that case, the range of coexistence of stable P1 and P2 solutions grows up
with increasing forcing frequency, up to entailing (at w, = 1.56, B-vertex)
the exchange of the local event triggering overall escape from SbPD1 to the
supercritical period doubling bifurcation (SpPD2) of P2 (dashed red line in
figure . This is substantially the same pattern as the one occurring to
the right of the nonlinear fundamental resonance and, indeed, the cascade
of period doubling bifurcations arising from SpPD2 (figures
keeps governing the system escape in the whole region IV (figure , which
includes the principal resonance range (w,, = 1.56-1.8). Also in this case, the
P1-P2 coexistence region reduces after the B-vertex, up to its disappearance
at the principal frequency value w,, = 2w; = 1.67, after which the subcritical
period doubling bifurcation (SbPD1) responsible for the instability of the
P1 solution is replaced by a supercritical period doubling event (SpPD1)

(see comparison between figures [3.6(a)| and [3.7(a))).

As already mentioned, the reported examples also show the coexistence
with the main periodic solutions of variable solutions of higher periodicity,

which arise from saddle-node bifurcations and end up with local chaotic
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responses via series of period doublings occurring in very narrow ranges of
amplitude values. This is the case of the period-5 and -6 solutions (P5 and
P6) in figure for w, = 1 and amplitudes in between 0.5 and 0.9, or of
the period-5 and -11 solutions in figure for w, = 1.8, at low forcing
amplitudes and around SpPD1, respectively.

3.1.1 Bifurcation/response charts at fundamental and prin-
cipal resonances

It is worth focusing on the fundamental and principal resonance zones to
highlight similarities and differences in the local bifurcation/response sce-
narios prior to escape. Two charts summarizing the relevant outcomes are
reported in figures|3.8 and respectively, with the identification of the lo-
cal bifurcation loci and of the main periodic solutions in the various regions.
In the left neighborhood of fundamental resonance (w,, = 0.835, figure ,
the system shows the same qualitative behavior of a number of softening
oscillators subjected to primary external excitation, such as the Helmholtz
oscillator [I12] and single-mode models of MEMs [2] [63], especially for what
concerns the V-shaped region of escape, its limiting boundaries, and the un-
derlying triangle region with the two coexisting period-1 solutions. Figure
3.8 shows that such a coexistence in the region in between the two SN loci
occurs up to w, = 0.835 = wy, where they collapse with each other. To the
right of this value, and above the corresponding value of forcing amplitude,
the sole period-1 solution previously associated with P1H occurs and its an-
nihilation through SpPD1H (and the following series of period doublings)
characterizes the smooth transition to escape for increasing amplitude (see
also figure 16a in the following). Note that no loci of supercritical period
doubling of higher periodicity solutions are reported in figure to the left
of the SpPD1H threshold, nor the ensuing locus of boundary crisis leading
to escape (as the one in, e.g., figure of [63]), since these events occur
in a very narrow range of control parameter values. Note also that, in con-
trast, transition to escape from the left side occurs via the typical sudden
SN bifurcation.

The chart of bifurcation/response scenarios in the neighborhood of prin-
cipal resonance (w, = 1.67 = 2wy, figure shows some similarities with
the previous one, along with some meaningful differences. To grasp the lat-
ter, it is worth looking at the bifurcation diagram in figure just to the
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left of w,, = 1.67. Here, the main periodic solutions are P1 and P2, with the



3.1. AFM system under parametric excitation 37

o
SpPD1H o SpPD1H
e

P1H

MAX x

Figure 3.10: Frequency-response curves at U = 0.002 (a), U = 0.1 (b), U = 0.3 (c) near
the fundamental resonance frequency w, = 0.835

latter playing a major role according to closeness to the 2w; frequency; the
end of the region of their coexistence is due to collision between the SbPD1
locus (responsible for onset of the unstable P2 solution from P1) and the
SN2 locus (which stabilizes the unstable P2 solution) at w, = 1.67. At this
highly degenerate cusp point, the subcritical period doubling of period-1 so-
lution (SbPD1) changes to supercritical (SpPD1). The regions of occurrence
of the main periodic solutions are clearly detected also in this case, and a
common feature with the previous chart (figure consists of the main
coexisting solutions being confined within the triangle region, with the P1H
of figure being now replaced by P2. To the right of principal resonance,
the P2 solution persists in the quite large region in between the two super-
critical period doubling thresholds now governing the response scenario. As
regards transition to escape, it still occurs suddenly (via SbPD1) from the
left and smoothly (via the complete period doubling sequence originated at
SpPD1) from the right.

The frequency-response curves of figures and complete the de-
scription of system response around the two resonance frequencies. In both
regions, softening behavior is observed, with the typical features of primary
and subharmonic response [79]. At fundamental resonance, with low values
of forcing amplitude, the classical frequency-response curve occurs (figure
3.10(a))). At values of forcing amplitude within the triangle region and
sweeping the frequency down (figure , the P1H branch of period-
1 solution becomes unstable via the supercritical period doubling SpPD1H;
finally, within the V-shaped region (figure , zones of unbounded so-

lutions appear.
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Figure 3.11: Frequency-response curves at U = 0.001 (a), U = 0.02 (b), U = 0.1 (c)
near the principal resonance frequency w, = 1.67

At principal resonance, with decreasing frequency, the stable and unsta-
ble branches of the dominant P2 response originate from P1 via supercritical
(SpPD1) and subcritical (SbPD1) period doublings, respectively. Just above
the lower degenerate cusp (figure , the two branches disappear via
saddle-node (SN2); for higher forcing amplitude still within the triangle re-
gion (figure , the stable P2 solution becomes unstable via SpPD2;
finally, within the V-shaped region (figure|3.11(c))), zones of unbounded so-
lutions appear. It is worth noting that the results at principal resonance
qualitatively match those obtained for different systems. In particular, the
outcomes of figures and are similar to those of figures 1 and 3
of [113], relevant to a driven nonlinear oscillator at 2T-subharmonic res-
onance, and confirm the possibility [60, 113] to analyze a parametrically
driven system via the equivalent externally forced one. As regards dis-
tributed parameter systems, the occurrence of the two different, subcritical
and supercritical, bifurcation scenarios, respectively to the left and right of

principal resonance, can be found, e.g., in [40].

3.1.2 Bifurcation/response charts at low frequencies

Furthermore, the inspection of the chart of bifurcation/response scenarios at
low values of the forcing frequency reported in figure [3.12| points out some
interesting features of the system dynamical behavior. The global escape
threshold, in fact, displays local minima at frequencies values correspond-
ing to superharmonic resonances w, = 0.41 = wi/2, w, = 0.27 = w;/3
and w, = 0.21 = wy/4, where, as already seen at fundamental resonance,

the dynamical response is characterized by a recurrent triangle region of



3.1. AFM system under parametric excitation 39

coexistence of nonresonant P1L and resonant P1H solutions. Their dynam-
ical evolution at increasing values of the forcing amplitude U reproduces
what already described for w, = w;, with the two solutions connected to
an unstable branch via a couple of saddle-node bifurcations and the P1H
solution which dies through a supercritical period doubling. According to
the resonance frequency value, such solutions are now periodic responses
with 2 harmonics of frequency w and 2w (3w, 4w) respectively, as shown
in temporary evolutions and power spectra of figures [3.13 where the
superharmonic components are seen to exhibit the highest amplitudes for
the P1H solution.

Soon after and to the right of these triangle regions, the behavior chart
highlights the presence of two thresholds of period doubling which delimit
a narrow region around ultrasuperharmonic frequencies at w, = 0.218 —
0.229 = 2w /7, w, = 0.301 — 0.326 = 2w;/5 and w, = 0.47 — 0.55 =
2w /3. Inside these ranges, the sole P1 solution becomes unstable via a
subcritical period doubling SbPD which leads to the birth of an unstable
P2 solution (see bifurcation diagrams of figures [3.15(a)} [3.16(a))); a saddle-

node bifurcation SN2 provides it stability, just as it occurs to the right
of the principal resonance (e.g., at w, = 1.4, in figure [3.5). Also in this

0.2 [ 03 0.4] 0.5
w,/4 w,/3 Wu w,/2

Figure 3.12: Frequency-amplitude response chart of the parametrically forced system
at low frequency values. Red lines: period doubling bifurcation loci (PD); green lines:
saddle-node bifurcation loci (SN)
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case the P2 solution fails to become the dominant solution, but now it
disappears through a reverse period doubling RevPD (and not via a series
of supercritical perdiod doublings as in the principal resonance case) which
gives back stability to the initial P1 solution.

Bifurcation diagrams with analysis of P1 and P2 solutions are reported
in figures where the close proximity to the ultrasuperharmonic
resonances is highlighted by the power spectra of the P2 solutions, which
include, besides the w/2 frequency characterizing the period-doubled so-
lutions, the superharmonic frequency and its higher harmonics. The de-
scribed results allow to detect two different dynamical behaviors the system
displays, depending on the kind of resonance frequency the parametric ex-
citation interacts with. At fundamental resonance and superharmonic res-
onance frequencies (i.e. w, = wy/n, n = 1,2,3,4...) the system response is
characterized by coexistence of resonant and nonresonant 1-period solutions,
while at principal resonance and ultrasuperharmonic resonance frequencies
(i.e. wy = 2wy /n, n = 1,3,5,7...) the main periodic responses are 1-period

and 2-period solutions.

3.1.3 Influence of the nonlinear atomic interaction

Finally, it is of interest to analyze the influence of the nonlinear interaction
parameter variation I'y on the system dynamical response; such parameter,
which depends on the kind of tip and sample materials and their distance
at nanoscale level, is in fact the characterizing ingredient of an AFM model,
and introduces a nonlinear term of order -2 into the system.

The result of the influence of the interaction parameter I'y on the forc-
ing amplitude escape value U is reported in the behavior chart of figure|3.17
for a frequency value of w, = 0.7 close to the fundamental resonance, with
bifurcation diagrams of figure [3.18| as a support for the description. As the
nonlinear interaction increases, with respect ot the reference value I'y = 0.1
used for the previous numerical analyses, the amplitude escape value for the
P1L solution rapidly decreases, up to the disappearance of such periodic
solution and consequently of the region of coexistence of resonant P1H and
nonresonant P1L solutions (at I'y 2 0.13); after that, for higher values of
the interaction parameter the sole P1H solution remains as system stable
periodic solution, and its escape boundary represented by the supercritical

period doubling threshold PD1H moves to higher values of the forcing am-
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Figure 3.17: Bahavior chart in the I'1-U plane at w, = 0.7

plitude U, enlarging the stability region up to I'y = 0.14, when it drastically
falls down causing the annihilation of the P1H stability region.

Conversely, the behavior chart of figure [3.17] can be analyzed consider-
ing the effect of the forcing amplitude presence on the system equilibria as a
function of the interaction parameter; as already described in the previous
section for the chosen set of parameters values the limiting value of the
nonlinear interaction parameter I'; in the unperturbed case is about 0.15,
and corresponds to the stability loss via a saddle-node bifurcation of the sole
acceptable equilibrium solution (see figure [2.4(b)|). The parametric excita-
tion insertion into the model, together with the damping term, obviously
modifies the system nonlinear dynamics changing the stability of the peri-
odic solutions derived from the equilibria, leading to the birth of a softening
resonance peak on the original equilibrium stable branch, which is now com-
posed of two periodic nonresonant and resonant solutions (P1L and P1H),
and also to the occurrence of a narrow instability region, close to the orig-
inal saddle-node bifurcation, which is confined by two (direct and reverse)
period doubling bifurcations PD1H (see figure at U = 0.0005). As
the amplitude increases, the resonance peak moves to lower values of the
atomic interaction parameter, and accentuates its softening behavior, while
the unstable region between the two period doublings enlarges reducing the
escape value of I'y (figures |3.18(c)l, [3.18(d)|). The described behavior occurs
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at all the frequencies around the principal resonance, as reported in figure
5. 19

This dual reading key in interpreting the outcomes of figure can also
be exploited for design purposes; on the one hand, in fact, it points out the
crucial role played by the tip-sample nonlinear interaction on the response
of the AFM cantilever, furnishing practical informations about the limiting
values of forcing amplitude to be used depending on the sample constitutive
properties, while on the other hand it can be used to calibrate the tip-sample
interaction (e.g., tip material choice, or material of the sample to be possibly

scanned) depending on the AFM operation settings.
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Figure 3.18: Bifurcation diagrams as a function of the atomic interaction I'; at w, = 0.7
for U = 0 (a), U = 0.0005 (b), U = 0.01 (¢) and U = 0.15 (d). E in (a) represents the
equilibrium position of the unforced system
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Figure 3.19: Behavior chart in the w,-I'1 plane at U = 0.0005 (a), and U = 0.15 (b)

3.2 AFM system under external excitation

To complete the nonlinear analysis of the system in terms of bifurcation

scenarios, it is interesting to study the response under the sole vertical exci-

tation Vj, which, as in the case of the horizontal excitation, is supposed to

be harmonic (V; = V sin(w,t)). The system equation (2.21)) hence becomes:
3 Iy

T+ ox+ azxr” = — - — p1x
(14 z + Vsin(wyt))? (3.1)

— 1y (Vlva cos(wyt) — w?)V sin(wvt))
and the parameter values used in the numerical analyses are
ar=1, a3=0.1, p;=0.001, I't=0.1, v =001, wvy=0.01.

This case can be referred to as of a (largely dominant) external excitation.

The results concerning the local escape thresholds exhibit the same quali-
tative behavior as the one obtained under parametric excitation, even though
some differences can be pointed out. Analyzing the local bifurcation map of
figure [3.20] it is evident how the application of an external force shifts the
absolute minimum of the total escape threshold (continuous gray line) from
the subharmonic resonance range to the primary one, consistent with the
well-known higher response amplitudes occurring at the latter for a given
excitation amplitude. Therein, the figure shows the same local bifurcation

scenario as the one previously analyzed at fundamental parametric reso-
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nance, while the system behavior is slightly different in the subharmonic
region (see figure for comparison). Figure is a zoom around the
latter and, for high values of the forcing amplitude, displays the birth, at
wy = 1.31, of a narrow region of stable solutions which does not exist in the
parametrically driven case.

Such a new stability region involves the same periodic solutions as the
main stable one (i.e. P1 and P2 solutions), which have former become un-
stable through a subcritical and supercritical period doubling, respectively.
In the bifurcation diagram (figure , the latter gives rise to an unstable
bubble characterized by a period doubling transition to in-well chaos. For
frequency values of about 1.30 a couple of reverse supercritical period dou-
blings (RevSpPD2 and RevSpPD1) make those solutions again stable, and
finally a saddle-node bifurcation (SN1) causes the disappearance of P1 (fig-
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Figure 3.21: Frequency-amplitude response chart and bifurcation loci of AFM system
with external beam excitation close to subharmonic resonance w, = 2w; = 1.67

ure . The new stability region grows up as the frequency increases
up to about w, = 1.648 where it connects with the main stable one, owing
to the collapse of the two bifurcation loci (RevSpPD2 and SpPD2) limit-
ing the unstable bubble (figure . At the same frequency value, the
escape threshold shifts from the series of supercritical period doublings orig-
inated from P2 (SpPD2), typical of the companion region under parametric
excitation (figure [3.9), to the saddle-node of P1 (SN1).

Moving to higher forcing frequencies, the lower right vertex of the P2
triangle region (at w, = 1.672) corresponds to collision between the SN2
and SbPD1 thresholds (figure [3.22(c))), and to the concurrent change of the
latter to supercritical (SpPD1), just as in figure Finally, at w, = 1.745
the collapse of the SpPD1 threshold with the RevSpPD1 one marks the
disappearance of P2 and the existence of the sole P1 solution (figure|3.22(d))).
It is thus worth noting how, to the right of subharmonic resonance, the
characterizing P2 solution is definitely less robust than the companion one at
principal parametric resonance. As regards actual escape to contact between
beam tip and sample, it only occurs above the SN1 threshold, which is indeed
identified as the stability threshold in figure However, from a system

effectiveness viewpoint the highly periodic or chaotic solutions occurring
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Figure 3.22: Bifurcation diagrams for w, = 1.64 (a), w, = 1.648 (b), w, = 1.672 (c),
wo = 1.745 (d)

within the unstable bubble region, though confined, may meaningfully affect
the quality of the AFM dynamics expected in practical applications.

It’s interesting to note that such behavior characterized by a confined
unstable region is present also at the fundamental resonance of the paramet-
rically forced system, in correspondence of the tongue of period doubling
just above the triangle region on figure [3.I}at values of the forcing frequency
around U = 0.8. Here, as in the above described case, an unstable bubble
affects the P1H solution delimited by the period doubling thresholds, up to
wy, =2 0.775 when it disappears leaving the P1H solution return the only one
for the system.

Such behavior can be explained by referring to what said about the
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system behavior at low frequency values: since primary (subharmonic) reso-
nance is the dominant one for an externally (parametrically) forced system,
the dynamical behavior in this region is of the typical type described in liter-
ature [112] [IT13] and previously analyzed; on the other hand, in the region of
subharmonic (primary) resonance, the system results to be slightly affected
by the influence of the ultrasuperharmonic behavior seen in the previous
section, which leads to the birth of a period doubled superharmonic solu-
tion. As a result, even if the P1 and P2 (P1L and P1H) solutions remain the
dominant ones, in a limited range of amplitude V' (U) values a new period
doubled solution P4 (P2) occurs, with the frequency content typical of the
subharmonic resonance condition.

The same motivation can explain also the strong decrease, at low fre-
quencies, of the stability region boundary with respect to the parametrically
forced case (see figure or figure for a comparison), with a reduction
of the amplitude escape value up to 97%. At w,, = 0.25, in fact, the es-
cape value of the parametric excitation amplitude is U = 4, in spite of an
amplitude value of V' = 0.1 of the vertical excitation. Also in this case,
the dominant role of the primary resonance in the externally forced sys-
tem ensures that it significantly influences the frequencies at its left-side,
causing a considerable reduction of the stability region, while in the system
under parametric excitation its reduced importance entails no lowering of

the neighboring escape threshold.
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Chapter 4

Global dynamics and
integrity

The previous investigations highlight that the lowest escape values of forc-
ing amplitude occur at the two resonance regions, and provide the escape
profile as the envelope of forcing amplitude values at which bounded so-
lutions disappear. Yet, such a global stability boundary does not furnish
any information about the erosion process of the basins of attraction of the
various solutions, which is indeed a critical issue corresponding to system
impending jump to contact; therefore, it has no practical utility from the
viewpoint of AFM safe operation mode.

Within this context, the fundamental guiding concept is the dynamical
integrity of the system, which depends on the extent of the erosion of its
so-called safe basin [90, 115]. Tools for investigating the complete basin
evolution under a control parameter variation up to escape are the so-called
erosion profiles, which permit to quantify the varying level of basin erosion.
Their construction is carried out by means of specific computational tools,
based on the safe basin definition and the integrity measure concept [89] [90),
105].

In this chapter the evolution of basins of attraction is examined for in-
creasing parametric (and external, separately) excitation amplitude, span-
ning the whole range of forcing frequencies which includes fundamental (pri-
mary) and principal (subharmonic) resonances. The rich erosion patterns
underlying escape which occur in the two resonance regions are then quan-

tifyied using selected integrity measures, and several erosion profiles are
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constructed at different forcing frequencies. The outcomes are interpreted
from a theoretical viewpoint to highlight similarities and differences between
the chosen integrity measures and to judge the robustness of periodic solu-
tions, while from a design perspective they will be used to obtain thesholds
of residual integrity able to ensure acceptable safety targets established a

priori according to required system performances.

4.1 Dynamical integrity concepts

The investigation of the dynamical integrity of a system when varying some
of the control parameters is strictly related to the definition and choice
of specific tools, namely the safe basin concept and the integrity measure
detection.

The safe basin is the union, in phase space, of all initial conditions guar-
anteeing some specific response performances, which are usually the con-
vergence in time toward one or more attractors, or the non-escape from a
potential well. It can be the safe basin of a specific attractor, in this case
coinciding with a classical basin of attraction or it can be related to a poten-
tial well, in this case being the union of the basins of all attractors belonging
to the considered well [89]. The safe basin can be built either by consid-
ering only the steady-state dynamics, if the interest is only in the system
stationary regime, or by paying attention also to the transient dynamics, in
instances in which the short-term dynamics is the most important part of
the response or some unsafe phenomena, such as a temporary escape from
the potential well, may occur during the transient phase. The former basins
are bounded by the stable manifolds of some relevant saddles, thus having
a clear dynamical meaning, whereas the latter do not possess this property.
Moreover, in many practical situations it can actually be important to take
into account the phase of the excitation; in this respect, the true safe basin
is defined as the intersection of the previously defined safe basins when the
excitation phase ranges over a time interval of interest (e.g., the period for
periodic excitations, or the period of free vibration for impulsive excitation).
The true safe basin is the smallest phase-independent set of initial conditions
leading to safe dynamics [89).

In this work the transient dynamics of the system as well as the phase

of the excitation are ignored and, in view of final escape, the safe basin is
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considered as the union of all classical basins of attraction of the bounded
solutions belonging to the system potential well represented by the region of
the phase space bounded by the homoclinic orbit in the underlying unper-
turbed system of figure This means that, in the case of coexistence
of more in-well attractors, the safe basin may comprise two, or more, com-
peting basins. However, safe basins in the more classical meaning of basins
of attraction of given solutions will also be considered when being interested
in evaluating the robustness of competing attractors, too, along with the
respective roles in the erosion process.

To measure the magnitude of the safe basins many different integrity
measures have been proposed [89, 90, [105], with different meaning, relevance
and properties.

The Global Integrity Measure (GIM) is the normalized hyper-volume
(area in 2D cases) of the safe basin. It is the most intuitive and easy integrity
measure, but it is not satisfactory in all cases in which the safe basin is
strongly fractal.

The Local Integrity Measure (LIM) is the minimum distance, in the
Poincar section, from the attractor to the transient basin boundary [105].
This definition is good in ruling out the fractality of the basins and in focus-
ing on the compact part of the safe basin surrounding the attractor, even if
it becomes unclear in the recurrent case of coexisting in-well attractors and
is numerically cumbersome, especially when the in-well attractor is chaotic.

The Integrity Factor (IF) is the normalized radius of the largest hyper-
sphere (circle in 2D cases) entirely belonging to the safe basin. As it rep-
resents a measure of the sole compact part of the safe basin, it succeeds
in eliminating the unsafe fractal tongues from the integrity evaluation and
deals with the solely region which guarantees the dynamical integrity of the
System.

In the following numerical analyses, the integrity indicators used to build
the erosion profiles are the global integrity measure (GIM), and the in-
tegrity factor (IF), considering the phase space window x € [—0.3,0.3|,4 €
[—0.65,0.25], since it contains the compact part of the basin of each of the
main attractors involved in the erosion/escape process. Normalization has
been performed with respect to the integrity measure calculated for the ref-
erence safe basin of the unforced system (i.e. for U(V') = 0), so that GIM

and IF are dimensionless numbers.
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4.2 Basins of attraction and erosion

In this section, the evolution of basins of attraction is examined for increasing
excitation amplitude at the same frequency values of figures B-4] [3:5] and
the results, reported in figures are thus examples of the erosion
process which characterizes each one of the previously distinguished four
regions (figure . In all four cases, the erosion of the dominant (period-1)
in-well solution is seen to begin at quite low values of forcing amplitude, just
above the threshold of homoclinic bifurcation of the hilltop saddle (see figure
forward) which represents its triggering global event. However, the
erosion progression features up to final escape are possibly different. The
global scenarios at the two considered frequencies to the left of the two V-
escape regions, w, = 0.7 (figure[4.1)) and w,, = 1.4 (figure[4.3)), exhibit strong
similarities. In both cases, a competing red basin corresponding to the newly
SN-originated periodic solution, P1H in figure and P2 in figure
appears within the in-well safe basin initially coinciding with the blue basin
of attraction of the P1L solution, close to its boundary. In both cases, the
red basin corresponds to a weak competing solution (see figures and.
Nearly after this event (in the considered large range of forcing amplitude
values), erosion tongues of the unbounded solution (surrounding white area)
enter the boundary between the two basins (figures |4.1(c){and [4.3(c)|). This
behavior is likely due to a heteroclinic connection between the hilltop saddle
in figure and the saddle on the inner basin boundary corresponding

to the unstable solution in figure [3.2 or [3.5

This entails fast disappearance of the small basin of the weak solution,
which has meanwhile evolved to a localized chaos (not shown in the bifur-
cation diagrams) through the sequence of period doublings originated at
SpPD1 (figure and SpPD2 (figure , respectively. Upon disappear-
ance of the small basin, the erosion of the main (blue) one progresses up
to escape with smooth, i.e. uncorrupted, basin boundary (figures (d),(e)
and [4.3(d),(e)), since it is protected by the stable manifold of the corre-
sponding saddle. Overall, apart from the change of competing basin from
P1H to P2, in connection with staying to left of fundamental and principal
resonance, respectively, there are no meaningful global differences between

the two cases.
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Figure 4.1: Basin evolution at w, = 0.7 for U = 0 (a), U = 0.005 (b), U = 0.05 (c),
U =0.1(d), U=0.2 (e). Black circles are the safe basin IF measure
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Figure 4.2: Basin evolution at w, =1 for U =0 (a), U = 0.3 (b), U = 0.5 (¢), U = 0.8
(d), U = 1.1 (e). Black circles are the safe basin IF measure
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Figure 4.3: Basin evolution at w, = 1.4 for U = 0 (a), U = 0.001 (b), U = 0.01 (c),
U =0.07 (d), U = 0.15 (e). Black circles are the safe basin IF measure
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Figure 4.4: Basin evolution at w, = 1.8 for U = 0 (a), U = 0.007 (b), U = 0.03 (c),
U =0.05 (d), U = 0.07 (e). Black circles are the safe basin IF measure
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The frequency value w, = 1 (figure corresponds to an intermedi-
ate region in between the two resonances, where there is no meaningful
effect from any of them. The associated erosion scenario exhibits a sequence
of competing basins corresponding to higher periodicity solutions (figures
, each one of them lasting for a limited forcing amplitude
range. Their distributed small sub-basins are located close to the bound-
ary of the main (blue) basin, a circumstance that entails an overall ragged
aspect of the latter along the erosion process. The subsequent onset of the
new competing period-1 solution P1L (figure brings to the separation
of the residual in-well safe basin in two parts (figure [4.2(e)), with strongly

fractal edges in between them.

In the fourth case (w, = 1.8, figure , which corresponds to a fre-
quency range relatively high but still affected by the presence of the P2
solution (see figure , the period-1 initial basin turns into the period-2
basin (in between U = 0.03 and U = 0.05) thanks to the supercritical pe-
riod doubling bifurcation; then, its erosion through fractal tongues from the
surrounding unbounded solution brings to the separation in two sub-basins,
as before, just prior to total annihilation. The occurrence (for small am-
plitude intervals) of small basins of higher periodicity solutions also in this
case highlights how we are relatively far away from the governing resonance
condition. Overall, such a circumstance entails, from the global viewpoint,

the ragged aspect of the boundary of the disappearing main basin.

It is worth completing the analysis by looking also at the basins evolu-
tion closer to the resonance conditions, and in between linear and nonlinear
resonances. This is interesting mostly to ascertain the global effect entailed
by the presence of a stronger competing solution, with respect to the dom-
inant one. In fact, the analysis is aimed not only at identifying features of
overall erosion of the in-well safe basin but also at evaluating the relative
robustness of competing solutions and the role they play in the erosion pro-
cess. The relevant sequence of basins of attraction is reported in figures 4.5
and respectively, for the cases w, = 0.8 and w, = 1.6, along with the
relevant bifurcation diagrams, which have been already addressed in Sect.
(figures . Here, the common feature is represented just by the
competition between the basin of the original period-1 solution and that of
another, comparably robust, solution, i.e. the P1H (P2) around fundamental
(principal) resonance. In the former case (figure [4.5)), the newly born P1H



4.2. Basins of attraction and erosion 59

(d) (e) ()

Figure 4.5: Basin evolution at w, = 0.8, for U = 0 (a), U = 0.01 (b), U = 0.03 (c),
U=0.1(d),U =0.6 (e), U=0.7 (f). Black circles are the safe basin IF measure
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Figure 4.6: Basin evolution at w, = 1.6, for U = 0 (a), U = 0.002 (b), U = 0.01 (c),
U =0.015 (d), U = 0.02 (e), U = 0.05 (f). Black circles are the safe basin IF measure
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basin grows up swiftly, and with smooth boundary, within the in-well safe
basin (see the value U = 0.01), up to fully replacing the original P1L basin
and being then raggedly eroded from the outside. This global scenario is
indeed very common when the newly born solution is a strong one (see, e
g., [63]). In the latter case (figure [4.6), according to the major closeness to
the reference (principal) resonance, there is a larger forcing amplitude range
of coexistence of the two basins, the original P1 (blue) and the new-born
P2 (red), which are of comparable robustness. Again, the erosion from the
outside meaningfully affects the boundary in between the two basins, as in
figures and here, however, it is much more apparent. As in figure
[4:3] the blue basin decreases up to its subcritical period doubling disappear-
ance with a smooth boundary, which is the stable manifold of the relevant
saddle. Here, however, the final erosion involves only the split red basin of
the formerly stronger P2 solution, which plays the definitely major role, as

in figure [4.4

4.3 Erosion profiles and dynamical integrity

The previous investigation highlights how the richest erosion patterns under-
lying escape occur in the two resonance regions. Accordingly, in this section
the dynamical integrity analysis aimed at quantifying the extent and de-
velopment of these phenomena is restricted to those regions. GIM and IF
integrity measures have been calculated from the basins evolution to the left
and right of the fundamental and principal resonances, within the triangle
regions; the ensuing erosion profiles are reported in figures and Ref-
erence is made both to the individual basins of main periodic solutions (red
and blue lines) and to the total in-well safe basin (black lines). GIM and IF
profiles are plotted in solid and dashed lines, respectively.

In each figure, the left-side profiles (a) refer to frequencies before the
vertex of V-shaped escape region, the right-side profiles (b) to frequencies
after the vertex. A comparison between them shows that, before the peak,
the safe basin erosion of the in-well safe basin, which coincides with the
basin of the dominant periodic solution, starts at lower values of the forcing
amplitude, but develops with a substantially smooth profile. In contrast,
after the escape peak, the erosion profiles undergo a sudden, i.e., more dan-

gerous, decrease, corresponding to a strong reduction of safe basin size, with
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Figure 4.7: Erosion profiles inside the triangle region of fundamental resonance, before
and after the A vertex, for w, = 0.7 (a) and w, = 0.8 (b). Solid lines: GIM measure;
dashed lines: IF measure; blue lines: P1L basin; red lines: P1H basin; black lines: total
safe basin

Figure 4.8: Erosion profiles inside the triangle region of principal resonance, before and
after the B vertex, for w, = 1.4 (a) and w, = 16 (b). Solid lines: GIM measure; dashed
lines: IF measure; blue lines: P1L basin; red lines: P1H basin; black lines: total safe basin

only the very final part of the erosion process evolving in a smooth way.

Thus, analysis of the integrity process to the right of the two resonances

(figures4.7(b)land [4.8(b))) is carried on with the aim of highlighting common

and distinct features of the basin erosion process. Firstly, it is interesting
to consider the mutual role of the two competing periodic solutions, whose
integrity is described by the single component profiles, with the crossing
between the decreasing one of the initial P1 solution and the increasing one,
related to the new growing up P1H (P2) solution in the fundamental (prin-
cipal) resonance case. The two groups of profiles quantify the robustness of
the competing solutions with the varying parameter, and some differences
occur in the two resonance cases. At fundamental resonance (figure ,
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the internal competition occurs up to nearly complete substitution of the
original P1L basin with the new P1H one, which is immediately followed by
an ever sharper erosion (red profiles) of the in-well safe basin (now coincid-
ing with the P1H one), due to the surrounding escape tongues. Instead, at
principal resonance (figure , the erosion of the in-well safe basin (red
profile, initially relevant to the P1, P2 union) smoothly progresses as the P2
profile is still increasing, up to becoming very sharp when the latter starts
to decrease: this occurs at the separation of the two competing basins (for
U = 0.012, see figure [4.6(c)f4.6(d)), which also entails drastic reduction of

the compact part of the in-well safe basin.

The integrity curves of the two different basins also highlight a different
behavior of the two integrity measures, ensuing from their respective defini-
tions. At both resonances, since the basin of the new periodic solution, P1H
(P2) in figure , is born inside the compact one of the original
solution, its onset causes a meaningful initial reduction of the circle measur-
ing the integrity (IF, dashed blue profile) of the former (P1) safe basin, while
affecting its volume decrease (GIM, solid blue profile) to a minor extent. So,
initially, the IF measure is definitely more conservative than the GIM one,
from the safety viewpoint. This is a rather general behavior, also found for
other systems [90]. However, after a while, the decrease of the circle radius
(IF) of the disappearing solution becomes smoother than the decrease of
the corresponding basin volume (GIM), which entails crossing of the two
blue curves and major conservativeness of GIM in the residual part of the
profiles. Overall, the different behavior of the two measures is less apparent
in the (black) profiles of the in-well safe basin. This is evident in figure
4.7(b)l where the erosion is due to a penetration of fractal tongues localized
in the overall basin boundary (see figures , thus poorly affecting the
different integrity evaluation of the anyway compact in-well basin. In the
second part of the profile, this coincides with the basin of the dominant
P1H solution, which is rapidly eroded. In contrast, the effect of the different
integrity evaluations is somehow higher in figure since the fractal
tongues affect now not only the outer boundary of the in-well safe basin,
but also the inner boundary in between the two component basins. From
about U = 0.012, the reduction of the basin of the now dominant P2 solution
(and of the corresponding (solid red) GIM profile) corresponds to a sharp
reduction also of the (solid black) GIM profile of the in-well safe basin, since
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the latter substantially coincides with the former. But the reduction of the
(dashed black) IF profile of the in-well safe basin is even sharper because of
the separation of the two component basins (see ﬁgures, which
entails the mentioned drastic reduction of the compact part of the in-well
basin, i.e. of the circle of the P2 basin now governing the IF evaluation.
In the residual part of the IF profiles, although the (dashed blue and red)
ones of the two component solutions are comparable almost up to complete
erosion, the (dashed black) profile of the in-well basin coincides with the
sole (dashed red) one of the dominant P2.

It is worth looking at a summary diagram of GIM profiles of the in-
well safe basin for different forcing frequencies: figures show
an erosion surface in the range w, = 0.5 — 1.8 , with several iso-integrity
curves obtained by expressing the erosion profiles in terms of remaining safe
basin percentage. The profiles have the classical qualitative behavior of the
so-called Dover cliff erosion curve [I16], which is characterized by a slow
decrease of the un-eroded volume of the safe compact region, followed by a
sudden fall down to zero. Near the two resonance frequencies, the surface
shows two evident depressions, with the lowest percentage values of residual
integrity before the V peak and the sharpest decrease of the profiles after the
peak, thus confirming what already noticed about the differences between
figure [1.7[.8) (a) and figure [L.7([4.8)(b). A matter of interest consists of
investigating the safe basin evolution around the peaks, this time fixing the
forcing amplitude U and using the forcing frequency w, as control param-
eter. Focusing, for example, around the fundamental resonance frequency,
at an amplitude value of U = 0.01, a strong residual integrity variability is
evident in the frequency range 0.6 — 0.8 (dashed blue line in figure ),
with differences up to nearly 20% of residual integrity. This behavior can
be explained by analyzing the basin evolution at the selected excitation am-
plitude (figure : at w, = 0.65 two disconnected competing attractors
(P1H and P1L solutions) are present in the same well, with the external one
(P1H solution) which arises and gradually reduces the existent P1L basin
(and consequently its residual integrity) as the frequency increases up to
wy, = 0.73, where the interpenetration of the two basins occurs, thus en-
larging the safe basin. After this frequency value, the penetration of fractal
tongues of the surrounding infinity attractor starts for higher values of the

forcing amplitude, and therefore the residual integrity at the reference ampli-
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Figure 4.9: Erosion surface (a) with isointegrity curves (a,b) and basin evolution at
U = 0.01 in the 0.6 — 0.8 frequency range(dashed blue line in (b))(c)
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tude (U = 0.01) increases. These results confirm, from another perspective,
the observations of Sect. about the increasing robustness of the new P1H
basin as the frequency increases. In fact, before the frequency peak (see fig-
ure whose U values include the present one), the newly born
basin of the weak P1H solution is disconnected from the dominant one of the
strong P1L solution and reduces the in-well safe basin, which coincides with
the latter. Instead, after the frequency peak (figure , the robustness
of the two solutions becomes comparable and the competition of the two
connected basins occurs inside the in-well basin, which is now the sum of
the two. A similar process happens in the principal region, where the new
growing basin corresponds to the solution P2. It is important to highlight
that, even if the two regions exhibit a qualitatively similar behavior, the
escape amplitude values differ by an order of magnitude, being around 1 in
the fundamental resonance range and around 0.1 in the principal resonance
one. For the sake of comparison with the iso-integrity curves, the Melnikov
curve of homoclinic bifurcation [44], corresponding to the threshold of trans-
verse interaction of stable and unstable manifolds of the perturbed saddle
of figure is also reported in figure It provides an estimate for
the existence of solutions with long transverse transients that may lead to
unbounded response. Possible occurrence of these transients is not taken
into account in the integrity evaluation and, accordingly, the curve of nearly
maximal (90%) iso-integrity is non-trivially higher than the Melnikov one.
Finally, the erosion processes of the total safe basin and of the main
periodic solutions basins have been analyzed also for the externally driven
system. The obtained results match very well those described in the previ-
ous section, as regards both the features of basins erosion and the slope of
the corresponding profiles. In spite of the different sequence of bifurcations
leading to escape, such a good agreement also holds in the high-frequency
range, to the right of the subharmonic resonance vertex, due to the advanced
erosion level at which the new bifurcations occur. Figure represents the
basin evolution and the erosion profiles at w, = 1.648. Here, indeed, the
supercritical flip bifurcation of P2, which marks the escape event in the
parametrically driven system (see figure , occurs when the erosion
process has reduced the safe basin size of about 99% (figure [£.10(b)}1), con-
fining the subsequent bifurcations to the very last part of the profiles, with

no meaningful effects.
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Figure 4.10: Erosion profiles (a) and basin evolution (b) for w, = 1.648 and for V = 0 (P1

solution, (b1)), V = 0.03 (P1-P2 solutions, (b2)), V = 0.1 (P2 solution, (b3)), V = 0.35
(P4 solution, (b4))



Chapter 5

Exploiting dynamical
integrity for engineering

design

The potential of nonlinear dynamics to enhance performance, effectiveness,
reliability and safety of systems is crucial to the aim of developing novel
design criteria. In particular, dynamical integrity associated with global
behavior meaningfully affects the actual practical stability of systems, and
their capability to effectively withstand excitations in a dynamic environ-
ment.

The increasing interest towards such aspects for designing engineering
systems is reflected in different works related to the topic, which have applied
the dynamical integrity tools and concepts to different mechanical systems
with the aim of highlighting their relevance and further investigating other
mechanical /integrity issues that arise in practical cases [39] [40, 66, [70), [82),
95]. The quoted works highlight the great advantages of the integrity concept
use with regard to the validation of experimental results, the verification of
theoretical outcomes and a design perspective, the latter two being addressed
in this chapter.

For what concerns the checking of theoretical results, attention is de-
voted to the critical comparison between stability boundaries obtained with
a global approach, based on the study of the evolution of the periodic so-
lutions and of their basins, and the ones obtained via the more traditional

local methods based on the numerical integration of single trajectories. Fur-
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thermore, integrity measures are applied to determine frequency-dependent
thresholds able to ensure a priori established safety targets, in view of avoid-
ing the escape from bounded region, which for noncontact AFMs corre-
sponds to the unwanted “jump to contact” phenomenon, responsible for the

alteration of the scanning results.

5.1 Theoretical and practical stability boundaries

From the viewpoint of AFM safe operation mode, some matters are of con-
siderable interest regarding the evaluation of the system theoretical and
practical stability. The first one is concerned with the comparison of the
stability boundary carried out by mapping the bifurcation diagrams (bd), to
be considered as a global boundary, with the escape threshold obtained by
looking at the response under numerical integration (ni) with fixed initial
conditions (i.c.) [44], to be considered as a local boundary. The compari-
son is reported in figure for both parametric (blue) and external (red)
excitations, where the dashed thresholds, related to numerical simulation,
represent the forcing amplitude values U or V, for several forcing frequen-
cies, at which divergence of system response does occur. Of course, the ni
escape values strongly depend on the particular selection of the i.c. pair;
here, values corresponding to the equilibrium position of the unperturbed
system have been chosen. With respect to all of the local ni boundaries
to be possibly constructed by considering divergence from different pairs
of i.c. inside the safe basin, the global bd boundary represents the upper
bound, since it corresponds to safe basin annihilation. For the considered
selection of i.c. , the figure highlights significant differences between the two
boundaries, the local one lying below the global, with a gap of up to 25 times
the ni absolute value. Moreover, ni local minima occur at primary and sub-
harmonic resonance frequencies, while bd minima are shifted towards left
(i.e. , to nonlinear resonances) due to the softening behavior of the system.
The apparent underestimation of system stability with ni ensues from the
particular selection of the i.c. pair against the basin erosion scenario. Focus-
ing on parametric excitation and looking for example at w, = 0.8, a slight
increase of the excitation amplitude (around the escape value U = 0.03) is

seen to cause a basin boundary erosion which swiftly expands up to includ-

ing the initial position (black point in figures [5.1(b)}f5.1(c)]), while leaving
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Figure 5.1: Comparison between ni (dashed) and bd (solid) escape thresholds for the
parametrically (blue) (externally (red)) driven system (a): for parametric excitation, state-
space basin evolution at w, = 0.8, for U = 0.03 (b) and U = 0.04 (c), and at w, = 1.64
for U = 0.023 (d) and U = 0.025 (e). The black point is the equilibrium position

more than 50% of residual integrity of the (red) safe basin. In contrast, the
actual basin annihilation (bd threshold) occurs only at U = 0.74. In turn,
figures show the similar topological process responsible for the
marked difference between ni and bd thresholds at principal resonance: in
fact, here, the selected i.c. lie just in the region of the in-well safe basin sepa-
ration, so that the divergence of the trajectory occurs for a residual integrity
of more than 40%. This clearly highlights how, in terms of overall system
safety with respect to escape, consideration of the outcome of a single trajec-
tory may furnish misleading and too conservative information, unless being
specifically interested in the response ensuing from that particular set of i.c.
Anyway, even correctly referring to the global stability boundary in terms

of escape, the major problem in a safety assessment perspective ensues from
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Figure 5.2: Comparison between theoretical (ni and bd) and practical (residual integrity)
stability boundaries with the detection of some residual isointegrity curves. (a) and (b)
refer to fundamental and principal resonance region for the parametrically forced system,
respectively, while (c) and (d) refer to the externally forced system, respectively

the associated total lack of information about the features of basin erosion.
Hence, in practical applications, it is particularly important to refer to in-
tegrity evaluations in order to determine acceptable frequency-dependent
thresholds associated with a priori safe design targets [2, [66]. Figure
shows four iso-integrity curves corresponding to increasing target values in
the two resonance regions under scan parametric excitation. Selecting for
instance the 30% residual safety target, the corresponding red threshold al-
lows us to critically discuss the results furnished by numerical simulations
(black threshold). Away from the two nonlinear resonances (left of them),
though the ni thresholds underestimate system safety with respect to the bd
threshold, they are definitely unacceptable because of corresponding to very
low values of residual integrity (0-30%). Yet, the most questionable point is
that ns thresholds correspond to a residual integrity strongly variable over
the control parameter range (see for example the frequency range in between
0.7 and 0.8 in figure , even though the associated threshold tends to

become more and more over conservative (thus corresponding to a higher
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Figure 5.3: bd stability boundaries of the system under combination of varying horizontal
U and fixed V excitations, for V' = 0 (parametrically forced system)(solid black line),
V = 0.001 and w, = 0.8325 (dashed blue line), V' = 0.025 and w, = 0.82 (dashed green
line), V' = 0.05 and w, = 1.64 (dashed red line)

residual integrity) just where this is more needed. At principal resonance
(figure , a minor variability of the ni threshold with respect to the
residual integrity occurs. However, the threshold corresponds again to a
very poor safety reserve, and this occurs where it is more needed, owing to

the lower values of escape excitation. Behaviors similar to those in figure

5.2(a)), [5.2(b)[ have been obtained also for the externally forced problem,
whose results are reported in figures |5.2(c)} |5.2(d)]

A final point has to be made as regards the influence of combined hor-
izontal scan excitation and vertical beam excitation, which coexist in the
noncontact AFM operation mode, on the overall dynamics. Using the nu-
merical integration approach, Hornstein and Gottlieb [44] compared the lo-
cal escape thresholds in the w, — U control plane as obtained either with
the sole (parametrical) horizontal scan or by adding an (external) vertical
excitation with constant amplitude (V' = 0.001) and a frequency at primary
resonance (w, = 0.8325). They found that the effect of dual frequency exci-
tation on the escape regions is negligible, apart from a substantially minor
decrease of the allowed forcing amplitude of the scan process in the low
frequency area, with respect to that obtained without base excitation (see
also [45]). The same behavior is obtained constructing the global escape

threshold with the same w, — V values of [44]: the results highlight a neg-
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ligible difference with those obtained from the bifurcation diagrams of the
sole parametric excitation case, therefore confirming that, for the chosen set
of parameters values, the dual excitation analysis is not even necessary in
the primary resonance region in which the vertical excitation produces the
major effects. To complete the analysis, higher values of the vertical excita-
tion amplitude have been also considered, corresponding to 50% of residual
integrity of the externally forced problem both at primary (V = 0.025 at
wy = 0.82) and subharmonic (V' = 0.05 at w, = 1.64) resonance frequencies,
whose results are reported in figure [5.3] Also in these cases the escape pro-
file remains substantially unchanged, with a slight decrease of the forcing
amplitude at the fundamental resonance vertex and a small increase (reduc-
tion) of the one at the principal resonance vertex for w, = 0.82 (w, = 1.64).
The negligible differences between the dual excitation problem and the sole

scan process make the previous results not worth to be reported.



Chapter 6

Noncontact AFM with

external feedback control

The AFM dynamical behavior is strongly related to the distance between
the cantilever tip and the sample to be scanned, which modifies the nonlin-
ear atomic force interaction and is used to perform the topography. During
the scan operations, the sample roughness can thus induce unstable mo-
tions to the cantilever and eventually chaotic responses, which have been
numerically and experimentally observed [9, 20, 58| [75], 122]. Referring to
the AFM model presented in the previous section, it is therefore of inter-
est to investigate the changes in the system response as a function of the
varying tip-sample gap. To this end, a new nondimensional parameter is
introduced in the atomic interaction term of , which represents the

possible changes in the tip-sample distance:

(1 + a2x2) T+ (a1 + agi? + a3x2) T =
Iy

_(1_5 +$+V)2_(p1+p2$2)$_(‘/9+ylvg>y2 (61)
g g

+ (,LL1$ + ,UQJCB) (Ug + 771Ug + 772Ug)

where 6, = 5_9 /7 is the nondimensional reduction ratio of the tip-sample
gap. Remember that the nondimensional equation (2.19) has been scaled
with respect to the dimensional gap v to set it equal to 1. Some behavior

charts as a function of the varying d, are reported in figure [6.1} for the
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parametrically excited AFM model near the fundamental resonance and for

the following set of parameters values:

a1 =1, as3=0.1, p =000, T;=01 u =1.5708.
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Figure 6.1: Behavior charts at w, = 0.7 (a), wy = 0.76 (b), wy = 0.82 (¢), wu = 0.9
(d). PDH = period doubling threshold of the high-amplitude P1 solution; SNH = saddle-
node threshold of the high-amplitude P1 solution; SNL = saddle-node threshold of the
low-amplitude P1 solution

The reported charts point out that the tip-sample gap strongly modifies
the dynamical behavior of the AFM cantilever, changing the regions of ex-
istence of the main periodic solutions (i.e. low-amplitude P1L solution and
high-amplitude P1H solution) together with their stability thresholds. This

means that during the scan operations, which lead to changes in the tip-
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Figure 6.2: Bifurcation diagram (a) and trajectories in the state plane for 6, = 0.03 (red
orbit B) and §; = 0 (black orbit A) (b) at w, = 0.7 and U = 0.15

sample distance, the dynamical response of the cantilever can suddenly pass
from low-amplitude oscillations to high-amplitude motions and eventually
bring to unstable periodic solutions. Such undesirable behavior is shown,
as example, in figures and which are referred to a frequency of
w, = 0.7 and a forcing amplitude of U = 0.15. Here, point (orbit) A
represents the stable low-amplitude 1-period solution for the system which
maintains an unitary distance from the sample. As the tip-sample gap de-
creases, P1L solution loses stability through a saddle-node bifurcation and
the system displays a narrow region of instability between d, = 0.025 and
dg = 0.039, which corresponds to the white area just above the V vertex
of the behavior chart characterized by the presence of the unstable
high-amplitude solution (point(orbit) B). For higher values of the gap ra-
tio 04 the P1H solution becomes the only stable solution. It is therefore
clear that even slight variations of tip-sample distance can produce critical
changes in the system dynamics and thus bring to erroneous results on the
sample topography.

To avoid possible unstable periodic responses of the system, an exter-
nal feedback control is applied to the AFM model, following the method
proposed by Yagasaki [123], whose objective is not to stabilize a specific
unstable periodic orbit (as, e.g., in the OGY method [84]), but to keep the
cantilever vibration to the one chosen as reference and simultaneously mea-

sure the sample surface. The periodic reference response is obtained when
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the center of the cantilever base oscillation and the sample surface are at
the reference position. The control implementation into the model leads
to the introduction of a new variable £(t) which represents the distance of
the fixed side of the cantilever from the horizontal reference axis, and of a
new parameter & which is the displacement of the sample surface from the
selected reference position (figure .

e

; Ity
A Ay
(a) (b)

Figure 6.3: Cantilever at reference position (a) and in a generic configuration (b); lines
A and B represent the reference positions of the microcantilever and the sample surface,
respectively.

6.1 Model formulation

Differently from the procedure followed by Yagasaki, who inserted the con-
trol into the reduced single-mode model of tapping AFM, in this work the
control insertion occurs at the very beginning of the model formulation; ac-
cordingly, a new d.o.f. is added to the general relations of the uncontrolled
system deduced from the extended Hamilton’s principle:

MUy — [Elﬁrrrq_}r — J, 04 Uy + A(l + 'a'r)]r = Qu
my — [EI(Orrr + 0,07,) + Jo(Vur + 050) + A, = Q. (6.2)
gt = ]_f@mf - 77)

where @, and @, are the same of (2.2 and

—< Oa )2+1< Ta >8 (6.3)
g+0—hpr—& 30 \g+v—hr—& '

a(r,t) and ©(r,t) are now the horizontal ad vertical displacements of the

v 602

controlled system, ¥,.f(r,t) represents the reference vertical displacement,
obtained from the uncontrolled system (£ = 0, i.e. v(r,t) of (2.1)), and k is
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a feedback constant. The new variable £(t) modifies the boundary conditions

as follows:

v(0,1) = V(t) + g(t) = W(t)v v,(0,t) =0, u(0,t) = U(1),
0.

(6.4)
Upr(L,t) =0, Uppr(Lyt) =0, up(L,t) =

so that the nondimensional homogeneous boundary system (2.11) (2.14])

becomes

Wrr + Wir 4+ Wssss — HWrrss — Qw = |:_ws (wssws)s + pws (w‘rsws)T

} 9 S _1 S S 9
+ wg <<1+ 2ws> /1UTTds 2/1</0de8>77 ds 65)
1, 5
(e g) fo)]

fT = k(wref - ’LU)

where @, has the same form of (2.12]), while the generalized force in vertical
direction @, is modified by the boundary conditions (6.4)) as follows

1 N Ty
(y+tw+W=§&)> (y+tw+W-=§)® (6.6)

Qu = 6(s — )Ty [—
—v(w; + B;)

with ¢ = £/L, & = &/L, k = k/L, W = W/L, wyef = Vpes/L. As pro-

posed for the uncontrolled case, a single-mode reduction is applied to the

controlled vertical displacement variable w(s, 7) and to the reference vertical

displacement wyef (s, 7):

w(s, 7) = q1(7)P1(s)

6.7
wref(57 T) = Qref1 (T)(I)l (S) )
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Remember that w,.f(s,T) corresponds to w(s,7) of equation (2.15). The

Galerkin procedure leads to the following governing equations:

Iiqi+ + Ill(VQIT + W%q1) + IZ(WTT + VWT) + ISQ%

1
+ Liq1 (Q%T + Q1TTQ1) = ¢qir (11 + goI7) + 56]?&193

_ 1
+ 1P () <— (ot ®r(a) 1 B - 55)2> (6.8)

1
+ <C_I1—75 + 2Q%I6> (Urr + 1Ur + g3U)

I¢r = Ik (Gresr — qu)

where I; ; are the same of the uncontrolled case reported in Appendix @
Compared with equation , note that, as expected, the feedback control
acts on the system by modifying the terms related to the tip-sample distance,
which are the nonlinear atomic interaction term and the vertical vibration
V.

New variables 2(7) = q1(7)®1 () /v, Tref(T) = rer (7)P1(0) /v and z =
&/~ are defined, which are rescaled by the time scale txy = w7, to obtain

the final form of the controlled system equations:

(14 ao2?) & + (a1 + ai? + aza?) z =
Fl 2\ -
= — (1 +
R — (p1+ p2a®) @

- (Vg + kg (Brep — &) + 11 (Vg + kg (Trep — 33))) vy (6.9)

+ (pz + poz®) (U‘g +mUy + ng)
2 =ky (T — )
where coefficients have the same definition of (2.20)) and

Ty’ v @)l
Note that z,. represents the periodic reference response of the uncontrolled
system, and thus can be expressed as the sum of a mean Z,.,; and a time-

dependent oscillating component . (%)

Tref = Tref + firef(t) (6.10)
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6.2 Equilibrium analysis and stability of fixed points

The equilibrium analysis of the controlled system involves the elimination
of the explicit time-dependent excitations U, = V; = 0 together with the

oscillating reference position Zyef(t) = 0 so that T,ef = Tyes:

_ 1
1+ ana?

I'y
(I1+x+42z— z)
+ (p1 4 p2®) y + (—y + 1 (Trep — @) kgi2)

z :kg ('fref — .’L‘)

y=- <(a1 + agy? +a3m2)m+ 5

(6.11)

To obtain the system fixed points, the velocities are set equal to zero (& =
& = 2 = 0); consequently x = Z,.f, and z = 2, is the arbitrary displacement

from the reference position. The controlled system becomes
(1+2)* (a1 +azz?) 2 +T1 =0 (6.12)

whose solution ¢* (Z,f, zs) points out that the system equilibria are not

influenced by the feedback control parameter k.

For a general choice of the parameters, the five solutions are obtained
from a quintic polynomial which is the same as that of the uncontrolled
system; among them, only two solutions are acceptable, and correspond to

the upper stable fixed point and to the unstable one of the uncontrolled

system (see figure 2.4(b)|in Sect. [2.3).

The stability of the system fixed points involves the study of the Jacobian

matrix at the equilibrium ¢* (Z,ef, 2s):

0 1 0
Joo = | a1 a2 ass (6.13)
~ky 0 0
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where

az = (14 azitey)  ((L+ asiiey) a1 — Frg (3 + i) s

+201 (14 Zrep) ™ (1+ Qarep (1+ 2Trey))

+vivokg (1 + agf%ef)) (6.14)
azp = (1+ OQi'g’ef)_l (p1+ szzef — v2ky)
ags =2I1 (1 + QQQ?%ef)il (1+ iref)f?’

The coefficients of its characteristic polynomial p; . (\) = AN+ CIA2+Col+
C3 =0 are

C1 = —tr (pjgx) = —ag
Co =7 (pgs) = —an

(6.15)
Cg = —det (qu*) = —aggkg
Ag =C1Cy = C3
The equilibrium solutions are asymptotically stable if and only if
C;>0, j=1,2,3
! / (6.16)

A2>0

Due to the dependence on the feedback parameter kg, the stability analysis
of the two fixed points has been carried out in function of both I'y and k&,

for the following set of parameters values:

o] = 1, Qg = 0, a3z = 0.1, P1 = 0.001, p2 = 0,
v =0.01, v, =001, p;=15708, pup =0, m =0, (6.17)
12 = 0, zs = 0.01.

The reported results are evaluated numerically, with the values of the equi-
librium position ¢* (Z,ef, zs) obtained as solution of the corresponding un-
controlled system. Figure [6.4] shows the influence of the coefficients of the
characteristic polynomial on the stability of the system stable equi-
librium solution; their contributions are summarized, together with the ones
related to the unstable equilibrium branch, in figure It is evident that
the Ay coefficient governs the fixed point stability, reducing it as the value

of the feedback control parameter increases, up to the upper boundary of



6.2. Equilibrium analysis and stability of fixed points 81

ky, = 0.1 for which both Ay and C; change their sign making the fixed
point unstable. As regards the equilibrium that corresponds to the unstable
equilibrium of the uncontrolled system, it remains unstable over the whole

domain even after the control introduction.
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Figure 6.4: Stability thresholds of the fixed point that corresponds to the stable equi-
librium of the uncontrolled system, determined by studying the characteristic polynomial
coefficients: gray regions represent the loci where C'(A); > 0, gray curves are the loci
where C(A); =0

For the parameters choice (6.17)) and for I'; = 0.1, the coefficients values

as function of k, are:

Zrep1 1 C1=0.001—0.01ky, Cp=1978—0.0001ky, Cs = 3.085k,,
Ay =10"%] — 3.066k, — 0.002

T2t C1=0.001 — 0.01kg, Cp=0.699 —0.0001ky, Cs = 3.07ky,
Ay =107k} — 3314k + 0.0007

Therefore, for the chosen value of the nonlinear interaction parameter, Z s
is always unstable while the asymptotic stability of the equilibrium solution
Zyepo occurs for 0 < kg < 0.00223. The three eigenvalues which are solution
of the characteristic polynomial p J,e can be studied to point out the possible
bifurcation scenarios of the system fixed points; as they turn out to be

A1,2 = Rep 2 £ilmy 2, A3 = Res, the possible kinds of bifurcations the system



82 6. NONCONTACT AFM WITH EXTERNAL FEEDBACK CONTROL
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Figure 6.5: Stability regions of the controlled fixed points as a function of the feedback
control parameter kg and the atomic interaction parameter I'y. Gray area = stable region,
red area = unstable region.

can display are:

e Divergence bifurcation: Re3 =0= C3=0

e Hopf bifurcation: Rejp = 0, Imjp = wg > 0= Ay =0, wy =
\/Cg/cl > 0 with C3 = C1Cy

e Divergence-Hopf bifurcation: Re3 =Re12 =0, wyg >0= C; =C3 =

0,+v/Cy>0

The bifurcation loci for the system with parameters values are re-
ported in figure (a). Here, blue curve depicts the Hopf bifurcation locus,
and comparison with figure highlights that it corresponds to the case
Ag = 0 and represents the stability boundary for the system equilibrium so-
lutions. Note that positive region of wy reported in figure (b) guarantees
the existence of the imaginary parts of A1 2 eigenvalues. On the contrary, the
green line which represents the divergence bifurcation locus (C5 = 0) and the
red point referring to the Hopf-divergence bifurcation (C3 = 0 and Ay = 0)
occur for k4 = 0, that is when the control is not activated and thus become

meaningless scenarios. The red point, in particular, is located at I'; = 1.5
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Figure 6.6: Bifurcation chart of the equilibrium solution (a): Hopf bifurcation locus (blue
line), Divergence bifurcation locus (green line) and Divergence-Hopf bifurcation locus (red
point). wy > 0 region is reported in gray in (b)

which is the limit value non only for the stability of the uncontrolled equi-
librium, but also for its existence: it corresponds, in fact, to the position
of the saddle-node bifurcation which connects the stable equilibrium branch

with the unstable one.
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Chapter 7

Weakly nonlinear dynamics

of the controlled system

In this section, attention is devoted to study the system nonlinear dynamics
around the previously obtained fixed point, close to primary resonance; for
this purpose, the method of multiple scales is applied. This method, as other
perturbation techniques, is useful to separate the slow and fast dynamics of
the system. In particular, after the introduction of different time scales,
namely the fast one, tg, and the slower ones, 1,9, ..., and an asymptotic
expansion of the dependent variables, the application of the method of mul-
tiple scales provides an approximate expression of the solution of the weakly
nonlinear system, as well as a reduced set of differential equations which
rule the slow-time amplitudes of motion. While the solution is obtained
through the chain-solving of non-homogeneous linear differential systems,
the reduced set is obtained through the imposition of solvability conditions
at each perturbation step, entailing the neglection of secular terms in the

solution, which is actually expected to be bounded.
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7.1 Multiple scale analysis

The equations of motions are analyzed around the reference position

(Trefs 2s), that is Yy =& — Tpef = T — Tpef — Tpep and p = 2z — 25

1
1+ Ozg(@/ + Tpef + :E'Tef)Q)

ij= —( (Oz1 + 042:02 + 043(3% + Tref + iTEf)Q)
I
(1 + (y + Trer + jref) + va +p)2

+ (o1 + p2(y + Tref + Frep)?) (9 + dorer) (7.1)

+ (V= kg + 1 (Vg — kgy) ) wo

— (11 (Y + Zpef + Frep) + p2(Y + Trep + Tref)®) (Ug +mU, + 772Ug)

(y + jref + jref) +

D= _kgy

with V; = Vsin(wyt), Uy = U sin(wyt + ¢,) and accounting for (6.10). The
multiple scales method [79] is employed by introducing 4 independent time
scales

To=t, Ti=cet, Th=¢et, T3=¢et (7.2)

where € is a small dimensionless ordering parameter and, consistently, ex-

pressing the time derivatives as

d/dt =Dy+ €D + €2D2

(7.3)
d?/dt? = D 4 2¢DoD; + €2D? + 262Dy Dy + 262 D1 Dy

Both displacement y and target distance p are scaled as small perturbations

of the reference position:

y(t) =ey1 (To, T1, To, T3) + €2y2 (T, T1, To, T5)

+ 3 y3(Ty, T1, Ta, T3) + €*ya(To, T1, T, T3)
p(t) =epy (To, T1, Ta, T3) + €2pa(Tp, T1, To, T5)

+ Ep3(To, Ty, To, T3) + €*pa(To, Ty, To, T5)

(7.4)
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The system parameters are rescaled to describe small base excitation
amplitude (V — 63‘7), small scan amplitude (U — U ), small damping
(p1 — €2p1, p2 — €2pa, v1 — €201, vy — €2ir) and small control (kg
— 621%9). Two detuning terms are also defined to express the nearness of

exciting frequencies to primary resonance:

oy =wy —wi =wi(Qu— 1), €0y =wy —w; =wi(Q — 1)
where w; is the natural system frequency and Q; = w;/wy, i = u,v.

Note that the feedback control parameter k4 is ordered in such a way
to come into play within the perturbation scheme as the same order as the
one where the other system nonlinearities appear, i.e. the third order. To
evaluate the effect of control on the system asymptotic response, therefore,
the perturbation analysis is carried out up to the fourth order.

It is worth underlining here that the reference solution Z s in is the
modulated response of the uncontrolled system, and in view of a perturba-
tion analysis, it can be seen as solution of the perturbed uncontrolled system
which has been analyzed, up to the third order, by Hornstein and Gottlieb
[44] with the same choice of variables and parameters scaling. Here, how-
ever, a further perturbation equation at the fourth order has been added,
and the system obtained is reported and developed in Appendix [B]

Hence, T (t) can be considered, and thus scaled, as a further variable:

T (t) =€z (To, Th, Tay Ts) + €Zrepo (To, Ty, To, T3)

" - (75)
+ € Treps (10, T1, T2, T3) + € Trey (To, T1, T2, T3)

For the controlled system, after pre-multiplication by denominator, the fol-

lowing set of perturbation equations is obtained:
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order € :

D14 Zref (1 + Zrep) (3 They + 1) = 0
order € :
D2y1 + wiyr + DEdpeps + wipeps + Crapr =0
Dop1 =0
order € :
Diyz + wiys + D§Z e + wiErerz + C11p2 = Noa (1)
+ Noo(Zyepr ) + Noz(p1) + Noa(y1, Trefr)
+ Nos(y1,p1) + Nos(p1, Trefr)
Dop2 = —D1ps
order € :
Diys + wiys + D3Frers + widress + Cr1ps = N31(y1, )
+ N32(Zref1 > Trepz) + Nag(p1,p2) + Naa(y1, Y2, Treft > Tref2)
+ N35(y1, Y2, P1,D2) + N36(D1, D2, Treft s Tref2)
+ N37(y1, Trefr, p1) — Ceu cos(wiTp + oo To + ¢u)
— Cgysin(w1 Ty + 0,T2) — Csy sin(wr1 Ty + o0 To + ¢u)
Dops = —D1ps — Dap1 — kg

order €* :

D3ya + wiya + DiZrey + wiZrer; + Cr1pa = Nat(y1,y2, y3)
+ Nao(Zrefs » Tref2, Tref3) + Naz(p1, p2, p3)
+ Naa (Y1, Y2, Y3: Treft > Tref2s Tref3)
+ Nas(y1, Y2, Y3, p1, P2, P3)
+ Nag(P1, D2, D3, Treft s Tref2, Trefs)
+ Naz (Y1, Y2+ Trefr > Tref2, D1, P2)

~

Dopy = —D1p3 — Daps — D3p1 — kgyo

(7.6a)

(7.6b)

(7.6¢)

(7.6d)

(7.6¢)

where expressions of the N;; terms are reported in Sect. of Appendix [C}
It is worth noting that Noj(y1) and Noo(Zrefs) terms have the same struc-

ture, as well as N3i(y1,y2) and N3o(Zrefr, Trer2) terms, Nui(yi,y2,y3) and

Ny2(Trefs Trefe, Trepz) terms, Nas(yi,y2,p1,p2) and Nag(Trefr, Tref2, D1, P2)



7.1. Multiple scale analysis 89

terms and Nus(y1, Y2, Y3, P1, P2, P3) and Nu6(Tref1 , Trefz, Tref3, P1, P2, P3) terms.
This is due to the fact that the y and Z,; variables appear in all of the

terms of simultaneously, apart from some terms related to the forcing
Vy which, in any case, are scaled at higher orders. It is also important to
observe that, at each order, all the terms of the uncontrolled system (B.2])
can be detected in the controlled system , as functions of Z,. and y;
the ones related to Z,, vanish identically considering that Z,.s is solution

for the uncontrolled system.
The system hence becomes:

1

order € :
Dy + wiyr + Crpr = 0 (7.7a)
Dop1 =0
order €2 :
Dgya + wiya + C1ip2 = Nai (y1)
+ Noz(p1) + Noa(y1, Trefr) (7.7b)
+ Nas(y1,p1) + Nog(p1, Zrefr)
Dop2 = —D1p1
order € :

Djys + wiys + C11p3 = Na1(y1,y2)
+ N33(p1,p2) + Naa(y1, Y2, Trefr » Tref2)

+ N35(y1, Y2, p1,D2) + N36 (D1, D2, Trefr s Tref2) 7
+ Na7(y1, Trefr, P1)
Dops = —D1ps — Dapy — kg
order €* :
D3ys + wiys + Crips = Na1(y1, 92, y3)
+ Naz(p1,p2,p3)
+ Nua(Y1, Y2, Y35 Trefr s Trefz, Trefz) (7.74)

+ Nus(y1, y2, Y3, P1, P2, P3)
+ N46(p17p2a b3, jref] ; i‘7‘6]‘2 ) j7"ef5’)
+ Nz (Y1, Y2, Treft s Tref2, D1, P2)

Dopy = —D1p3 — Dopa — D3p1 — kgyo
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whose first equation, at each order, has the same structure as that in (B.2)),
apart from replacing Z,,; with y, including the Z,.y coupling terms, and

exhibiting terms ensuing from the target distance variable p. Solutions of

system (|7.7a}) are

pP1 = B(TlaTQa T3)

‘ (7.8)
Y = A(Tl, Ts, T3)€ZW1TO — Cll/w%B(Tla T, Tg) + c.c.

with A(T1,T»,T5) and B(T1,T», T3) which are undetermined functions of the
slow time scales and c.c. which are the complex conjugate of terms contain-
ing the complex amplitude A (the overbar denotes the complex conjugate
and ¢ the imaginary unit). Solutions highlight that py (11, 7%,T3) is a
modulated nontrivial equilibrium solution, while y; (77, T, T3) is a harmonic
solution modified by the equilibrium position of p;. Substitution of p; in
the second equation of yields

Dop2 = —D1B (7.9)

where the dependence on the time scales has been omitted. Elimination of

secular terms requires

DB =0 (7.10)

so that B = B(T»,T3), and solution of is
p2=0 (7.11)
Using and , and remembering equation
Freft = Aun(T1, To, T3)e1T0 4 c.c.

is solution of amplitude Ay, (71, T3, T3) of the first order uncontrolled system,
the first equation of (7.7b|) becomes

Diyatwiys = —2Ca14 (AA+ AAy,) — Co12B?
— erTo (Co13 (A + Aypn) B + 2iw1 D1 A) (7.12)
— Co1 €170 (A% + 244, + c.c.



7.1. Multiple scale analysis 91

and the solvability condition implies that

1Ca13

2w1
For the uncontrolled system, it is (B.5))
Di1Ay, =0 thus A, = Aun(TQ, Tg)

The particular solution at this order is

yo =81 (42 4 24A,,) FerTo — 2O (454 A4,
3wi wi
- (7.14)
_ 2;2 B® 4 cc
wy

while the solution of the uncontrolled system (B.2]) is

20514
2
Wi

24w Tt A
eXW1o AunAun + c.c.

For the expression of the Cjjj coefficients, see Sect. of Appendix [C]
At the third order, by means of the obtained results the second of ((7.7¢])

becomes
Dops = — DaB + kyC11 Bjw} — kgAe™ ™ + c.c. (7.15)

and the secular terms elimination, providing

DB = k,C11B/w? (7.16)
permits to obtain
]% A iwlT()
b3 = Mol + c.c. (7-17)
w1

Using (7.8]), (B.3]), (7.10)),(7.11)),(7.13)),(7.14)),(7.16)),(7.17]), the first equation
of (7.7¢) becomes
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Diys + wiys =731 70 + 730e* 170 4 333170 4 55 B
+ 736 (AA + AAyn + AAyp + AunAun) B
+ 737 (A4 Aun) D1A + y37AD1 Ayp,
— C11/wiD?B + c.c.

(7.18)

with v;jx defined in Sect. [C.2] of Appendix [C]
The solvability condition is, using the definition of 31,

2iw1 Dy A+ Car (A*A + 2AAAu, + AAL, + A% Ay + 2A A0 Aun)
+ Cs02 (A32 + AUnBQ)

. (7.19)
+i <C35w1 + Cllkg) A=0

w1

from which
Cysw? + Ok,
— A
2wy
N Cs01 (A?2A+ 24AA,, + AA2, + A? Ay + 2A A0 Aun)
1
2001

DyA =—

(7.20)

C 2 2
L G802 (AB? + Ay B?)
2(«}1

By eliminating the secular terms in (7.18)), the particular solution at the

third order for the controlled system results

y3 =Cs06B> 4+ C503 (A3 13424, + 3A12m) 3w T
+ O304 (A?B + 2AA,, B + A2, B) e*11o (7.21)
+ 0305 (AAB + AunAB + ABAun + AunBAun) + c.c.

For what concerns the uncontrolled system, the solvability condition at the

third order yields (B.8))

035 .0301 —
DAy = _7Aun + ZTwl (Aq%nAun)
+ %eiasz + %ei(auTﬁ%) + Zvccu oi(ouTa+du)
4wy 4wy 4w
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and the particular solution results

~ 3 3iwi Tt
Zref3 :Cgo3z4un€ 140 4+ c.c.

Such results allow one to rewrite the second equation of ((7.7d]) as

~

kg
Dops = — D3B — sz Aerto

2200k (45 a 4 A, + 2k

w1 Wl
0211743

Wl

B? (7.22)
(A2 +24A4, ) ZiwnTo 4 ¢ e

with the secular term being

—==19 g2 (7.23)

20914k, 9 (AA+ AgA+ Ad) + Corok

DgB = 4
Wl wl

and the particular solution resulting

10213743
2w1
iCQllkg
+
3w

Py = 9 (AB + AypB) e o

(7.24)

(A% +24A,,) 2170 + c.c.
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The first equation (7.7d)) at the fourth order hence becomes

D3ys + wiys = — A% (ya7 A% + 2747 A Ay, + Y47 A2,
— 4747 AAun AAyy — A (B? (vas A + vas Aun))
+749 Aun + Y5ae T2 + 755€_w“T2_i¢”)
— 247 A2 AAun — Va5 Aun B Aun,
— B (v4sAD1 A + y4sADy Aun
+v48 Aun D1 A + Va3 Aun D1 Aun + V53 D1 B)
— 757AD%A — 757/1D%Aun — v56ADy A (7.25)
— Y56 AD2 Aup — Y57 Aun D A
— V56 Aun D2 A — y50D1AD1 A
— v50D1AD1 Ay — 51 D1 B?
— 468" — y52D1 D2 B

w1 Ty 2iw1To

— Y53D1B — ya1€ — Yaze

. ,.)/43631w1T0 . ’)’4464ZWITO +ecec.

The secular terms elimination requires that v4; = 0. Using equations
(7.10),(7.13)),(B.5),(7.16),(7.20)),(B.8]), and assuming that
dDiA  dD5A
2D1Ds A =
e i, | dn
it results

D3A =B (402 A + Y402 Aun)
+ B (1401 A% A + 7401 A* Ay
+2'7401AAAUTL + 2'7401AAunAun
(7.26)
+7104A + Y103 Aun
+ya01 AAZ, + v A2, A

+yg05eu T2 TP 4 7406€ZUUT2>

According to the usual reconstitution procedure [79], the amplitudes
derivatives with respect to time ¢ are obtained from ([7.3])
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A = 6D1A + 62D2A + €3D3A

. (7.27)
B =¢eDiB+ ¢2DyB + D3 B

in which D1 B, D1 A, DaB, D2 A, D3 B, D3 A are defined in (7.10)), (7.13]), (7.16),
(]720'), (|723D and (1726D Finally, considering that 035, 0405, 0423 = f(ﬁl, ﬁQ),

Ccua Csu7 Ccuzu Csuzu 04117 C’413 - f(U)7 CS’U7 Csmn Csmw’ C(412 == f(v)7 the €

parameter is completely reabsorbed through the backward rescaling

€A— A, B =B, Ay — Aun, kg — kg 035 — Css,

?Cao5 — Cao5, €Caaz — Cua3,  €Coyy — Crypy € Csyy — Oy,

Comi = Cowuy,  Csuu = Couuy, €05 — Csy,  Csp — Oy, (7.28)
ECspmw — Csppwy,  €Ca11 — Ca11,  €Cpiz — Cipz,

Cu3 — Cuiz, €20y — 0w, €20y — 0.
The obtained modulation equations (or bifurcation equations) are

A=+ BsAB + By A+ B5 Aun B + B3 B cos (ot + ¢u)
— BroBsin (out + ¢u) + B11B cos (oyt)
+ i (Auyn (A2 (B1B + B1) + 2AAu, (B1B + Ba) + B1 A2, B)
+AA(B1B + Ba) + 281 AAAun
+AB (281AAy, + B (B2B + B3) + 57)
+Aun (B (B1AAu + B (B2B + B3) + B7) + B1AAun)
+B (Bg sin (out + ) + Bio cos (out + ¢y) + P11 sin (o4t)))

(7.29)

) _ o
B= 02124’“9 (Adyn + AA+ AAy,)
wy
k k
02122 9 52 C'112 9 p
wy wi

Note that the complex amplitudes A and B are of order € (A = €A, B =
eB), as they refer to the displacement y and the target distance p, respec-
tively.

To conveniently express the system ((7.29)) in Cartesian coordinates, it has
to be transformed in an autonomous form, and so the presence of resonant

external vertical excitation V, or resonant parametric horizontal excitation
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Uy has to be taken into account separately. For the horizontally forced case
(Vg = 0), and remembering that o, = (€2, — 1) w1, system (7.29)) reduces to

A =+ BsAB + ByA + BsAun B + By Beiut(Qumwnt
+i (Aun (A% (B1B + B1) + 2AAun (B1B + Ba) + B1 A3, B)
+APA(B1B + Ba) + 281AA Ay
+AB (281AAun + B (82B + B3) + f37)
+Aun (B (BLAAu + B (B2B + 3) + B7) + faAAun) (7.30)
+610€i¢u+(9u—1)w1t>

B :202124kg (Adun + AA+ AAy,)

Pre-multiplication of both sides of equation (7.30) by e "¢« (=11t yields

G =+ BsBG + BsB + B5BGun + BoG
+i (Gun (G2(B1B + B1) + f1BG2,, + 2GGun(f1B + Bu))
+G (G*(B1B + B1) + G2, (B1B + Ba) + 2GGun(B1B + B1))  (7.31)
+52B*(G + Gun) + B3B*(G + Gun)
+B(B7(G + Gun) + Br0) —wi(Qy — 1)G)

where transformations
G = Aem v Qu-Dnt = & — fe—idu—(Qu-Dwnt
Gun = Aune_i¢u_(Qu_1)wlt, Gun = Aype"iGu=(Qu—1wrt
have been applied. Finally, using the following coordinates transformations

1

G = () +int), G= G0 —in(), B=0b)
Gun = %(]un(t) + inun(t))’ Gun = %(]un(t) - Znun(t))
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system ([7.30)) results

J(t) = = Ban(t)b(t)’ — Banun()b(t)* — B3n(t)b(t)* — Barun(t)b(t)?

= ZLjun (0P un (D) — “ran 0%5(0) + Biun (900
+ a3 (BB() ~ Brn(t)b(e) — Brman ()0(1) + 265001
= B 0Pmun (O6(0) — 2 (0P man ()00
= i OdunOn(b(0) = L jun 00000
= (0 (5(0) — L4 m(00)
O 11000 3
— Bl ®b(e) + B (1) ~ 256V mun()
= B (e n(t) = 35 (0 un (1)
~ 35Ot — L (0Pn()
= B Odun(On(0) ~ 5O gunman (1)
Ba
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() =B2j(t)b(t)® + Bajun(t)b(t)* + B ()b(t)? + Bajun (t)b(t)?
b1 B1

S un(0)B(8) + Zun ()12 (£)20(8) + Bsrran (£)D(2)
+ Bon()b(t) + Bri()b(t) + Brjun(t)b(t) + 2B10b(t)
1 3% 3(8)2jun (t)b(t) + %jun(wn(t)%(t)
I %j(t)n(t)nm(t)b(t) + 3%j(t)jun(t)2b(t)
+ % () run (8)%0(t) + %j(t)%(t)
+ IOROO + g On(Oman (D0(0) + fom (7.33)
+ 3% 5(8)%fun(t) + 3%3‘ (t)un (t)?
i %j(t)nm(t)Q + %jun(t)n(t)Q
n %j(t)g’ + %j(t)n(lﬁ)2 + %j(t)n(t)"“”(t)
n % Jun (B0 ()10 (£) + (w1 — w10)5(t)
b(t) :Cﬁ%";gb(t)? + ij;gb(t) + C;M%kgi (®)’
+ Ci‘%kgj ()jun(t) + C;ij%k In(t)® + C%%kg”@”un(’f)

where j(t) and n(t) are the real and imaginary parts of the complex am-
plitude A, respectively, and jy,(t) and n,,(t) are the real and imaginary
parts of the reference complex amplitude A,,,, respectively. The asymptotic
system is completed by the 2 Cartesian perturbation equations furnished by

the analysis of the uncontrolled system ([B.17))

. o Csu . % . . 0301 . 2 3
]un(t) = Aoy 4 ]un(t) 16w, (]un(t) nun(t) +nun(t) )
+ Sun(t) (2= 1)
. _ Cau Cs Cs01 2 3
nun(t) = ooy 4 nun(t) + 1600, (nun(t) ]un(t) +.7un(t) )
w1

= L jun(t) (€0 = 1)
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7.2 Validity of the asymptotic solution

To check the validity of the asymptotic solution, AMEs of the uncontrolled
system have been added to the controlled ones , so that the am-
plitudes reported in figure obtained through the relation a = \/‘72—1—7712 ,
furnish not only the trivial solution (j,n,b) = (0,0,0), which confirms the
validity of the control application, but also the couple (jun, nun) Which cor-

responds to the asymptotic reference response.

0.4 0.4

0.0

0.015

0.010

0.005

0.
0.80 0.85 0.90 0.95 1.00 1.05 1.10 115

Qu

Figure 7.1: Asymptotic solutions for the parametrically forced system at U, = 0.0001:
controlled amplitudes a, b (a) and uncontrolled amplitude @, (b)

Once verified the validity of the controlled asymptotic solution, an ad-
ditional check is developed comparing the reference asymptotic solution —
as obtained with the enlarged (i.e., controlled) system — with the results
obtained via numerical integration of the system equations, for the verti-
cally and horizontally forced system, separately. Here, the amplitude of the
numerical solution is evaluated from (e — Tmin) /2 and the chosen pa-
rameters values are the same already considered in with k, = 0.001.
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Figures demonstrate that the obtained asymptotic solutions (red
lines) are in good agreement with the behavior of the original ODEs (black
lines). It is interesting to point out that the amplitude of the system re-
sponse under horizontal excitation is half the one obtained with the vertical
force; this is due to the fact that the primary resonance is the principal
one for an externally driven system, while the parametric excitation affects

mainly the subharmonic resonance.

0.0 0.001

0.0008|
0.015

0.0006]
a 0.010 a

0.0004

0.005
0.0002

o 0.85 0.90 0.95 1.00 1.05 110 o 0.96 0.98 1.00 1.02 1.04

Qu Qu

Figure 7.2: Asymptotic (red line) and numerical (black line) solutions for the paramet-
rically forced system at Uy = 0.0001

0.035

0.030] 0.0015

0.025

a 0.020 d0.0010

0.015

0.010 0.0005

0.005

~ 0.85 0.90 0.95 1.00 1.05 110 : 0.96 0.98 1.00 1.02 1.04

Qv Qv

Figure 7.3: Asymptotic (red line) and numerical (black line) solutions for the externally
forced system at V; = 0.0001
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Stability of the asymptotic solution has been also verified by studying the
response of the bifurcation equations as a function of the feedback control
parameter kg. On the basis of what said about figures [7.2[7.3] analyses are

referred to the horizontally forced system.

0.00:
0.0025!
0.0024
0.0023
kg
0.0022

0.0021

0.0020

0.0025
0.0024
0.0023|
kg
0.0022

0.0021|

0.0020

T

0.00 10000 10005 10010 0-003%3a5 0.8350 0.8355

Qu ou

0.9985 0.9990 0.9995 0.8360 0.8365 0.8370

(a)

0.00:

0.0025
0.0024

0.0023f AMEs
kg [

0.0022f opgs

0.0021

0.0020

0.001

0.002 0.004 0.006 0.008 0.4

010
Qu +9.94e-1
(c)
Figure 7.4: Behavior charts in the Q,-k4 plane around primary resonance at U = 0.0001
for the asymptotic system (a) and for the original ODEs system (b). Comparison between
the asymptotic result (red curve) and the original system result (black curve) (c). TR:

torus bifurcation, HB: Hopf bifurcation, T: transcritical bifurcation, gray region: stable
region

The behavior chart reported in figure [7.4(a)| shows the escape threshold
of the asymptotic system in the ,-k, plane. The results show that the
asymptotic system loses its stability through a Hopf bifurcation, except for
a confined region around the resonance peak, for which the instability arises
via a transcritical bifurcation.

It is evident the similarity between the qualitative behavior of the ana-

lyzed system and the same results obtained for the original system of ODEs
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reported in figure which will be described in detail in Sect. just
considering that a torus bifurcation of a periodic solution corresponds to a
Hopf bifurcation of the relevant amplitude asymptotic solution. The good
agreement of the results concerns also the quantitative aspect, as shown in
figure [7.4(c)l with an error on the amplitude of about 2%.

To confirm the accuracy of the asymptotic system, additional bifurcation
diagrams, for increasing values of the feedback control parameter k,, are
reported in figure together with the corresponding results obtained for
the original ODEs system.
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3 0.04 \ b 0.0001
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Figure 7.5: Bifurcation diagram at U = 0.0001 for varying kg at €, = 0.9999 for
the asymptotic system (a) and at w, = 0.8358 (= Q, = 1) for the ODEs system (b).
S1,81’,S1”: equilibrium solutions in the AMEs which correspond to P1,P1’,P1” periodic
solutions in the ODEs; C’',C"”: limit cicles in the AMEs which correspond to quasiperiodic
solutions in the ODEs; HB: Hopf bifurcation in the AMEs which correspond to torus
bifurcation (TR) in the ODESs; T: transcritical bifurcation; SN: saddle-node bifurcation

Figure|7.5(a)|shows the evolution of the system response as a function of
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kg, at a forcing frequency value close to the primary resonance €2, = 0.9999,
to be compared with figure [7.5(b)| (deeply analyzed in Sect.[8.1)). Both the
asymptotic system and the original one exhibit the presence of two peri-
odic solutions P1’ and P1” which arise from the transcritical bifurcation
responsible for the loss of stability of the controlled main periodic solution
P1. Such solutions, anyway, are not properly controlled by the system, as
highlighted by the non-zero value of the control variable z (with amplitude
b) reported on the right side of figures Also in this case an
excellent agreement between the results of the two systems can be observed,
not only about the qualitative behavior of the response but also about the
detection of the bifurcation events responsible for changes in stability. Also
the quantitative results are satisfactory, with an error on the amplitude of
the controlled solution P1 of about 5% (see spectra of the P1, P1’ and P1”
solution reported in figures of Sect. . It is worth underlining
that the asymptotic system allows one to select and follow also the evolu-
tion of the system quasiperiodic responses, which in such system appear as
periodic solution arisen from the Hopf bifurcations (red curves C' and C”
on figures [7.5(a))).
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Figure 7.6: Comparison between results obtained from ODEs system (black) and from
AMESs system (red) for U = 0.0001 and k4 = 0.002 (a) and for U = 0.001 and k, = 0.001

(b)

Finally, the good concordance of results is confirmed by the comparison
between frequency-amplitude curves obtained for the AMESs system and for
the ODEs system at feedback control value close to the escape k; = 0.002
(figure . The reported response curves almost overlap, as well as the
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region of instability confined by a couple of transcritical bifurcations which
correspond to the crossing of the resonance loop of figure Also for an
increased forcing amplitude value U = 0.001 (figure the asymptotic
system provides good results, even if slight differences can be highlighted
around the top of the resonance curve, where the high value of the response

amplitude does not fulfill the ordering of the asymptotic system (i.e. a = €ea).



Chapter 8

Strongly nonlinear dynamics

of the controlled system

The previous chapter has pointed out that the external feedback control
introduced into the AFM model is a simple but powerful technique able
to avoid possible unstable responses of the AFM cantilever and thus to
contribute to guarantee the accuracy of the scanning operations. As already
explained, this method can be defined as a “local” control, as its aim is not
to overall regularize the global system dynamics [62], 90], but to keep the
cantilever response to the reference one thus reliably measuring the sample
surface. Yet, a matter of considerable theoretical and practical interest is
also the study of the global nonlinear dynamics of the controlled system, in
order to investigate and a posteriori verify possible undesirable effects of the

control introduction on the system behavior.

For this purpose, a comprehensive analysis of the system dynamical re-
sponse has been carried out and the influence of selected parameters varia-
tion has been examined, for both the cases of parametrically and externally
forced system. Behavior charts around primary and subharmonic resonances
are reported together with several bifurcation diagrams to detect the main
local bifurcation thresholds as a function of the forcing amplitude, the feed-
back control parameter and the nonlinear interaction. Here, the increased
number of dofs and parameters produces an enriched dynamical scenario
which can be compared with the results presented in Chapter [3| for the
uncontrolled system. Overall, the analysis of strongly nonlinear dynamics

allows one to highlight the influence of the external feedback control on the

105
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dynamical behavior of the system up to the undesired “jump-to-contact”.

8.1 Controlled AFM system under parametric ex-

citation

The dynamical response of the controlled system under the horizontal para-
metric scan excitation has been studied for a wide range of forcing frequen-
cies that include the principal and the fundamental resonances. By again

neglecting the following parameters
ag =0, p2=0, pu2=0, m=0, 7m2=0

as in the uncontrolled case, the system equation becomes

r .
i+ a1z + azz’ = — ! 5 — mT + U,
(I4+z+2z—2) (8.1)

2= kg (Trep — )

with Uy = U sin(w,t). Parameter values used for the reported analyses are

the same considered previously, namely,

a1 =1, a3 =0.1, p; =0.001, v»; =0.01, vy =0.01
w1 = 15708, T'y =0.1, z;=0.01.

Numerical analyses have been carried out by means of the continuation soft-
ware AUTO [25], which permits to obtain bifurcation diagrams and behavior
charts in terms of selected parameters. Here, most attention is devoted to
study the system nonlinear response under changes in the forcing amplitude
U and the feedback control parameter kg4, although the influence of the non-
linear interaction term is also investigated. It is worth noting here that some
graphical devices are used in the next figures to distinguish among bifurca-
tion loci and simplify their interpretation: considering the charts of bifur-
cation/response scenarios, green lines correspond to saddle-node thresholds
(SN), red lines are associated to period doubling bifurcations (PD), blue
lines represent transcritical bifurcations (T) and black lines identify torus
loci (TR).

For what concerns the analysis of the system dynamics under variation
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of the forcing amplitude U, several bifurcation diagrams have been realized
to detect the main kinds of local bifurcations responsible for the stability
loss, and local bifurcation thresholds have been numerically obtained, whose
results are summarized in figure [8.1] The local bifurcation loci which rep-
resent the escape thresholds for the uncontrolled system are present also in
the controlled case, even if they do not correspond to the actual stability
boundaries anymore: Nevertheless, they are reported in figure together
with the escape thresholds of the controlled system, as they are useful tools
for an immediate comparison of results. In the low-frequency range range
up to the fundamental resonance (w, = 0.835 = wj), the system escape
threshold is governed by the torus bifurcation of the nonresonant P1 so-
lution (apart from confined thresholds of period doublings) which occurs

before the saddle-node formerly governing the onset of escape in the uncon-

J\H}

|l l‘

J\lHH\

-

10 \ \ \ | T T ‘

0.4 0.6 0.8 1 1.2 14 16 1.8 2
w=0.835 = Wy Wy w = 1.67 = 2w,

Figure 8.1: Local bifurcations map and overall escape threshold in the frequency-
amplitude plane of parametric scan excitation and for k; = 0.001. Gray area: region
of stable reference response of the controlled system; dotted gray line: overall escape
boundary; SN1: saddle-node bifurcation of P1 solution; T1: trascritical bifurcation of P1
solution; TR1: torus bifurcation of P1 solution; SpPD1: supercritical period doubling of
P1 solution; SbPD1: subcritical period doubling of P1 bifurcation; SN2: saddle-node of
P2 solution; TR2: torus bifurcation of P2 solution
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Figure 8.2: Behavior chart at low frequencies in the w,-U plane and for k; = 0.001

trolled case (see figure , while the transcritical bifurcation of the resonant
P1 solution occurs before the period doubling, thus leading to system in-
stability for frequencies to the right of the fundamental resonance instead
of the period doubling sequence. For higher frequencies which include the
principal resonance (w, = 1.67 = 2w;), the system shows the coexistence
of 1-period and 2-period solutions, which become unstable via a couple of
period doublings and a torus bifurcation which replaces the period doubling,

respectively.
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—o0.10} ,
-0.12} ,
K

TRL L
—0.14} ’
-0.16 / 27

—-0.18

0.2 0.4 0.6 0.8 1.0

Figure 8.3: Bifurcation diagram at w, = 0.7 with detection of the torus bifurcation at
U = 0.1867 and the saddle-node bifurcation at U = 0.2293



8.1. Controlled AFM system under parametric excitation 109

It is worth underlining that the stable region of figure refers to solu-
tions for which the feedback control works properly, i.e. stable responses of
the type (x,ef, 25). Accordingly, stable motions exhibited by the system that
do not settle onto the reference one are considered as unwanted outcomes
and thus out of the stability range. This is the case, for example, of stable
quasi-periodic solutions born out of the torus bifurcations, an example of
which is reported in figures [8.3] and [8:4] for a forcing frequency of w, = 0.7.
Here, the bifurcation diagram as function of the forcing amplitude shows the
occurrence of a torus bifurcation at U = 0.1867 which makes the nonresonant
P1 solution unstable. After that, the birth of a stable quasi-periodic motion
can be numerically detected in the controlled system, while it does not exist
in the reference uncontrolled one (see figure . Note that in this case the
control variable z does not reach the expected position zs = 0.01 (see the
temporal evolution of figure against the one in figure . The
quasi-periodic solution exists up to the amplitude value U = 0.2293, when
a saddle-node bifurcation makes the reference solution disappear; since it
represents the input for the numerical solution of the controlled system, this

local bifurcation signs also the death of the stable quasi-periodic response.

To analyze more in details the system dynamical response, several charts
of bifurcation/response scenarios have been realized around fundamental
and principal resonances, as function of the most relevant dynamical pa-
rameters, i.e. the forcing frequency w,, the forcing amplitude U and the
feedback control parameter k — g. To achieve an exhaustive description of
their mutual influence of the system behavior, these charts are produced in
the wy,-U, wy-ky and ky-U planes, to be considered as planar sections of a
more general three-dimensional plot. Moreover, the effect of the nonlinear
atomic interaction on the system response is analyzed in view of a com-
parison with the uncontrolled case, and a series of bifurcation diagrams is
presented to complete the results. In the latter, local bifurcations that do
not modify the solutions stability are also reported for the sake of complete-
ness, as they belong to thresholds which are plotted in the behavior charts,
and they contribute to increase/decrease the number of stable Floquet mul-
tipliers. A special behavior concerns the period doubling loci which actually
correspond to a couple of local bifurcations occurring consecutively; each of
them causes the passage of one Floquet multiplier through —1 but only one

signs the arise of a 2-period solution. To improve the figures readability,
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only one period doubling is thus reported.

8.1.1 Nonlinear dynamics around the fundamental resonance

The system dynamical behavior around the fundamental resonance in the
three-dimensional space (w,,, U, kq) is reported in figures
and In the w,-U plane, it is interesting to investigate the influence
of the increasing feedback control parameter on the stability of the main
periodic solutions, and compare the results with the ones obtained for the
uncontrolled system (i.e. k; = 0 in figure . For frequencies up to
wy = 0.835 = wi, the system shows the presence of two 1-period solu-
tions (low-amplitude/nonresonant P1 (P1L) and high-amplitude/resonant
P1 (P1H)) connected through a couple of saddle-node bifurcations, just as
in the uncontrolled case. However, the control introduction in the model
causes the birth of a new threshold of torus bifurcation (TRL) related to
the P1L solution and of two thresholds of transcritical bifurcation (TH)
of the P1H solution, which considerably modify the system stability region.
Figure in fact, shows the appearance of an unstable tongue delimited
by the new bifurcation thresholds which occurs for low values of the forcing
amplitude U, and even for weakly controlled systems. Bifurcation diagrams
of figures help to clarify the point: due to the control, the nonreso-
nant solution becomes unstable with a torus bifurcation TRL which occurs
before the saddle-node SNL, while the resonant one, nearly always unstable
in the low-frequency range, regains stability thanks to the transcritical bifur-
cation TH, which happens always for amplitude values considerably higher
than the ones corresponding to both the saddle-nodes and the torus too.
The main consequence of these new thresholds is that the triangle region
below the V vertex detected in the uncontrolled system with the existence
of both P1L and P1H solutions tends to be reduced by the torus curve, with
the two periodic solutions not coexisting anymore, up to its complete dis-
appearance for higher k, values. Furthermore, P1H solution loses stability
through another transcritical bifurcation before the period doubling PDH
which marked the escape from the boundary region in the uncontrolled sys-
tem. As a result, the total escape boundary for the controlled system settles
on to reduced values of the forcing amplitude. The reported bifurcation
diagrams highlight also the presence of other P1 solutions born out of the
transcritical bifurcations (represented with green lines in figures ,



8.1. Controlled AFM system under parametric excitation 111

which coexist with the main ones and which display a rich scenario of lo-
cal bifurcations; however, bifurcation diagrams with respect to the control
variable z show that for these additional solutions the system fails to reach
the reference position (i.e. z = z; = 0.01) actually making the z response
periodic, so that they appear as unwanted responses. As for the discussed
case of the quasi-periodic orbits, this is due to the fact that such responses
are peculiar to the controlled system, while do not exist in the reference one.

For higher values of the feedback control parameter, (figure , an
unstable region confined by a torus bifurcation (TRH) arises below the up-
per transcritical threshold, and expands as the control increases. Simulta-
neously, the torus bifurcation which instabilizes the P1L solution occurs for
decreasing values of U, up to the critical value of k; = 0.00223 when the
P1L solution becomes entirely unstable. After that, stability regions reduce
to narrow strips of existence of stable P1H solution, associated with limited
ranges of forcing amplitude U (see behavior charts at k, = 0.01 of figure
B6(b)-

It is worth underlining that the limit value of the feedback control pa-
rameter k, is the same obtained studying the stability of the equilibrium
solution in Sect. which was related to the occurrence of a Hopf bifur-
cation. The comparison with the obtained numerical results shows a good
agreement in terms of both the numerical value and the kind of associated
local bifurcation (the Hopf bifurcation of the asymptotic equilibrium cor-
responds to the torus on the ODEs problem), and thus confirms that it
represents the upper boundary for the existence of the main stable periodic

solution P1L of the system, for increasing k.
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Additional informations are given by figure which refers to the bi-

furcation/response scenario in the w,-kq4 plane.

Figure is obtained at a forcing amplitude value of U = 0.0001,
and shows that such torus threshold is approximately valid in the whole
frequency range analyzed, with the exception of a narrow range around
the fundamental resonance frequency w, = w; = 0.8358 where a loop of

transcritical bifurcation breaks the torus curve and let the escape bound-
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Figure 8.11: Behavior charts in the w, — k4 plane around primary resonance for different
values of the forcing amplitude: U = 0.0001 (a), U = 0.15 (b)
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ary decrease. The bifurcation diagram at this forcing frequency against the
k, parameter is reported in figure Here, the transcritical event
at kg, = 0.00193 leads to the birth of a stable switched P1 solution (P1’),
while from the unstable switched branch another P1 solution (P1”) arises
through a saddle-node bifurcation at k, = 0.0019. Both the new P1’ and
P1” responses are periodic in z and z variables, and thus show an improper
control operation. Finally, two different torus bifurcations make them un-
stable at k;, = 0.00226 and k, = 0.00214, respectively, and become starting
points for quasiperiodic solutions which exist as the feedback control pa-
rameter increases. Looking at temporary evolutions and fft diagrams of P1,
P1’ and P1” solutions reported in figures for increasing ky values,
it is interesting to note that the z variable moves from constant response
(figure to quasiperiodic motion (figure in a narrow range of
feedback control values (Ak, = 4 x 10™%), while the x variable remains al-
most unchanged, becoming quasiperiodic after the torus bifurcation with a
frequency modulation which tends to zero. It can be conjectured that at
the considered forcing frequency the close proximity to the natural system
frequency (w, = wq) leads to a substantial increase of the response ampli-
tude that the feedback control barely dominates and that is manifested in
the decrease of the escape threshold. Outside the resonance loop, on the
contrary, the P1 solution becomes quasiperiodic via a torus event for an
almost constant value of the feedback control parameter k, = 0.00223, with
the x variable which has a modulation considerably faster than the z one,
as reported in figure for w, = 0.7. In this case, thus, it is the  which
governs the passage from periodicity to quansiperiodical behavior. Lastly, it
is worth focusing on the quasiperiodic response evolution as the forcing fre-
quency approaches the fundamental resonance, referring thus to figure [8.16
at a feedback control parameter value of k; = 0.00228. The reported results
highlight that the x variable exhibits the known phenomenon of phase lock-
ing, due to the synchronization of the response frequency to the forcing one,
which produces the passage from quasiperiodic behavior to periodic oscil-
lations. Its modulation frequency, in fact, passes from fast to almost zero,
even if the system variable coupling does not allow it to become periodic.
Simultaneously, it is evident a substantial increase of the response ampli-
tude, which is reflected on the increasingly marked quasiperiodic response

of the z variable.
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wy, = 0.8358 and U = 0.0001. Gray line represents the reference response evolution
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Behavior charts of figures in the kq4-U plane for different forc-
ing frequencies show that some confined stable regions exist also past the
disappearance of the P1L solution and for high values of the feedback con-
trol parameter; they are related to the P1H solution and are present only

for rather high forcing amplitudes.
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Figure 8.18: Behavior charts in the k; — U plane around primary resonance for w, = 0.7
(a) and w, = 0.76 (b)
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Finally, changes in the dynamical response of the controlled system for
varying values of the nonlinear interaction parameter I'; are studied in fig-
ures [8.2048.22] focusing at a frequency of w, = 0.7. This value, in fact,
belongs to the frequencies range which shows the presence of the lowest
peak in the P1 solution of the uncontrolled system, as already explained in
Sect. A comparison with figures permits to clearly understand
the effect of the control addition on the system response to a varying atomic
interaction. Also in the I'y-U plane, the region of coexistence of the P1 solu-
tions disappears and a new torus TRL threshold lowers the escape boundary
of the P1L response, formerly represented by the saddle-node SNL thresh-
old. However, the control presence affects mostly the P1H solution, which
in the uncontrolled system was confined by the period doubling threshold;
the onset of a new trancritical locus (TH) and of a new torus one (TRH)
significantly reduces its stability range which passes from I'y € [0.127,0.149]
to I'; € [0.1305,0.1313] at a forcing amplitude of U = 0.0005. As expected,
the escape value of the atomic interaction decreases as the forcing amplitude
grows up, and the instability area consequently expands, as displayed also

in the w, — I'1 charts of figure [8.21
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Figure 8.20: Behavior chart in the I'1-U plane around principal resonance for w, = 0.7



8.1. Controlled AFM system under parametric excitation

129

T

T

I

(c)

0.155

0.150]

0.145|

0.140|

0.135

0.130]

0.125

0.120]

0.115'

0.09

0.08

SNH
NL- SNH
TH
TRL TRH
0.60 0.65 0.70 0.75 0.80

Wu

SNH

SNL PDH
TH
TRL TRH
0'06. 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Wu

Figure 8.21: Behavior charts in the w,-I"; plane around primary resonance for different

values of the forcing amplitude: U = 0.0001 (a), U = 0.0005 (b) and U = 0.15 (c)



130

8. STRONGLY NONLINEAR DYNAMICS OF THE CONTROLLED SYSTEM

-0.11
0.010
oTH
-0.185 SNH ¢,
0
i TH 0.005
~0.190 SNL ¢
|
i
x '
% -0.195 ! P1H
= ' > 0.000
P1L '
TRL /
~0.200 - //
el " TRH
\ ~0.005]
-0.205 \,
-0.2 =
0128 0129 0130 0131 0132
- ~0220 -0.215 -0210 _ -0.205 -0200 -0.95
ri x
(a)
0.01
4 SNH
N TH
-0.10 2
0.010
-012 P1H
0.005
P1L
014
2 >
E 0.000
-0.16
K TH ~0.005]
-0.18 SNL &
, P1H
P1L  TRL
— - .- ~0.010
-0.20 e
TRH S~y
0.127 0.128 0129 0.130 0.131 0132 o33 o3 o3l 630 —yT)
r x
0.3, \\\
N P1H
N Y 0.2
02t . s
~ 0.1
2 0.1 \ ~ TH
= \ - 0.0
0.0 o SNL P1H
-0.1]
PiL
TRL
~01 TRH o2
0.09 0.10 0.11 0.12 013 0.14 015 -0.3]
5 -05 —04 ~03 02 —01 0.0
ri x

Figure 8.22: Bifurcation diagrams as function of the nonlinear interaction coefficient I'y
at w, = 0.7 for U = 0.0001 (a), U = 0.0005 (b) and U = 0.15 (c). Periodic orbits on the
phase plane refer to P11 and P1H solutions lof the corresponding bifurcation diagrams



8.1. Controlled AFM system under parametric excitation 131

8.1.2 Nonlinear dynamics around the principal resonance

Moving to the neighborhood of principal resonance (w, = 1.67 = 2wy), bi-
furcation diagrams of figures [3.24] show the coexistence of 1-period and
2-period solutions, which is a typical feature of the system. However, with
the control introduction the system displays the presence of three P2 so-
lutions, two of them arisen from the subcritical (SbPD) and supercritical
(SpPD) period doublings which occur in sequence and instabilize the P1 so-
lution (P2’ (red) and P2” (green) curves in figures , the third one
which on the contrary is disconnected from the others (P2 (blue) solution in
figures . Of these three 2-period responses, only the independent
one exhibits a stable branch delimited by a saddle-node (SNP2) and a torus
(TRP2) bifurcation, while the others remain unstable as the forcing ampli-
tude increases. On the other hand, bifurcation diagrams with respect to the
control variable z highlight that the feedback control works properly only
on the unstable P2’ solution related to the subcritical period doubling, as it
was reasonable to expect since it is the only 2-period solution present also in
the uncontrolled system. Accordingly, in the chart of bifurcation/response
scenarios in the w,-U plane of figure the system escape threshold
coincides with the subcritical period doubling curve which instabilizes the
P1 solution, as in the uncontrolled case (figure . Nevertheless, it is in-
teresting to study the dynamical evolution of the new P2 solution as the
forcing amplitude increases: figure is referred to its local bifurcation
thresholds and some observations can be pointed out. While torus bifur-
cations are new events which instabilize the response, period doubling and
saddle-node curves coincides with the ones related to the 2-period solution
of the uncontrolled system, and thus to the bifurcations which affect the
unstable P2’ solution arisen from the subcritical period doubling (SbPD).
This entails that, differently from the other solutions typical of the con-
trolled system (i.e. quasi-periodic responses and 1-period solutions arisen
from trancritical bifurcations) which exhibit local bifurcations absent in the
uncontrolled case, the P2 solution around principal resonance shows a bifur-
cation behavior coherent with the correctly controlled responses. However, it
is qualitatively different from the original 2-period solution since its portrait
in the phase plane in figure highlights a different frequency content and
an amplitude considerably lower (at U = 0.01 its amplitude is 0.006 versus

an amplitude of 0.18 of the uncontrolled 2-period solution). A final remark
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concerns the frequency range at right of the triangle region, where in the un-
controlled system P2 solution becomes stable through a supercritical period
doubling (SpPD). Here the saddle-node responsible for the stability of the
P2 solution gets close to the period doublings of the P1 solution but remain

separated, even if the corresponding bifurcation thresholds almost coincide

(see bifurcation diagram at w, = 1.75 in figure [8.25]).
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Figure 8.23: Behavior chart in the w,-U plane around principal resonance for k; = 0.001
with detection of stability regions for the properly controlled system (i.e. P1 solution)(a)
and for the P2 solution (b)
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For what concerns the system dynamical response in the w,-k4 plane,
the phase locking phenomenon observed around fundamental resonance and
already described in figures can be detected also around princi-
pal resonance, as shown in figure Here, however, the escape thresh-
old represented by the torus bifurcation locus is interrupted by a loop of
period doubling, which replaces the transcritical loop present around fun-
damental resonance and leads to the arise of a 2-period solution which then
becomes unstable via a torus bifurcation (figure . The presence of a

switched 2-period solution instead of the 1-period solutions denounces the

0.0028f
0.0026

0.0024f

TR TR
£ 0.0022f

\
0.00201 \ /
\U
0.0018
PD
0.0016
P1
1.6‘710 1.6715 1.6720 1.6725
u
(a)

—0.11( 0.014

0.0104]
-0.115

0.0103
-0.120

% 0.0102
=

MAX x

-0.125
0.0101,

-0.130

T 0.0015 0.0020 0.0025 0.0030 00093010 0.0015 0.0020 0.0025 0.0030
ki ki
(b) (c)

Figure 8.26: Behavior chart in the w, — k4 plane around principal resonance for U =
0.0001 (a) and bifurcation diagrams at w, = 1.6717 with respect to x variable(b) and z
variable (c)
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resonance region under consideration, which is characterized by the presence
of period doubled responses and represents the main resonance region for a
system under parametric excitation, as evident by the significantly increased
loop size with respect to what obtained at w, = w; (the period doubling
threshold spans a k4 range of 1.2 x 1072 and a w, range of 5x 1074, while the
trancritical locus exists for a k, range of about 5 x 10~* and for a w,, range
of about 1 x 10™%). Finally, as for the other cases previously analyzed, the
bifurcation diagram with respect to the control variable z (figure
highlights the failure of the feedback control for all the solutions which are
typical of the controlled system while absent in the uncontrolled one.

Still focusing around the principal resonance, analysis of the system be-
havior in the kg-U plane reported in figure points out another feature
different from what obtained in the fundamental resonance range. In the
former case, in fact, escape from the stability region as function of the feed-
back control parameter k, was due to the disappearance of the torus curve
responsible for the instabilization of the P1 solution; around w, = 2w1,
on the contrary, stability of P1 solution results to be independent of k&,
since the SbPD escape threshold is not modified by the control increase.
Nevertheless, around k, = 0.0022 a torus bifurcation leads to the sudden
annihilation of the stable P1 solution and consequently to the stability loss
of the controlled system. This time the transition from stability to insta-
bility is not consequence of smooth changes in system responses, but it has
to be attributed to the end of the equilibrium stability for the system (note
that for U = 0.0001 the torus threshold appears at k; = 0.00223, the same
value obtained studying the equilibrium stability in Sect. , and thus to

an intrinsic characteristic of the system.
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8.2 Controlled AFM system under external exci-

tation

The analysis of the strongly nonlinear dynamics for the controlled system
is completed by a summary of the outcomes obtained studying the case of
sole vertical excitation, and with the parameter values (8.2)). The problem
is governed by the following equation:

3 [

T+ o+ agxr® = — — p1T
L+ +Vy+2—2)°

— (Vi Ky G — &) + 01 (Vg + by (g — 2)) ) 2

s = ky (2 — )

8.3)

with V; = Vsin(w,t) and the presented results allow one to underline sim-
ilarities and differences with respect to both the uncontrolled problem and
the parametrically forced system with feedback control. For what concern
the system behavior as a function of the forcing amplitude V, figure [8.28
shows the bifurcation behavior in the whole range of frequencies considered
previously, while charts reported in figures focus around primary

and subharmonic resonance regions.

The charts highlight that in general the vertically forced system has the
same behavior of the horizontally forced one, with the maintenance of the lo-
cal bifurcation thresholds present in the uncontrolled case, while new thresh-
olds of torus and transcritical bifurcations contribute to reduce the stability
region for the system. Nevertheless, some distinctions can be pointed out:
around primary resonance (figure , as for the parametrically forced
case , the P1L solution loses stability through a torus bifurcation
(TRL) which happens before the original saddle-node (SNL), while P1H
solution becomes stable via a transcritical bifurcation (TH). However, the
latter bifurcation occurs for amplitude values significantly higher than in the
parametrically forced case, so that the presence of both the P1 solutions at
the same frequency is limited to a narrow range around the triangle vertex
at w, = 0.82, and anyway without regions of coexistence, as in the horizontal
case. After that, the system exhibits only one P1 solution, which disappears
through a period doubling, as in the uncontrolled case (see figure . The

transcritical threshold which in the case of horizontal forcing was responsible
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Figure 8.29: Behavior chart in the w,-V plane around primary resonance
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for the system instability, in fact, is here shifted to high-amplitude values,
and becomes escape boundary only for frequencies around w, = 1.1.
Around subharmonic resonance in figure the same thresholds of
the uncontrolled case (see figure can be found again, together with
the reverse supercritical period doublings (RevPDP1 and RevPDP2) which
confined the region of in-well instability. With the control introduction, how-
ever, the original P2 solution remains unstable as the amplitude increases,
and the subcritical period doubling threshold of the P1 solution (SubPDP1)
marks the stability boundary for all the properly controlled solutions. Also
in the vertically forced system, as in the parametrically forced case, the pres-
ence of the disconnected P2 solution can be detected, with the associated
curves of saddle-node (SNP2) and torus (TRP2) which sign its birth and
death (figure |8.30(b)|). Differently from what happened in the parametric
case, however, the torus threshold exists also after the disappearance of the
P2 solution at a frequency of about 1.74, but here pertains to the P1 solution
and becomes the bifurcation event responsible for the escape from stability
region in the highest frequency range, instead of the saddle-node SNP1.
Finally, the system behavior analysis as a function of the feedback con-
trol parameter k, points out that also the vertically forced system loses
stability via a torus bifurcation at a value of k;, = 0.00223 in the whole fre-
quency range, with the exception of a loop of transcritical bifurcation around

primary resonance and of a loop of period doubling bifurcation around sub-
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Figure 8.30: Behavior charts in the w,-V plane around subharmonic resonance with
detection of stability regions for P1 solution (a) and P2 solution (b)
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harmonic resonance, as reported in figures [8.31(a){8.31(b)| and as already

discussed for the parametric case (see figures|8.11(a)} [8.26(a))). For the sys-

tem under external excitation, however, the phase locking phenomenon is
stronger around w, = w; and involves a quite larger range of frequencies
with respect to what happens at w, = 2w;. This is due to the fact that
the externally forced system has its main resonance at the system natural

frequency, while the parametric one at twice natural frequency.
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Figure 8.31: Behavior chart in the w,-kq plane around primary resonance (a) and around
subharmonic resonance (b) for V' = 0.0001

As a final remark, it is worth noting that the results reported in figure
are qualitalively similar to those presented by Yagasaki in [124],
obtained from a simple model of tapping AFM subject to the same external
feedback control technique and operating in the noncontact region. Figure
10 of [124], in fact, shows the stability thresholds of the externally forced
system around primary resonance, with the detection of the resonance loop
of transcritical bifurcation which breaks the Hopf bifurcation threshold of
the main periodic orbit. Besides confirming the goodness of the obtained
results, this comparison allows one to reasonably assume that the described
behavior is typical of AFM systems under the presented kind of feedback

control.
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8.3 Stability regions with/without control

To summarize the results obtained in the previous sections concerning the
controlled system, and in view of easily comparing them with what already
presented for the uncontrolled system, two behavior charts in the frequency-
amplitude plane are shown for both the cases of parametric and external
excitations. Figures [8.32 show the overall escape thresholds of the
two systems (controlled/uncontrolled) together with the detection of the
corresponding stability regions, and they clearly highlight the effect of the
external feedback control in reducing the dynamical stability of the system,

mostly around the main resonance frequencies, i.e. wi, 2w; and wy /2.

In the close neighborhood of these values, in fact, the feedback control
causes the onset of instability tongues which dramatically decrease the es-
cape value of the forcing amplitude, with reductions of about 99,9% around
the fundamental (primary) resonance, of 99,4% around the principal (sub-
harmonic) resonance and of about 94% around the superharmonic resonance
frequency. This effect can be explained, as previously mentioned, with the
fact that the close proximity to the resonance frequencies leads to a sub-
stantial increase of the response amplitude of the resonant periodic solu-
tions, that the feedback control is unable to dominate. In these regions,
therefore, the escape threshold of the controlled system is governed by the
nonresonant responses, which become unstable for considerably lower val-
ues of the forcing amplitude. Furthermore, the escape threshold minima
of the controlled system are shifted at frequency values related to the sys-
tem natural frequency wy (i.e. wi1/2, w1, 2wy), since the nonresonant pe-
riodic solutions are not affected by the softening effect of the nonlinear
resonance (as, in contrast, happened for the resonant solutions which gov-
ern the escape profile of the uncontrolled system). It is important to re-
member also that for the controlled system the stability region does not
coincide with all the stable periodic responses, but includes only those on
which the control works properly, thus causing an additional reduction of
the forcing amplitude values to be taken into account. This is evident par-
ticularly around the 2w; frequency, where the escape boundary of the un-
controlled system is governed by the 2-period response which represents
the main periodic solution for the whole range of high frequency values

(see figures and for details about the escape local bifurcations).
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Figure 8.32: Behavior chart in the w,-U plane with detection of the overall escape
thresholds for the controlled (orange line) and uncontrolled (black line) systems under
parametric excitation. Dark gray area represents the stability region of the controlled and
uncontrolled systems, light gray area represents the stability region of the sole uncontrolled
system
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Figure 8.33: Behavior chart in the w,-V plane with detection of the overall escape
thresholds for the controlled (orange line) and uncontrolled (black line) systems under
external excitation. Dark gray area represents the stability region of the controlled and
uncontrolled systems, light gray area represents the stability region of the sole uncontrolled
system
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Conversely, such solution cannot be considered acceptable in the controlled
system, whose stability threshold settles onto the lower amplitudes values
of the escape bifurcations of the 1-period solution (figures and .
Finally, it is worth noting that the above-mentioned features are equally
present both in the parametrically forced system and in the externally forced
one. Furthermore, the qualitative behavior of the escape threshold is not
modified by the control activation, and therefore maintains the typical fea-
tures of systems under parametric (external) excitations already analyzed in
the previous chapters, with V-shaped profiles around resonance regions and
the absolute minimum at principal (primary) resonance, thus demonstrating
that the applied control acts on the system irrespective of the forcing type.
Some concluding remarks are in order as regards the actual effective-
ness of the considered control procedure. As shown in Chapter [7] it works
well for the ”local” purpose for which it is specifically designed, i.e. solely
keeping the system dynamics to a specific 1-period response, assuming of
course that this is the one actually guaranteeing reliable AFM operations.
Accordingly, the control procedure cannot be discredited by the observed
”globally” unfavorable effects, though they are very important in the over-
all system dynamics. Indeed, to possibly affect the strongly nonlinear global
dynamics in a favorable way, a control procedure specifically aimed at mod-
ifying some relevant bifurcation event should be implemented as, e.g., the
one controlling homoclinic bifurcations of the hilltop saddle recently shown
able to increase the escape threshold for a number of dynamical systems of
interest in mechanics (see, e.g., [62]). Yet, while being of no concern that a
local control procedure leaves substantially unchanged the escape threshold,
or even reduces it slightly, it is definitely of major concern that it strongly re-
duces the escape thereshold when the system works at resonance conditions,
as it may happen in unexpected practical situations. As to the second issue,
i.e. the occurrence of a further decrease of stability boundary at principal
(subharmonic) resonance, this is actually of lower concern since, of course,
control should be designed to keep the response to the dominant 2-period
one where this is needed and where it plays the major response role up to

the strongly nonlinear dynamic regime.



144 8. STRONGLY NONLINEAR DYNAMICS OF THE CONTROLLED SYSTEM




Chapter 9

Conclusions

Global dynamics of a single-mode model of noncontact AFM have been
investigated with specific focus on the system dynamical response under
variation of its most important parameters. Extended numerical analyses
have been carried out considering the horizontal scan excitation and the
vertical one separately. The obtained results have allowed to construct sev-
eral bifurcation diagrams and to determine the system escape threshold in
the excitation parameter space as the envelope of local bifurcation escape
boundaries in a large range of forcing frequencies, which includes the pri-

mary and subharmonic resonances.

The outcomes around resonance frequencies highlight that the system
has the same qualitative behavior of a number of softening oscillators, espe-
cially for what concerns the V-shaped region of escape, its limiting bound-
aries and the underlying triangle region with coexisting solutions. Further-
more, the system response under the two different kinds of excitation ex-
hibits the expected position of minimum escape amplitude value, which
occurs at primary (principal) resonance frequency for the external (para-

metrical) excitation case.

The obtained escape excitation amplitudes, corresponding to safe basin
annihilation, have been then compared with those obtained via numerical
integration of the system equations with fixed initial conditions, which cor-
respond to solution divergence. By conducting a comprehensive analysis of
basins of attraction evolution and by evaluating different integrity measures
(GIM and IF), several erosion profiles have been obtained as a function of

the increasing excitation amplitude. This kind of analysis has furnished

145



146 9. CONCLUSIONS

residual integrity levels associated with the system global dynamics. The
results highlight a marked variability with respect to the stability boundary
obtained via numerical integration and, mostly, a meaningful lack of homo-
geneous safety of the latter, as regards robustness of periodic solutions, in
the excitation parameter space. In contrast, the analysis of basins of attrac-
tion evolution in state space and the construction of erosion profiles allow
to detect thresholds of residual integrity able to ensure acceptable safety

targets established a priori according to the required system performances.

Starting from the analyzed model, an external feedback control has been
introduced with the aim of avoiding possible unstable motions of the system:;
the control works by keeping the cantilever vibration to the reference one
which corresponds to the response obtained from the uncontrolled system
with the same set of parameter values. The equilibrium stability analysis
of the controlled system highlights that the control implementation does
not affect the existence of equilibriun states but acts upon its stability by
substantially reducing the stable range. This behavior can also be observed
in the strongly nonlinear dynamical analysis, which has been systematically
carried out both for the parametrically forced system and for the externally
forced one. Due to the increased number of dofs, the results show a richer
bifurcation scenario, characterized by the new presence of torus and tran-
scritical bifurcations which affect the main system periodic responses and
are responsible for the stability boundary reduction. Moreover, such local
bifurcations lead to the onset of quasiperiodic and new periodic solutions
which are absent in the uncontrolled system and for which thus the control
fails to reproduce the reference response. Therefore, the escape threshold for
the controlled system is no longer coincident with the limit of existence of
all stable bounded solutions, but becomes dependent on the actual existence

of the solutions which are the goal of the control procedure.

The comparison with the results obtained from the uncontrolled system
allows one to conclude that the applied control technique works well for the
"local” purpose for which it is specifically designed and from a methodolog-
ical viewpoint represents a simple and efficient procedure of sample surface
measurement in AFM. However, it must be supported, for its practical ap-
plication, by a comprehensive analysis of its effects on the global dynamics
of the system, necessary to properly define the parameters operation ranges,

or even be accompained by a further control procedure specifically aimed at
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modifying some relevant dynamical features of the system.
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Appendix A

Integral expressions of the

modal dynamical system

The integral expressions in (2.18) are:

1
I = (I — ph2), Ii={In—plie), In= / dids =1,
0

1 s s
I41 :/ (I)l <q)15/ / (I’lg ds d8> dS,
0 1 0 s

1 1
/ D1P;,,,,ds = w%/ <I>% ds = w%IH,
0 0

1
1o =/ DDy, ds

0

1 1
I5:/ CI>1 ((I)ls (8—1)) dS:/ (I)lz (1—8) ds (A 1)

0 0

1
12 = / <I>1 ds

0

1 1
16:/ <I>1 (@12(8—1)) dSZ/ @1?(1—8) ds
0 0
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Appendix B

Multiple scale analysis of the

uncontrolled system

The equations of motions of the uncontrolled system are analyzed around
its stable point T,ef, that is Tyef = & — Zpey:

! (a1 Y as3(Tper + )2)
14+ a9 (Zfref + i'ref)2) ref el el
I'y
(]— + jref + i'ref)Q

+ (pl + PQ(:fref + -i'ref>2) i'ref + (Vg + Vlvg) vy

%Tef = *(

(jref + «firef) +

(B.1)

— (11 (Zref + Frep) + p12(Tref + Frep)?) (Ug +mUy + ang>
with V, = Vsin(wyt), Uy = Usin(wyt + ¢,) The perturbation equations

of the uncontrolled system up to the fourth order, with the same choice of

variables and parameters scaling used in Sect. [7] are
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order € :

(B.2a)
Ty + Zrep (1 + Zrep)* (sl + 1) =0
order €' :
(B.2b)
DiErefs + wiFress = 0
order € :
DEreps + wiEreps = —Co1dngsy — Coa(DoFpefs)” (B.2c)
— 2D D1 % yefs — CosFreft Didvess
order € :
D% ey + wiFreps = —CosFreps Diivess — Co5% refa D3 Z e
— 2D D1 Zpepp — 2022 D1Z et DoZrepi — 2021 Zrefi Trefo
— 2C95& ref1 DoD1&ress — 2D Do ress — Csrres; DiE ress (B.2d)
— 202 Do ref1 Dodiree — C33(DoFref1)*reft — C35 Do refi
— D3Fyeps — 03657%@‘1 — Coy cos(wiTy + 03 To + ¢u,)
— Oy sin(w1 Ty + 0,T2) — Csysin(wiTo + 012 + ¢u)
order € :
DiErefy + wiTpery = =201 Fresiiress — Co1fngpy — Caa Doy
— 2022D0D253$ef1 — 4C2 Do D1 Z refp et — 2C22 DT refs Erefs
— CpaD§E 9 — Cos DYit,s; — 2095 Do Danyyy
— 4C95 Do D1 Z e iress — 2025 D3 E refsErefs — Co5Df Ty
— 2C33D0 D1 %} — 3Cs33 D3 repa Ty — C35D1Freps
— C35Dorefs — 3C36& repa Ty — 2037 D0 D1 E] (B.2e)
— 3C37D(2):%Tef2j12nef1 - C400:i$ef] - C405D0573~ef1
— Cao6 Dj sy — CaorDidepy — 2D1 Doiregs
—2D0Ds& e — Diiresz — 2DoDaregz — 2DoDiEreys
— CeuuTrefr €08 (w1To + 0y To + dy)
— CsuuZrefr sin (w1 Ty + 0T + ¢y)
— (CsovZreft + CsvowDiZresr) sin (w1 T + 0, T3)



153

The €° order reports the equilibrium equation, while the homogenous equa-

tion at the first order has solution
Frepr = Aun(T1, To, Ts)e™ ™0 4 c.c. (B.3)

Substitution of (B.3]) into (B.2d)), yields

2~ 2~ i 2 2T
DyZrepo+wiZreps = —2C214 Ayn Aun — Co11 Ay, €710

. (B.4)
— 2iwy Dy Ayne™1 0 + c.c.
The solvability condition requires that
D1Ay, =0 thus Ay, = Aun(Ta, Ts) (B.5)
and the particular solution at this order is
Fref2 = ?121 A2 PienTo _ 2(;?14 AunAyn + coc. (B.6)

At the third order, by means of equations (B.3) and , the perturbation

equation results

D(%jreff)’ + w%frefB = ’YSluneiwlTO - ’732un62iw1T0 (B 7)
- 733un63iW1T0 + ’737/_1unD1Aun + c.c.
where
C35 .C301 - D?A
Y3lun = — D2Aun - Aun +1 ﬂ (A?LnAun) - 212'&;1“1
+ Cso 80 gioy Ty + CSU ez(auT2+¢u) + ZCCU i(ouTo+¢u)
4&)1 4w1 40)1
Y32un :C321AunD1Aun
V33un =8C303wi Al
The secular terms elimination implies that
C C -
DAy = _$Aun + 2722?1 (A?mA’Lm)
! (B.8)

+ CS’U elUvT2 4+ —= Csu ’L(O'uTQ‘f’d)u) + i@ei(UuTQ+¢u)
4(4)1 4(,01 4(4.)1
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The particular solution at the third order is
ey =C303A%,e¥170 4 c.c. (B.9)

The obtained results allow one to express the fourth order perturbation

equation as

n€21w1Tg 631W1TO

2~ 2~ tw1 T
Doxreﬁ + Wi Trefy = — ’741un62w1 0 — Y494
4iw1 T 2 32
— Yadun€ 0 — yar Ay Ayn — V4 Aune
o To—i _
- /752Aun6 touTo—idu _ 756D2AunAun

- 757AunD%Aun - 750D1AunD1Aun + c.c.

— Y43un
—ioy T

(B.10)

where

Yatun =2iw1 D3 Ayp + Cs5D1 Aun + Y430 D1 Aun Aun Aun + 1a20A% D1 Ay,

Yazun =V4104A%, Aun + Va14un Asy, + V421 Aun DT Aun + Y420 Aun D2 Aun
+ Ya15 Aun€' T 2O 16 Ay e + s DI AD,

Vagun =Ca24 A%, D1 Ayn

Yadun =Cuzs Ay,

2iC11C35

+ iC’405w1
3wy

Y41dun =

The solvability condition requires that v414, = 0 and since Y41un = f(D1Aun),

from (B.5]) it results
D3Aun =0 (B.11)

According to the usual reconstitution procedure [79], the amplitudes deriva-
tives with respect to time ¢ are obtained from (7.3 of Sect.

Ayn = €D Ay + €2Dy Ay + € D3 Ay (B.12)

in which D1 Ayn, DoAyn, D3Ayu, are defined in (B.5), (B.8]) and (B.11). Fi-
nally, considering that Css, Cyo5 = f(p1,02), Ceus Csuy Covus Csun = f(U),

Cisvy Csvvy Csn = f(V), the € parameter is completely reabsorbed through
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the backward rescaling

2 2
€Aun = Aun, € C35 = O35, € Cyo5 — Cyps,
3 3 3
€ Cey — Ccu7 € Cyy — CSU7 € Coyu — Ccmn

. . ; (B.13)
€ Csyu — Csuu, € Csy — 081)7 € Cspp — OSU’LM

3 2 2
€ Cspvo = Csppw, €0y — Oy, €0y —0Oyp.

The obtained complex modulation equation (or bifurcation equation) is

. C C
Ay = — %Aun + 4—(51) cos(oyt)
C Ceu .
+ 45; cos(oyt + ¢y) — 4—5; sin(oyt + ¢u)

(B.14)

[ C: - Csv .
+1 (ﬁAinAun + 4—;11) sin(oyt)

Cou . C
+ 4;1‘ sin(oyt + ¢y) + 4—5; cos(oyt + qbu))

To express equation (B.14]) in the Cartesian coordinates, it has to be trans-
formed in an autonomous system, so that the horizontally forced system (Uj)
and the vertically forced one (U,) have to be considered separately. Here,

the system under horizontal parametric excitation is analyzed, i.e. V; = 0.
Equation (B.14) in exponential form hence becomes

035 Csu eio'ut‘i‘id)u

Aun == At

(B.15)
+i (0301 A2 A Ceu eiautJri(bu)

oy runfun T

Pre-multiplication of both sides of (B.15)) by e/~ and transformation

of variables as follows
Gun = Aune_id)u_(ﬂu_l)wltu éun = Aune_id)u_(ﬂu_l)WItu Oy = (Qu - 1) w1

yields

(B.16)
4w1
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Finally, using the following coordinates transformations

Gun = %(jun(t) +inun(t), Gun = %(jun(t) — i nun(t))

system (B.16|) results

. o Csu - % . . 0301 . 2 3
]un(t) =+ Ao, 4 ]un(t) 160, (]un(t) nun(t) +nun(t) )
+ Snun(t) (= 1)
B.17)
: _ Cu Cs Cs01 2 3 (
nun(t) =+ Aoy 4 nun(t) + 1600, (nun(t) ]un(t> +]un(t) )
w1

— L un®) (=)

Expressions of the introduced coefficients not defined here are reported in
Appendix [C]



Appendix C

Expressions of the Multiple

Scale analysis coeflicients

C.1 Expressions of N;; terms in the order equa-

tions

Terms of order (e?) equations (7.6d):

Ny = —Ca1y; — Caz(Doy1)® — 2DoD1y1 — Cosyr1 Dy

Ny = —Co1Zeyy — Cas(Dodives)* — 2D0D1Z pefs — CosFrefs Dires

Na3 = —Cogpi

Noy = —209Doy1 Do refs — Co5drep1 Dgyr — Cosy1 D§F rers — 201 F pep1
Nas = —Casp1 Diyr — Coap1yn

Nog = —Co3p1 D3 Freft — Coap1 F pef
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C. EXPRESSIONS OF THE MULTIPLE SCALE ANALYSIS COEFFICIENTS

Terms of order (e3) equations (7.6d)):

N31 = — Cosy1 D3y2 — Cosy2 Dy

—2Dg D1y — 2C22D1y1 Doy1 — 2C2191y2

— 2C35y1DoD1y1 — 2D Dayy — Caryi Dgya
— 2C%2Doy1 Doyz — Cs3(Doy1)*y1 — Cs5 Doy
— Diy1 — Cseyt

N32 = - C25i'ref1 Dgi'ref,g - 025-%ref2D[%jref1

- 2D0D1-%ref2 - 2022D1jref1 DO-irefI - 2021jref1 -%refQ
- 20255%7‘5]"1 DODljrefl - 2l)Ol)2jref1 - 037£'?~e JD[Q)i'refl
- 2C22D0-iref1 DOjTEfQ - 033(D0i'7‘€f])2j7“6f1 - C(35D0-i7“ef1

2~ -3
= DiZrepsr — C36efy

N33 = — Cyip1p2
N3y = — 3C3Gy%iref1 - CSG?Jli"y%efl

= 2091Y2Trer1 — 2021Y1Zrepr — 2C22D1Z 61 Doy

— 2C2 D141 DoZreft — C33%rer1 (Doy1)? — C33y1 (DoZirefs )

— 2C533y1 Doy1 DoZrerr — 2C33% ref1 Doy1 DoZ refs

— 2C92Doy2 Do rerr — 2C22 Doy DoZrepr — 2C25T rep1 Do D131
— 2C25y1 Do D1Zrefsr — 2C37y1 % ref1 Diy1 — 2C3791 & pept D ref
- 0375:36,«1 D¢y1 — C37y1 D§F rep — CosZrero Ditn

— Co5Fref1 D§y2 — Co5y2Di reps — Cosy1 D3 T repe

N35 = — Cuzyipr — Cusyips

— Cogyyap1 — Cagy1pa — Caap1 (Doyr)?
— 2C93p1 DoD1y1 — Caoy1p1 DEy1 — CagpiDiys
— CozpaD3y1 — Cozp1 D3yo

N3zg = — 04335,%ef1 p1 — Cusref1 P}

— Courefop1 — CoaZire1p2 — Caopr (DoFrefs )
— 2C93p1 Do D1 & refi — O30 ref1 P1 Didress — Caopi D regs
— Co3pa Dy rets — Ca3p1 D rego

N37 = = 2C43y101Zref1 — 2C12p1 Doy1 DoZrefs

— C30&rep1 21 Dy — C0y1p1 D3 F et
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Terms of order (e*) equations (7.6€):

Ny = —2Cn1ysy1 — Ca1ys — Caz(D1y1)* — 2C22 Doy1 Doy
— 2022 Doy2 D1y1 — 2C22Doy1 D1y2 — 2Co2Doys Doy
— Coa(Doy2)* — Cosy1 Diyr — 2Ca5y1D0 Dy
— 2C55y1DoD1y2 — 2C25y2 Do D1y1 — Casys D
— Cosy1D3ys — Cosya Dy
— 2C33y1 Doy1 Diyr — 3C33y2(Doyr)* — Css D1y
— C35D0y2 — 3Cs6y2y7 — 2Cs7y; Do D1y
— 2Cs7y1y2Dgy1 — Caryi Diy2 — Caooyt — Caosy1 Doy
— Caosy; (Doy1)? — Caory; Diyr — 2D1 Dy
— 2Dy D3yy — D3ys — 2DoDays — 2DoD1ys
— Ceyuy cos (w1 To + 00T + ¢u)

— Couur sin (w1Tp + 0 To + ¢u)
— (Covwtit + CsvwwDiyn) sin (w1 Th + 0, Th)
Nig = — 2001 FrepsTpeps — CorFrggy — Coa(DiZpeps )
— 2022 DoZref1 DaZreps — 2C22DoZ refp D1 refs
— 2022 DoZref1 D1 T repp — 2C22DoZ refs Do refs
— C22(DoZrefe)? — Co5 ref1 DiZrept — 2095 refs Do Do regs
— 2C95T ref1 Do D1 e — 2C25T vefo Do D1 T refs
— Co5Zref3 D ref1 — Co5F refs Didvess
— Co5Zrefp D E ez — 2C33F refs DoZirefs D1Z reft
— 30338 ref2 (DoFref1)? — Cs5D1Ereps — C35 Do reo
- 30365cref2i‘?~ef1 — 205772, 11 Do D1 % ref
— 2057 % ref1 T refp D3dreps — C378%0 51 D3 repo
- 040056%61 — C105Zref1 DoZref1 — 040653%41 (DoZref1 )?
- C4o7f§ef1 D& yeps — 2D1 Do ey
—2D0D3@ et — D3Fpepp — 2D Do repp — 2D D1 refs
— Ceuurefr cos (w1 Ty + 0T + ¢y)
— CsuuZrefs sin (w1 To + 0T + ¢y)
— (Csvorept + Cspoo DiEress ) sin (wiTp + 0,T)
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Nz = — Cagps — Caupipz — Car1pi cos (wiTh + ouTh + ¢)
— Cyrzp1 sin (w1 Ty + 0,T2) — Cyizpr sin (w1Tp + o To + ¢u)
Nua = — 2C106Y1Zref1 (Do re1)* — 3Ca07y1 % ep; D3 Erefs
— CaorDa1 T gy — 4Ca00y1T5gpy — 2C106F e; Doyr Do ey
— Cao6ness (Doyn1)? — 3Ca07y7 (Doires)* — Cao6yi (Dodiress )
— 3C407Y1 E ey Dyt — 6Ca00yi gy — 4C106Y1F regs Doy Do pess
— 40371 Z et Do D12 epi — Ca6T et Doy1 D1 T refs
— Cu6y1D1Z et DoZrerr — 2C33% o1 Do reps D1yt
— 20573211 DoD1y1 — C33y2(Do refs )
— 2C37Y2F yef1 D§F reps — Ca7i2,5; Doy — 3036y29?2€f1
— 2C33% ef1 Doy2 Dodirept — C107y3 Dgives1 — 2Ca06Y; Doyt Do refs
— 3Cu407Yiaret1 D§y1 — 4C100Y3 Frepr — 2C106Y1 F rer1 (Doyr)?
— 2C37y7 Do D& e — 2033y1 D17 ep1 Doyt — Cagrets Doy1 D1y
— 4C37y1Z yep1 DoD1y1 — Cugtt DoZirets D1yt — Cosy1 DY refs
— Co5Frep1 D3yt — Ca05y1DoF reps — 2C25y1 Do Do refs
— Cu05Zref1 Doy1 — 2C22 Do Z e Doy1 — 2C22D1y1 D1Zref;
— 2C2 Do rep1 Doyt — 2Co5F eft DoDayiy — 2C37Y1 Erefo D3 e
— 2C37Y1Z pep1 D§Z ez — Ca6y1 DoF refa DoF refs
— 2037 % refo Tref1 D3y — 6C36 ref2 Y1 Erefs
— 2033T rep2 Doy1 DoZ refi — CaeTret1 Doy1 Do refa
— 2025Yy2DoD1Zrepi — 2C22D1y2 DoZ e — 2C22Doy2 D1 T refs
— 2095 ef1 DoD1y2 — 2C3791% ref1 D3y — 20378 vef1 y2 Dy
— 20579192 D3 o1 — Cusyt Do refs Doya — 6C36y1Y2 7 refs
— 2C033y2Doy1 DoZ et — Carer1 Doy1 Doy
— Cosy3D3Frefs — Cosiires1 D3ys — 2C21Y3F refs
— 2099 Doy3DoZ et — C37y1 D3Zresz — Cs3Zresz (Doyn )
— 205791 Zrep2 D3y1 — 3C36Zrefoys — 2C33y1 Do refe Doyt
— 2C95T oo Do D1yy — 2C22 D1y1 DoZrepr — 2C22Doy1 D1 T repo
— 2C25y1 Do D1Zrefs — CosFreps Diy1 — Co5y1 D3 ress
— 2021 Zrepsy1 — 2022 Dodires Doyt — CosE ez Dy
— o592 D refs — 2091 Zrefoy2 — 2C22 Do ez Doy
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Nys = — Cazp1Diy1 — 2Ca3p1 DoDay
— 2Ca3p2DoD1y1 — Casps Dy — 2Ca3p1 Do D1y
— Casp2Diyz — Casp1Diys — Caapsyr — Caapays
— Couprys — Csopayr Dgyr — Caop1y2 Dy
— Csop1y1 Dgy2 — Caorp1y1 Dgyr — 2Ca2p1 Doyr D1y
— Cuap2(Doy1)* — 2Ca2p1 Doyr Doy — Casopryi
— Cymptyi — Cazapripay — Cazspr Doy
— Cyaapry1 DoD1y1 — Caspi DoD1y1 — Caaspip2 Dy
— Cagep1yi D1 — Caazpi (Doyr)? — 2Cu27piy1 Doy
— Cuspayi — 2Cu3p1yayr — Caspiys — Cagpi Diys
Nyg = — Co3p1 D3 peps — 2Co3p1 DoDoFiress — 2C23p2 Do D1 pefs
— C93p3 D3 re1 — 202391 DoD1F ez — C23p2 DE i epo
— C93p1 D% rep3 — CoapsFreps — Coapopeps
— CouP1Zrefs — C30P2&ref1 DT refi — C30P1Zre2 Do refs
— C30P1Zref1 Direfz — Cao7P1Zref1 DT regs
— 2C42p1 Do ref1 D1% refs — Caapa(Dodivess )?
— 204291 DoZ et DoZ repp — 0420]91:5%41 - 0421]0%50,2«41
— Cyoop102Trefr — Cu23p1 DoZrerr — Ca24p1Z et DoD1Z ref
— Cu25Pi Do DG reft — Caosp1p2 D3 e
- C426p15772~ef1 D& rers — Cuorpt(Dofress)?
— 2C427P1 % reft D3 T refs — 043]925335,01 — 2C043P1 T ref2 Trefs

- C48p%i‘ref2 - C49p%D(2)i'ref2
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Nyz = — C30p2res1 Dy — C0p1Zrege Diy1 — Csop1ress Dy
— C30p2v1 DiZrets — C30p1y1 D3 F ez — C30p1Y2 DT refs
— 2C401p1Y1D0Z rep1 Doy1 — 2C40701Z ref1 Do rer1 Doy
— Caorp1y1 (Do refr)* — Caorpr1Zrer (Doyr)?

— 2C42p1 D1 Z e Doy1 — 2C42p2 DoZrefr Doy
— 2C42p1DoZ repp Doy1 — 2C42p1 DoZrerr Doy
— 2C42p1 Do rep1 D1y1 — 3Cu20p1 ref1 Y1

— 3Cu20p1T 001 Y1 — 2C421P3 Eref1 Y1

— C42401Z o1 D1Doy1 — Ca2ap1y1 Do D1 T ref
— Cu26P1Y1 D3 F reps — 2C426P1F ref1 Y1 D3 refi
— 2C426P1Eref1 Y1 DGy — Cazep1Z2ep; Doy

— 2C1427PT Do reps Doyt — 2Ca2703y1 D% refs
— 2C27PTEref1 Diy1 — 2Cu3parefin

— 2043P1 T refoy1 — 2C43P1 T ref1 Y2
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C.2 Expressions of MSM coefficients

Expressions of the coefficients introduced in the formulation of the asymp-
totic problem described in Chapter [7]
Coefficients of order (e!) equations:

2 o1+ 5asThy + 3asTr + 301 Tres

w1 =
(Zres +1) (Oézfif + 1)

2Zrer (011 + A3Toey)

Cll =
(Zrer +1) (aﬂiﬁf + 1)

Coefficients of order (e?) equations:

201 + 1003 Ty + 1203T5,; + 3001 T e + 33T rer

Ca1 =
(Trer +1)? (O‘?jzef + 1)
a2i’ref
C =
22 Oéz:i'%ef +1
2
Con =
2 a_jref +1
Con _2(on + d0sTs + B03Tryy + 200 Ty
(Tres +1)? (0‘253@]” + 1)
o 2 (20277 + C2rer + 1)
25 =
(Zrer +1) (O‘Zi’ief + 1)
Cas = jref (Oll + a3-'f772~ef)

(Zrep +1)2 (o&ji&f + 1)

Ca11 =C21 — w%(ng + Cas)
C11 (C11C21 — Caaw?)

4
Wy

2C
Ca213 =Cn (025 - 221) — Cozw? + Cas

1

Co12 = + Cas

Co14 =C21 + w%(cm — Css)
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Coefficients of order (e3) equations:

2 (Ba2Zls 4 2002%res + 1)

CSO =
(T + 1)? (022 +1)
033 _ a2 (3jref + 1)
(Trer + 1) (aszef + 1)
Css _pt P2T ey
azi‘mf +1
C a1 + as + 100433_3331’ + 8a3£ref
36 —
(Zrer +1)2 (Ozzi‘zef + 1)
C. 22t 6a2Z7 + 60aTrer + 1
37 —
(ZTrep +1)2 (aga‘sfef + 1)
o 2Zef (o1 + 3Tlyy)
41 —
(T +1)2 (0272, +1)
042 _ 2a2j7“ef
(ZTres + 1) (aﬂ%ef + 1)
O 2 (01 +603T0y + 305T )
43 —
(Zres +1)2 (ang:fef + 1)
c a1 + 30‘3@2@"
48 =
(Zrey +1)2 (azfief + 1)
1
Cag =———
T @y +1)2
c.oo__m UZrepwr (1 + poZoes)
e aga_sfef +1
o — QVi'mf (041 -+ Oégf?%ef)
(i'ref + 1) (Otg:f?,ef + 1)
o~ Uy (12 = w = 1%) (1 + p27y)

@l +1



C.2. Expressions of MSM coefficients 165

1 (2C21(Ca11 — 6C
C301 Zg( all 2112 214) +4C211C22 — 5C211C25

wy
+ 6C214Cs5 + 3w (C33 —3Cs7) + 9036)

B 403 C37 — 4C110213Ca5 + 8C11Cuz + 8C21C212 + Chps

Cs02 =
2
4wy

3CHCs6 2
+ e — + C11C30 + C212C25 — C213C23 + Cag — Clagw

1
~202:1Co11 + wi (—4C311Ca2 — 5Ca11Ca5 — 3wi (Cs3 + Cs7) + 3C36)

Co3 2407

1
C304 =9a0 (—20110210211 + wil(3(011033 + 2C11C37 + Ca3))
i

+ wil(—40211023 — 3C%13(Ca2 + C5)) + wf (C211(4C11Ca5 — 4C513 + Ca4)

- 90-’%011036) - 3w?(030 + 042))

1
C305 =2( (*20110210214 + W%(3011036 + C214C24)

w§
‘HUil(—(—CuC&% 4 2C11Cs7 4 C213C22 — C213C5 + 043))) + Cs0 — C42>

_Cf1c36 — CIIUJ%(ClchLB + 2C51Ca12) + wf(Cuszs + C212C24)
= F
B C% C37 4 2C11Ca3 + 2C21Ca12
wi
3C11C:
+Cu (% + C30) + C212C25 + Cas — Caowi
1

2 (2C51(Ca11 — 6C

:§< 21 ( 2112 214) 4 40511

w1

C(306

Cso7 =

0308

— 5C%11Cl5 + 6C214Ca5 4 3w} (Caz — 3Cs7) + 9036)

1 (2C51(Ca11 — 6C:
Cs09 :g( 21 21:2 214) +4C211C22
1

— 5C%11Ca5 + 6C214Cas5 + 3w (Css — 3Cs7) + 9036)

2iC11C
Ciaro = — 1011022
w1
. 2iC11C25
C311 =2iC3w1 — A
w1
7 (Cllkg + 0350{.)%)
Cs12 =
w1
1 2C11C21Co11 4C11C211C25 — 9C11C36 + C211C24
C300 == | — 1 + 5
3 w} wi

+3C11C33 4+ 6C11Cs7 — 4C211 Cas — 3w} (Cs0 + Ca2) + 3043)

.C
C'321 = 8Z 211
3(4)1

+ 2iw; (Caz + Cas)
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Y31 =C300A* A + C300 A> Aun + Cs0s AAAun
+ C308 AAunAun + C307 AB? + A(C310D1 B + Cs12)
+ C300AAL, + Cs07Aun B + C310Aun D1 B
+ B(C311D1 A + Cs11D1 Auyn) + DEA + 2iDy Awy
Y32 =(A 4+ Aun)(BC320(A + Aun) + C321D1A) + AC321 D1 Aun
Y33 =8ACs03w; (A® + 3AAun + 3A%,)
_ *0?1036 + 0110-)%(011043 + 2C51Co12) + wil(*(CnCALs + C212C%4))

6
wi
:40110210214 _ 6C11C36 + C214C04

1 2
wi wy

+2 (—011033 +2C11C37 + wf(C’42 —Cs0) + 043)

Y35

Y36

Y37 = — 2iw1 (Caz — C2s)
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Coefficients of order (e*) equations:

a3 (5iref +2)
(T +1)? (022, +1)

C(400 =

~2(p1 + 2paZley + p2livey)
(Zres + 1) (agif‘e‘f + 1)
a2(3Trey +2)
(Trer +1)2 (0‘2‘%34 + 1)
2002 (2T ref + 1)
(T +1)2 (@232, +1)

Caor =

B mUw (,ul + 5#2563# + 3/L2@zef + 3u1fref)

Ccuu -
(Zrer + 1) (azszfef + 1)
Co U (n2 — w?) (1 + SpaZies + 3palvg + 311 Zrer)
(@ +1) (2232, +1)
oo 2V (a1 + das@y.; + 3asTry + 201 Trey)
(T + 1)? (022 +1)
2
C.s'uv'u :,7‘/
Lref + 1
Cant = — 2 UZrepwr (1 + p2Zres)
(@ +1) (22, +1)
Cus = 2V (01 + sZlyy)
(Zrep +1)2 (agiief + 1)
Cirs — — 2UZres (2 — wP) (11 + p2re)
(res +1) (a21—:$ef + 1)
203 (4% e 1
Caz0 = 042y + 1)
(T + 1)? (022, +1)
33T e
Cus1 = L
(Tref +1)2 (azzfef + 1)
Cuny = 2 (051 =+ 30‘357%@‘)
(T + 12 (022, +1)
Cazs = 2 (p1 * pzfzef)
(Zres + 1) (agaéfef + 1)
Crne _ 4 (3237 + 200Fres +1)
(@ +1)? (0222, +1)
2
C425 -
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2002(3Trer + 1)
(Trey +1)2 (aga_cfef + 1)
052"z'ref

(Zre +1)2 (azfzef + 1)

Cie =

0427 =

Va1 =426 AB + Y126 A> Ay B + A* (Y420 D1 A + Ya29 D1 Ay
+ Ya2s AAAun B + AA(Ya30D1 A + Ya30D1 Aun)
+ Yazs AAunAun B + AAun (27120 D1 A 4 27429 D1 Ay
+ AAun(va30D1 A + ya30D1 Aun) + Y127 AB®
+ AB(v432D1B + 7ya33) + A(’Y440D%B + va36 D2 B)
+ Y26 AAZ, B+ Ay, (7430 D1 A + Yaz0 D1 Aun)
+ Yaz6 A2y Aun B + Y120 A2, D1 A + Y430 Aun Aun D1 A
+ Y427 Aun B® + AunB(v432D1B 4 Ya34) + Aun (’Y440DfB + D2 B~a36)
+ B*(qu31D1 A 4 yaz1 D1 Aun) + B(’MBSD%A + Y138 D} Aun
— 2iw1ya38 D2 A — 2iw1Ya38 Do Aur, + yazre' 12T
+ ’74396WUT2) + C35D1 A+ 2D1D2A + ya3s D1AD1 B
+ Ya35 D1 Aun D1 B + 2iw1 D3 A
Va2 =7210A% A + 7410 A% Ay + Y108 A Al un + Y208 A> Aun Aun + va07 A*B?
+ 7411 A% D1 B + 414 A% + a0 AAAZ,, + 7108 AA2, A, + Ya09 AAun B
4 Dy A(y412AB + 12 Aun B) + 29411 AAun D1 B + 7a13AAun
+ Ya12ABD1 Aun + ’Y421AD%A + 7419AD%AML + va20AD2 A
+ 17 AD2 Ay, + 15 AT 2T L6 ATV 10 AAD,
+ Y407 A2, B® + 411 A%, D1 B + Ya12 Aun BD1 Aun + Ya21 Aun DI A
+ Y420 Aun D2 A + ya18 D1 A* + 279418 D1 AD1 A,
Va3 =422 A° B 4 Y123 A% Ay B + A* (424 D1 A + Ya25 D1 Au)
+ Y423 AAL, B 4 AAun (27424 D1 A + 27124 D1 A
+ Y422 A%, B + ya2a AL, D1 A
yaa =425 A" + 47425 A Ay + 67425 A2 A2, + drysas AAS,

1
Va5 =% (—601210214036 — 201 (C11(=C11Cla06 + 3C11Cao7 + Co1C305 + 3Cu20)
1

+3C212C36 + C214C4s) + 4wi(C11(3C11Ca00 + C214C43) + C21C212C214)
+ w?(*20110407 + 4C11Ca26 — 2C212C33 + 4C212C37 + C24C305 + 2C421)

- 204270.1?)
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1

e =— (Cillcmo — CHiwi (C11Ca20 + 3C212Cs6)
1

+wi (011(0110421 +2C212C43) + 02102212)

— w?(QCuClesoe + C212C48) + 0240306“)?)

2
T =57 <C21 (C11 4+ 18C314)
1

+w? (402211(022 — C35) +9C36(Ca11 — 60214))
+ 9wf((c211 — 2C%14)(Cs3 — 2C37) + 3C4a00)

+ 9w’ (Ca06 — 30407))

7 7 (011(4037 — Cug) + wi(2Ca2 — C424))

Va8 =

w1
ikg (024 — Cng%)
Yag =
w1
4C514
00y, — 2214
Y50 22 e
C31C22 — 2021001
Y51 = 1
Wi
2C11
V52 = — 2
wy
C11C35
V53 =T T o
wi

1.

Y54 :il (Csv'u - CS’U’U’UUJ%)
1 .

Y55 :i(ccuu + 'LCsuu)

v56 =2iw1 (Ca2 + Cas)
2C214
wi
20121025 — w%(CuCzs + 2C512)

1
Wi

vs57 =Cos —

Y58
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Yao1 = — (6(—40220304 + C25(5C504 + C305) — Cao7 + 30426)‘*’?

v
12w}
+ 2(C211(5C30 — 4C42) — 3(2C214C30 — C23C301 + 2C21(C304 + C305)
+ (C213C33 — 3C213C37 — 2C11C406 + 9C11Ca07 + 30420))&11l

+ (3(—2C11C25C301 + C213(C301 — 4C214C25) + 8C11C214C'37

+ 24C11Ca00 + 8C214C43) — 2C211(4C213C22 — 5C213C25

+ 10C11C37 + 2C43 — 2011046))(41% +12C11(Con1 — 60214)036>
i
8wT
+ C213C425 — 4C11 Caar)wf + (02302213 + 2(—2C512Ca5 + Csp2

— C11C424)C213 + 4C11(—C25C302 4+ 2C212C37 + 2C421 + C11Cla2)
+ 80212043)001l — 011(02502213 — 4C11C37C213 + 24C212C'36

Ya02 = — (402503060-)? + 2(—2C212C30 + 2C23C302 — 4C21C306

+ 4C11(C11Cao7 + 30420))“@ + 160?10400)

(4(023035 — 6'423)('«21l +4C11(Caos — 025035)0-)%

_ 1
Y403 = Sw‘f

+ C11(Ca13 + 8011022)]€g>

Y404 =

1
e (2(023035 — C'423)Wil + 2(C11(=C25C35 + Cao5 + Casky) — 041]%)‘*’%
1

+ C11(Ca13 + 4C11Ca2 + 2C24 — 2011025)/€g)
1 . .
Y405 :ﬁ (4(20411 + Cy13 —1C23Cc0 — 023Csu)w%
(%
+ C213(—iCey — Csu) + 4C11(iC25Cery, — 1Couy + C25Csy — Csuu))

Ya06 = (4(0412 - 023051;)&)% — C213C5y +4C11C25C5y — 401105111;)

16w?
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L
3w
— 3(C11(C11C106 4 3C11Ca07 + 2C21C304 + 3Cl420)
+ 3C212C36)) — 200%(011(20110211037

— 9C11C100 + C211C43) + C21C211C212)

+ w?(3(011(40250304 + Cuo7 + 2C426) + C212C33
+ 2C0512C57 + C24C304 + Ca21) — 4C211Cl9)

Ya07 = (301210211036 + w?(0211(4011030 + 4C212C35 + Cas)

— 3w} (4C23C304 + 30427))

2C21C211C
Y408 =2 (‘% + 3C21C303
1
4C311C214C25 + 3C211Cs36 — 9C214C
4 4011021405 w2211 36 24086 | o O
1

— 6C211C37 + 3C214C33 4+ 6C214C37

+ 3w%(30220303 — 5C25C303 — 2C407) + 60400)
L
3w
— 3(C11(C11C106 + 3C11Ca07 + 2C21C304 + 3C420) + 3C212C36))
- 4w%(011(2C11C’211037 —9C11Cu00 4+ C211C43)

+ C21C511C212) + 2w (3(Ch1(4C25C304 4+ Cuaor + 2Ca26)

+ C212C53 4+ 2C212C37 + C24C304 + Cu21) — 4C211Cla)

Y409 =

(601210211036 + 26011(0211(4011030 + 4C%12C5%5 + Cus)

- 660?(40230304 + 30427))

Ya10 = (20-)‘11(30210303 + C211(C33 — 6C37)

L
3w
+ 3C214C33 + 6C214C37 4+ 6Ca00) — 4C21C211C214
+ 2wf(402110214025 + 3C211C36 — 9C214C'36)

+ 6w (30220303 — 5Ca5C303 — 20407))

2i (2C11C211Ca2 + 3C11Cs3wi — 6C304w7)
3w?

Y411 = —

Y412 232? (—80110211025 — 6011w} (Cs3 + 2C37)
1

+ 8C%11C3wi + 3w%(80304 +2C42 + C424)>
1 (CIICZIIkg +uw? (40211035 — 3C23k,w? + 3Cask, + 604050-)%))
3w?

1 (OIICZIIkg + 2w? (20211035 + 3w%(C405 — Caskg) + 3024’%))
6w?

Y413 =

Y414 =
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1 .
Y415 :§(Ccuu - 'LCsuu)

1
Y416 = — —1% (Cs’vv - Csv'uvwf)

2
8iC .
Ya17 =21 94 (Ca2 + Cas)
30.)1
2C211
= C
Y418 Swf + Ca2
2C211
= C
Y419 Swf + Cas
8iC! .
Y420 = 21 + 2iw1 (022 + 025)
30.)1
2C211
= C
Y421 3wf + Cas
1
Ya22 =34 (w?(3(90110250303 + 2C11Ca06 + 3C11Ca07
1

+ 2021 C304 + C24C303 + Caz0) — C211(5C30 + 4C42))
+ QW%(CH(_30210303 + 2C511C33 4+ 5C211C37 — 6C400) + C211Cl3)

— 6C11C211Cs6 — 3ws (4C22C304 + 9C23C503 + 5C25C304 + Caor + C426))

2(C21C303 4 2C400)
3

wy

Y423 =3 (Cn (- 4 9C25C303 + 2Ca06 + 3Ca07)

+ 2C%1Cs04 + wf(—(4ngC304 + 9C23C303 + 5C25C304 + Cao7 + Clazs))
2(2C11C33 4+ 5C11C37 + Ca3)

+ C24C303 + C420> + 0211(

wi
6C11C:
- # —5C30 — 4Cu2)
Wy
21C211 (4C: 5C: .
Va24 = iCan ( 35? +5Cs2s) + 2iw1(9C303 + C33 + Cs7)

1
Y425 :97\}% (02102211

+ 300‘11(60210303 — 5C211C33 — 6C211C37 + 3Ca00)
+ 0211(4]%(9036 — 4C211(Ca2 4 C2s))

— 9w (6C22C303 4+ 10Ca5C303 + Caos + 0407))

V426 = (UJ%(_GCHCALOG + 27C11Ca07 + 6C21(C304 + Cs05)

L
3w
— 5C211C30 + 4C211Ca2 + 6C214C30 + 9C420)

— 20F (C11(20211C33 — 5C511Cs7 + 6C214C37 + 18Ca00) — Caz(Corr — 6C214))

— 6C11C36(C211 — 6C214)

+ 3w(f(40220304 — C25(5C504 + C305) + Caor — 30426))
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1
a2t =g (—40?10400 —wi (01210426 +2C11(C212C37 + Ca21) + 20212043)
1
+ w§ (2011 C4a27 + 201 C306 + C212C30)

+ Cuwf (C11(C11Ca07 4 3Ca20) + 6C212C36) — 0250306w§>

1
Va28 =57 (20);1(_60110406 + 27C11Ca07 + 6C21(C304 + C305)
1
— 5C211C30 4+ 4C211Ca2 + 6C214C30 + 9C420)
— 4w} (C11(2C211C33 — 5C211C37 + 6C214C37 + 18Ci00)
— Cy3(Ca11 — 6C214)) — 12C11C36(Ca11 — 6C214)
+ 6w?(40220304 — C25(5C304 + C305) + Caor — 30426))
2i (Ca11(Cas — 2Ca2) + 6C214Ca2 + 3wi(Csr — C33))
Va2 = —
3&)1
4i (Ca11(Caz — 2Ca5) + 3C214(Ca2 + Cas) — 3Cs7w7)
Y430 = —
3&)1
7 (20121037 — wf(0110424 +2C212C5s5) + 042540%)
Y431 = 3
wy
2i ((71216'33 — wi(C11Ca2 + 20212022))
V432 = 3
wy
7 (C11]€g(0213 + 2024) + 20\}%(0110405 — C41kg) — 20423(4)‘11)
Y433 = — 2 3
Wi
i (C11Ca13kg + 2C11Caoswi — 2Ca23w7)
Y434 = — 3
2w3
_ 2C11C2
Yazs = — —5—
wy
_ 21010
Y436 = o
1 C Ccuu - .Csu'u, .
Yas7 =7 (* il 5 . ) + Ca11 — 20413)
2 wi
C1:1C
Y438 =Coaz — #
wi
1 . C CSUU
Y439 = — 51 <C412 — HT%>
. CuCx
Yado = — — 35—

wy
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1
B1 =205 (6(40220304 — C25(5C504 + C305) + Caor — 30426)0-)?
1
— 2(C211(5C30 — 4C42) — 3(2C214C30 — C23C301 + 2C21(C304 + C305)
+ C213C33 — 3C213C37 — 2C11Ca06 + 9C11Cao7 + 30420))0-11l
+ (20211(40213022 — 5C%13C25 + 10C11C37 + 2C43 — 2C’11046)
— 3(—=2C11C25C301 + C213(C301 — 4C214C5) + 8C11C214C37
+ 24C11Ca00 + 80214043)%1% —12C11(Ca11 — 60214)036)
1
B2 =87 <_40250306W§ + 2(2C212C30 — 2C23C302 + 4C21C306
1
— C213C425 + 4C11Caz7)ws — (C23C315 + 2
(—=2C212C25 + C302 — C11C424)Ca213 + 4C11(—C25C302
+ 2C212C537 + 2C421 + C11Ca26) + 80212043)1411l
+ C11(C25C313 — 4C11C37Co13
+ 24C>12C36 + 4C11(C11Ca07 + 30420))&)% - 160?10400)
_Cs02
B3 = Yoo,
_ Cs01
ﬁ4 - 2LU1
3 :4(023035 — Cly23)wi 4 4C11(Caos — Ca5C35)wi + C11(Ca1z + 8C11Ca2)k,
> 8w}
1
Be :m (2(023035 - 0423)(411l
+2(C11(—Ca5C35 + Caos + Caskg) — Curkg)w?
+ C11(C213 + 4C11C22 + 2C24 — 2011025)]€g>
_ Cos
B7 - 2&11
4(Ca13 — C23Cs)wi — C213Csy + 4011 Ca5C — 4C11Csun
/88 = 3
16wy
_ Csswi + Ciiky
59 —_ 272
Wy
4(Cu11 — C23Ccu)wi — C213Ceu + 4C11C25Ccu — 4C1Couu
B1o = 3
16wy
B :4(0411 — C23Csp)wi — C213Cs, + 4C11C25C sy — 4C11Cisa

16w



Appendix D

Local bifurcations of periodic

orbits

The determination of the asymptotic stability and bifurcation behavior of
the periodic orbits, solutions of the system under analysis, is carried out by
means of the continuation software AUTO, which refers to the well known
Floquet theory [41],[79] to compute the Floquet multipliers having modulus
nearly 1 and the number of multipliers lying well inside or well outside the
unit circle [30]. For this purpose, the system equations have to be expressed
in the form of a system of n autonomous first-order ordinary differential

equations

y(t) = £(y(t),€) (D.1)

with ¢ being the bifurcation parameter vector and with T-periodic solution
p(t, o). To analyze the stability of such solution, a small variation of p(¢, ;)
is applied:

y(t, o) = p(t,Co) + v(t)

and equation (D.1), after carrying out a first order Taylor expansion, be-

comes

p(tv CO) + V(t) :f(p(t’ CO) + V(t))

(D.2)
:f(p(t7 CO)) + fv(p(tv CO)’ CO)v(t) + O(V(t))
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where f, is the Jacobian matrix, so that

V(t) = £y (p(t, o), Co) v (t) (D.3)

represents the first-order variational equation with associated set of initial
conditions. Equations (D.3|) are linear in v(¢) and thus have solution

v(t) = M(t,0)vo (D.4)

where M(t,0) is the fundamental matrix for (D.3)), so that M(0,0) = I.
Since fy (p(t, o), o) has period T' (due to the T-periodicity of p(¢, o)), one

of Floquet’s theorems allows one to express the fundamental matrix as
M(t,0) = R(t)e®? (D.5)

where R(t) € R"*™ has period T, R(0) = R(T") =1, and Q € R™*"™. Since
M(t,0) and R(t) are T-periodic matrices, after a period T equation (D.5))

becomes

M(t 4+ T,0) = R(t + T)eQ0+T)
= R(t)eQeQT
(

= R(t)e¥R(T)eQT (B-6)
= M(¢,0)M(T,0)
and after n periods
M(t + nT,0) = M(t,0)M(T,0)" (D.7)
so that , from ,
v(t+nT) = M(t,0)M(T,0)"vg, t€l0,7), neN (D.8)

The matrix M(T, 0) is called monodromy matrix of the periodic orbit p(¢, o)
and has eigenvalues
1,0, A2y o0y At

where \; are known as Floquet multipliers (or characteristic multipliers),

while eigenvalues 7; of the matrix Q are known as Floquet exponents (or
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characteristic exponents). They are related via
A\ = et (D.9)

and their values determine the asymptotic stability of the periodic solution
p(t,¢o). In particular, the periodic orbit p is asymptotically stable if all
Floquet multipliers satisfy |A;| < 1 (respectively all Floquet exponents sat-
isfy Re(;) < 0), while it is asymptotically unstable if at least one Floquet
multiplier satisfyes |\;| > 1 (respectively one Floquet exponent satisfyes
Re(v;) > 0). If for some multiplier (exponent) it occurs that |A\;| = 1
(Re(;) = 0), while for the others is |A\;| < 1 (Re(y;) < 0), the stability
evaluation requires the anaysis of the higher order terms of the linearized
equation . Note that \; correspond to the multipliers of the linearized
Poincaré map associated with the periodic orbit p.

In order to evaluate the Floquet multipliers, it is necessary to calcu-
late a fundamental set of solutions of ; it can be done by numerically
integrating during a period of oscillation, using alternatively as ini-
tial conditions vg the columns of the identity matrix I and evaluating it
at t = T. Each solution provides one column of the monodromy matrix

M(T,0), whose characteristic equation produces the wanted multipliers.

The values of the Floquet multipliers can also be used to ascertain the
bifurcation behavior of the branches of periodic orbits traced out when the
parameter ¢ is varied [55].

A bifurcation occurs when a single real, or complex conjugate pair of
Floquet multipliers pass through the unit circle in the complex plane, and a
Floquet multiplier lying precisely on the unit circle defines the bifurcation
point. The type of ensuing bifurcation is determined by the point at which
the Floquet multiplier passes through the unit circle and the direction in
which it is moving. As in the case of bifurcations of fixed points, bifurca-
tions of periodic orbits can be classified into continuous and discontinuous or
catastrophic bifurcations. In the case of continuous bifurcations, the motion
of the system evolves continuously onto another motion as a control param-
eter is varied in a quasi-stationary manner. As in the case of fixed points,
discontinuous or catastrophic bifurcations may be dangerous or explosive.
In a dangerous bifurcation, the system response jumps to a remote attractor

which may be infinity, as a control parameter is varied in a quasi-stationary
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manner. In an explosive bifurcation, the old attractor explodes into a larger
attractor, with the old attractor being a proper subset of the new attractor.

Periodic orbits can exhibit three kinds of codimension-1 local bifurcations:

DIVERGENCE BIFURCATION: It is a local bifurcation which occurs when
a real Floquet multiplier, increasing its values, passes through the unit circle
on the positive side of the real axis of the complex plane; the Floquet multi-
plier defining the bifurcation point is thus A = 1. Depending on the nature
of the periodic solution prior to the bifurcation, transcritical bifurcation,
symmetry-breaking bifurcation or cyclic-fold (saddle-node) bifurcation can
occur.

If the periodic solution possesses a symmetry property, the bifurcation
which breaks such symmetry is called a symmetry-breaking bifurcation; in
the case of a supercritical bifurcation, locally stable asymmetric periodic
solutions coexist with unstable symmetric periodic solutions on one side of
the bifurcation point. In the case of a subcritical bifurcation, locally un-
stable asymmetric periodic solutions coexist with stable symmetric periodic
solutions on one side of the bifurcation point.

Conversely, if a branch of stable periodic solutions and a branch of unsta-
ble periodic solutions coalesce and obliterate each other at the bifurcation
point, the local bifurcation is called saddle-node (cyclic-fold) bifurcation.
Saddle-node bifurcations are discontinuous or catastrophic bifurcations.

Finally, if branches of stable and unstable periodic solutions exchange
thier stability after the bifurcation point, the so called transcritical bifurca-

tion occurs.

PERIOD DOUBLING (FLIP) BIFURCATION: It is a local bifurcation which
occurs when a real Floquet multiplier passes through the unit circle on the
negative side of the real axis of the complex plane; the Floquet multiplier
defining the bifurcation point is thus A = —1. This entails that a periodic
orbit reverses its stability, and in addition, a new periodic solution with
doubled period appears in its immediate neighborhood.

There are two types of period-doubling bifurcations, namely supercritical
and subcritical. In the supercritical form the original stable periodic orbit
loses stability by emanating a stable period-doubled orbit whereas in the
subcritical form an unstable orbit gains stability by absorbing an unstable

period-doubled orbit. Both these forms occur when a real Floquet multiplier
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(a)  Supercritical symmetry- (b) Subcritical symmetry-breaking
breaking bifurcation bifurcation
X X
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(c) Saddle-node bifurcation (d) Transcritical bifurcation

Figure D.1: Different kinds of divergence bifurcation

decreases through the point A = —1 on the complex plane.

Period doubling bifurcations can also occur in reverse, when an unstable
periodic solution changes its stability, by absorbing a stable period-doubled
orbit (supercritical case) or by emanating an unstable period-doubled orbit
(subcritical case). Reverse period-doubling bifurcations occur when a real

Floquet multiplier increases through the point A = —1 on the complex plane.

TORUS (SECONDARY HOPF) BIFURCATION: It is a local bifurcation oc-
curring when a complex conjugate pair of Floquet multipliers with nonzero
imaginary part Ao = e crosses the unit circle. In a torus bifurcation, a
spiral limit cycle reverses its stability and spawns a zero-amplitude torus in

its immediate neighborhood, to which trajectories in the system are asymp-
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totically attracted or repelled. The amplitude of the torus grows as the bi-
furcation parameter ( is pushed further beyond the bifurcation point. Also
in this case, supercritical and subcritical forms can occur, corresponding to

the arise of a stable or unstable torus, respectively.

Im\ Im\
/ . \\\ ) 4 » » \\
/ \
° / . \
y } Re\ } ReX\
\ ° ’/“ \‘\ °
b o b o
(a) Period Doubling bifurca- (b) Reverse Period Doubling
tion bifurcation
Im\ ImX\
y i . \\ 4 «
/ / L \\‘ / L] \
———————————>—>Re\ e Re\
\\ . ’/“ \‘\ .
L . /// \\\\ o
(c) Divergence bifurcation (d) Reverse Divergence bifurca-
tion
ImX\ ImX\
y i . \\V . \:\
L] \ L] \
- Re\ ; — ReX
. /f ‘\‘\ . /
L L . /./A 3 ° v/'
(e) Torus or Neimark-Sacher (f) Reverse Torus bifurcation

bifurcation

Figure D.2: Critical and stable Floquet multipliers in the complex plane for codimension-
1 bifurcations of periodic orbits
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