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capturing such behaviour is not a straightforward task and requires the application of a
geometrically exact model. In this study, the extreme parametric resonance responses of a
cantilever with a tip mass are captured through carefully conducted experimental measurements
and compared to the predictions of a centreline-rotation-based geometrically exact cantilever
beam model. For the experimental part, a state-of-the-art in-vacuo base excitation set-up
consisting of a vacuum chamber and a long-stroke shaker is utilised to excite the cantilever in
the axial direction near parametric resonance and drive the cantilever to very large oscillation
amplitudes. This set-up is accompanied by a high-speed camera to capture footage of the
deformed configurations of the cantilever in a period of steady-state oscillations at each
excitation frequency. The cantilever motion amplitudes are then extracted from the videos
through use of a robust image processing code. For the theoretical modelling and numerical
analysis parts of the study, the cantilever is modelled via the Euler-Bernoulli beam theory
assuming an inextensible centreline, while considering the centreline rotation as the main
motion variable. All nonlinear terms in the model are kept intact throughout the derivation,
discretisation, and simulation procedures to ensure accurate model predictions. Comparisons
between experimental and theoretical results are conducted for three axial base-acceleration
levels. It is shown that the geometrically exact model’s predictions are in excellent agreement
with experimental results at various oscillation amplitudes.

1. Introduction

Cantilevers are beams with one fixed and one free end, and they are present in many mechanical structures and systems [1-5].
Owing to having one end free, they are well-suited for many applications such as micro gyroscopes, micro/nano-electromechanical
systems (MEMS/NEMS), vibration and flow-based energy harvesters, bio-inspired locomotion mechanisms, and different types of
piezoelectric and MEMS/NEMS-based sensors [6-15]. Furthermore, due to having one end free, they can be excited to undergo large-
amplitude vibrations to the extent that flapping occurs, i.e. with the tip bending backwards, while staying in the elastic regime with
a proper choice of material; this behaviour is of particular interest in applications where such large-amplitude vibration is desirable
such as inverted flag flow-based energy harvesters [16-18]. Another completely different area of interest for extreme oscillations
of cantilevers is computer graphics for simulating hair, grass, and vegetation motions [19,20]. However, developing a model that
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is capable of capturing such large-amplitude dynamics is not an easy task, since at extreme motion amplitudes, the assumptions of
nonlinear truncated models, such as the commonly used third-order nonlinear model, become invalid hence requiring application
of so-called geometrically exact models.

Dynamical characteristics of cantilevers have been the topic of investigation by many researchers over the last few decades,
with earlier investigations conducted by Crespo da Silva and Glynn [21,22], who developed the equations governing the in-plane
and out-of-plane motions of a cantilever by assuming an inextensible centreline and considering nonlinearities up to third order,
and solved the equations using the method of multiple scales. These efforts were continued by Nayfeh and Pai [23,24], who
investigated the lateral dynamics of base-excited cantilevers using a third-order model and the method of multiple scales. The non-
planar nonlinear dynamics of cantilevers under parametric excitation was also studied by Nayfeh and co-investigators [25]. Further
investigations were carried out by, for instance, Feng and Leal [26], who focused on the symmetries in cantilevered beam equations
with inextensibility assumption, Hsieh et al. [27], who examined relatively large-amplitude vibrations of a cantilever using the
nonlinear vibration modes, and Oh and Nayfeh [28], who shed light on the combination resonances in composite plate cantilevers.
On the topic of parametric resonance, Carboni et al. [29] proposed a nonlinear Euler-Bernoulli model for slender piezoelectric
beams to examine the parametric resonance response due to an in-plane piezoelectric actuation by a pulsating voltage with a DC
component; they utilised the method of the multiple scales up to the fifth order to directly solve the partial differential equation of
motion.

There have been many other investigations on the free and forced dynamics of cantilevers [30,31]. For instance, Zhang et al. [32]
studied the chaotic behaviour of a cantilever under both axial and transverse base excitations utilising the multiple scales method
together with the Galerkin discretisation scheme. Yoo et al. [33] conducted an experimental analysis to investigate the relatively
large-amplitude vibrations of a cantilever to examine the accuracy of the absolute nodal coordinate formulation method for dynamic
analysis of cantilevers. Further investigation was carried out by Dwivedy and Kar [34], who examined the nonlinear dynamics of
a base-excited cantilevered beam with a tip mass considering internal resonances. Another theoretical-experimental investigation
was conducted by Mahmoodi et al. [35], who examined the nonlinear vibration of cantilevered viscoelastic beams employing the
method of multiple scales. A third-order nonlinear cantilever model was used by Thomas et al. [36], who studied the response
characteristics of a rotating cantilever beam, focusing on the frequency response diagrams and the softening/hardening nonlinear
behaviour of the cantilever. Huang et al. [37] conducted an experimental study on hardening effects in rotating cantilevers; they
utilised the digital image correlation and phase mapping method to conduct direct measurements under operational conditions.
They obtained full field displacement responses of the cantilevers as well as their natural frequencies and compared the results
to those of a finite element model. Utzeri et al. [38] examined the large-amplitude nonlinear vibrations of a composite beam
with and without a lumped mass attached along its length; they used both analytical and finite element models to predict the
response and compared the theoretical results to experimental observations. Further investigation on this topic was carried out by
Touzé and Thomas [39], who utilised the method of nonlinear normal modes [40-42] together with a third-order model to analyse
the large-amplitude vibrations of a cantilever using a time integration method, Colin et al. [43], who conducted a theoretical-
experimental investigation and proposed a quadratic air damping model for structures undergoing large-amplitude oscillations, and
Shen et al. [44], who conducted extensive comparisons of model-order reduction methods for geometrically nonlinear structures. The
third-order nonlinear cantilever model has been utilised in several other studies on, for instance, piezoelectric actuators, sensors,
and vibration energy harvesters [45-50]. Farokhi et al. [51,52] continued the research on this topic by developing a rotation-
based geometrically exact nonlinear cantilever model capable of examining nonlinear oscillations of extremely large amplitudes.
This rotation-based exact model was utilised for dynamical analysis of inverted flags as well by Tavallaeinejad et al. [53,54]. In
an interesting recent study, Debeurre et al. [55] proposed a finite element-based method for simulation of extreme oscillations
of highly flexible slender structures using a geometrically exact two-dimensional beam model; they utilised the harmonic balance
method together with the asymptotic numerical method to solve the discretised equations and showcased the capability of their
method for different configurations.

Different researchers have developed and utilised geometrically exact models in their research; it should be highlighted that the
term “geometrically exact” specifies that the geometric nonlinearities associated with the rotation of the cross section are kept exact
(and not truncated) and this is the common characteristic of all geometrically exact models. More details can be found in the book
by Géradin and Cardona [56] and the studies by Zupan et al. [57] and Meier et al. [58] for an overview of geometrically exact
models in the context of finite-element formulation. In other attempts of large-amplitude cantilever oscillations modelling, Lang
et al. [59] proposed a model on the basis of the Cosserat’s geometrically exact theory of rods [60] for analysing rods in extension,
shear, bending, and torsion. In another study, Bergou et al. [19] developed the method of discrete elastic rods, that was originally
proposed for modelling hair motion in computer graphics, considering a different approach for kinematics and dynamics treatment;
they verified their model via comparison to experiments. Virgin and Plaut [61] examined the large deflections of a folded cantilever
experimentally and theoretically; they conducted an elastica analysis, allowing for large deflections and rotations. Romero et al. [20]
proposed a new framework to examine the physical validity of numerical computer graphics simulators for rods, plates, and frictional
contact. A note should be made here that these valuable studies solve the spatially discretised equations of motion using direct time
integration. In this study, the geometrically exact model of the cantilever is set up in a different way by using the centreline slope
as the primary motion variable which relates to longitudinal and transverse displacements through the inextensibility assumption.

To the best knowledge of the authors, there has been no investigation so far to examine the parametric resonance response of
a cantilever undergoing extreme oscillations experimentally and compare that against an accurate theoretical model. In a recent
experimental-theoretical study by Farokhi et al. [62], the extreme motions of a transversely excited cantilever was examined.
The present study focuses on parametric resonance response of an axially excited cantilever with a tip mass which poses several
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Fig. 1. An axially excited cantilever with a tip mass in a vertical configuration.

new challenges for experimental measurements, theoretical modelling, and numerical simulations. This study presents detailed and
carefully conducted experimental results on nonlinear extreme oscillations of an axially excited cantilever using an in-vacuo base
excitation set-up together with a high-speed camera. On the theoretical side, a rotation-based geometrically exact model is used to
predict the response. Extensive comparisons between experimental and theoretical results are presented at different base acceleration
levels showing excellent agreements between the experimental observations and theoretical predictions. A supplementary video file
is provided as well showing clear visual comparisons between theoretical and experimental results.

2. Rotation-based geometrically exact model

In this section, the procedure for deriving the geometrically exact model for an axially excited cantilever with a tip mass is
explained. To this end, a homogeneous cantilevered beam of length L, cross-sectional area A, second moment of area I, Young’s
modulus E, mass per unit length m, tip mass M, and material damping coefficient  is considered. The cantilever schematic is
illustrated in Fig. 1, showing the (x;z) coordinate system (associated with the undeformed configuration) and the curvilinear
coordinate s indicating the distance of an element on the cantilever from the clamped end. The cantilever is under axial base-
excitation in the form of x sin(w,); additionally, it is in a vertical configuration, with the clamped end being at the bottom and the
gravity acting downward (as illustrated in Fig. 1).

As mentioned before, here the centreline rotation is used as the main displacement variable in deriving the cantilevered beam
equation of motion and all nonlinear terms are kept intact. The centreline rotation-based geometrically exact model allows capturing
extremely large oscillation amplitudes which the transverse displacement-based model is not capable of, as shown in detail in
Ref. [62]. Some aspects of the derivation procedure in this section follow the works of Nayfeh and co-investigators (e.g. Ref. [63]),
utilising an engineering strain measure together with a stress measure that is a consequence of the constitutive laws (see Ref. [36]
for more details).

According to the Euler-Bernoulli beam theory, the centreline inextensibility assumption leads to a direct relationships between
the centreline slope, y, and the transverse and longitudinal displacements, i.e. w and u, respectively, through equations siny (s, ) =
o,w(s,t) and coswy(s,1) = 1 + du(s, t), noting that o, = d/ds. Using these equations, one can write the transverse and longitudinal
displacements in terms of the centreline slope as

w= / sinw (¢, Nde, W= — /(1 —cos W(c,r))dc, 6]
0 0

Having obtained the transverse and longitudinal displacements in terms of the centreline rotation, one can follow the usual
derivation of equation of motion for a cantilever while writing the axial strain in terms of y and substituting any instances of w and u
in terms of y using Eq. (1). More specifically, the only non-zero strain component of the beam can be written as e,,.(s, 1) = —zd,y (s, 1),
which leads to the following stress—strain relationship based on the Kelvin-Voigt model

o (s.1) = —z(E + nd,)dxw(s, 1. @

The variation of the strain energy and that of the gravitational potential energy of the cantilever can be expressed as

L
SVe(t) = / EI [()su/(s, t)5<0xw(s, 1))] ds, (3)
0
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L s
V() = / (m+Mopis-1))s / (= sinw(¢.ndw(&.n)dcds, @
0 0
in which é stands for the variational operator and 6, denotes the Dirac Delta function; additionally, as noted before, M stands
for the cantilever tip mass. Using an integral identity equation [64] and the Dirac Delta function characteristics, Eq. (4) can be
reformulated as
L
V(1) = — / [m(L - s) + M] g siny (s, )y (s, Nds. 5)
0
In this study, both Kelvin-Voigt and linear viscous energy dissipation mechanisms are considered, the reason for which is

explained in detail later in Section 4. Therefore, the virtual work of the Kelvin-Voigt (KV) and linear viscous (LV) damping
mechanisms can be expressed as

L
Wiy () =— /0 nl [a,(axw(s, 0)3(0w s, t))] ds,
L
Wy (1) =— / c [6,u(s, 1)éu(s, 1) + d,w(s, )dw(s, t)] ds
0

L s s
-/ c[ [ (owensinvn)ac [ (sinwc.nswic.n)ac
0 0 0

+ / (aw.ncoswiz.n)a / (coswi.ndw e, z))dq] ds,
0 0

©)

where 5 and ¢ are the material and linear viscous damping coefficients, respectively, noting that u and w terms in the work of linear
viscous damping have been replaced with their y representations using Eq. (1).

The kinetic energy of the cantilever consists of transverse and longitudinal motions with respect to the clamped end, the rotational
inertia, and the base axial motion; hence, the kinetic energy can be expressed as

L ) L s 2
() = %/0 p1<a,y/(s,z)) ds+%/0 <m+M5D(s—L)> { [/0 (0,u/(§,t)cosy/(§,t))d§]

(7)
s 2

+[x0wx cos(@y 1) — / (a,w(g,z)sinw(g,z))dg] }ds,
0

where p denotes the mass density.
Substituting Egs. (3), (5), (6), and (7) into the extended Hamilton’s principle, the rotation-based equation of motion of the
cantilever with a tip mass under axial base excitation can be obtained as

plo,w — EI0,w —nlo,gw — (m(L -5+ M)gsiny/

L ¢ L r&
+ csinw/ ,/o (6,w(§,t)sinw(§,t)>d§d§+ccosy// /0 (6,u/(§,t)cosy/(§,t)>d(jd§

L 4 2 (8)
+ sinvl/ <m+M6D(.§—L)) X’ sin(a)xt)+/ <6,,y/(§,t)siny/(§,t)+(0,y/(§,t)) cosy/(g,r)>d¢ de
s 0

L 13 2
+ cosu// (m + M6y - L))/O <a,,w(c,z) cosp (1) — (a,w(g,z)) sin w(g,z))dgdf =0.

Next, the following dimensionless quantities are defined

L3 I
s=2, r="2— y=£, Jd=p—, r=L,
L EI mL mL2 T,
cL* o - n xoau)chO2
Ccq, = R = s = —, a, = ——,
4= EIT, L0 Ma =T L

©)]

where T, = L? (m/(E n'/2. Using these dimensionless quantities, Eq. (8) can be transformed to the following dimensionless form

J10.,0 — dg oW — Nydoss¥ — r((1 —S)+ y) siny

1 pe 1 pe
+ ¢y siny / / (6,1//((, 7)siny(¢, T))dcjd.f + ¢y cosy / / <6,y/(§', 7)cosy (g, r))dédi
s Jo s Jo

1 £ 2 10
+ sinu// (1+}/5D(§—1)) a, sin(Qz')+/ <0,Tu/(C,T)sinw(§,‘r)+(6Tu/(§,r)) cosw(g,r)>d§ de
S 0

1 & 2
+ cosy /S (1+78p&-1D) /0 (anw@,r)cosw({,r)—(afw«:,r)) sinw(c,r)>dcd¢=o.

Next, the Galerkin method is utilised to discretise the nonlinear integro-partial differential equation of motion of the cantilever,
i.e. Eq. (10), into a set of nonlinear ordinary differential equations (ODEs). To this end, first the rotational variable y is defined
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Fig. 2. The experimental set-up used to obtain high-speed video footage of the flexible cantilevered beam at various excitation frequencies in the parametric
resonance region.

as a finite series expansion in the form of y(S,7) = Z,’:’: | @i (S)gy (), in which g, (7) denotes the kth generalised coordinate for the
centreline rotation (which is an unknown time-dependent variable) and @, (S) stands for its corresponding basis function. @,(S) is
defined as 054,(S)/B;, where 4,(S) is the kth eigenfunction for the transverse oscillation of a linear cantilever and g, is the kth root
of its transcendental equation. Next, y in Eq. (10) is replaced by its series expansion and the Galerkin method is applied, leading
to the following set of N nonlinear second-order ODEs

N

N 1 1
74 Y 0.a,(0) < /0 <Dj(5)¢k(5>d3> - Z(qkm N ndaquu)) ( /0 ¢,<S>ass¢k(5)d3>
k=1

k=1

1 N
_ r/ (Dj(S)((l—S)+y>sin<2 ¢k(5)qk(r)> s
0 k=1

1 N 1 £ N N
+ /0 cd¢j<5>{sin<24>k<5>qk<r)> /S /0 [(Z%(smqk(r)) sin(Z«Dk(c)qk(r) ]dCdf}dS
k=1 k=1 k=1
1 N 1 £ N N
+ /0 cdd)j(S){cos(Z tpk(S)qk(r)) /S /0 [(Z(Dk(S)aqu(r)> cos<2<pk(g)qk(r))] dgdg}ds
k=1 k=1 k=1
1 N 1 3 N N
+ /O a>j<5>{sin<2¢k<5>qk<r>> / (14765 - 1) < /0 [(Z@(swﬂqk(r))sin(Z%(r;)qk(r)) an
k=1 S k=1 k=1

N 2 N
+ < @k(§)aqu(r)> cos( @k(é‘)qk(r)> d¢ + a, sin(Q7) |dé ¢ dS
1

k= k=1

1 N 1 & N N
¥ /0 ¢j<5>{cos<2¢k(5>qk<r>> [ (1+7rénc-) /O [<Z¢k<¢>aﬂqk<r>>cos<2¢k(c>qk<r)>
k=1 k=1 k=1

N 2 N
- < Qk(g)aqu(f)> Sin< ‘I’k(C)qk(T)) d¢dérdS =0, j=12..,N.
1

k= k=1

As seen in Eq. (11), all nonlinear terms are kept intact during the discretisation process which makes it significantly challenging
since the spatial integrations cannot be performed in closed form and need to be carried out numerically while retaining sufficient
terms. This process leads to a very large set of nonlinear ODEs which ensures reliable predictions even at extremely large oscillation
amplitudes. In this study, six degrees of freedom are considered by setting N = 6 which ensures converged results. The discretised
model is solved using a pseudo-arclength continuation technique via the AUTO-07P code package [65]. More specifically, the AUTO
package is utilised to directly solve the discretised equations of motion and obtain families of stable and unstable periodic solutions;
the stability analysis is conducted through computing the Floquet multipliers. It is worth noting that once the rotational time-
dependent generalised coordinates are obtained numerically, the transverse and longitudinal displacements are calculated using
Eq. (1).
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Table 1
Geometric dimensions and material characteristics of the tempered stainless steel beam.
Young’s Modulus E 200 GPa
Density p 7880 kg/m’
Thickness h 0.0762 mm
Width b 4.95 mm
Length L 72 mm
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Fig. 3. Different steps of the image processing algorithm: (a) importing one frame of a video footage; (b) detecting the edges of the cantilever and the clamped
base in the frame; (c) removing the clamped base edges and resetting the position so that the base is at the coordinate origin; (d) converting the edge profile
into a line and dividing the deformed shape by the total length to obtain the dimensionless deformed configuration.

3. Experimental set-up and image processing method

The parametric resonance response of the cantilever is examined experimentally using the set-up shown in Fig. 2. The set-up
features a flexible cantilever excited by a long stroke shaker (APS-113) that actuates the base vertically (i.e. in the axial direction of
the cantilever). The beam is made of tempered stainless steel and hosts two tip masses symmetric about the centreline and attached
with a thin 10-micron layer of epoxy (3M DP-460); the total added tip mass is 0.122 g resulting in an experimentally measured first
natural frequency of 6.0 Hz. The tip masses are necessary to reduce the required base acceleration level for driving the cantilever to
extreme oscillation amplitudes within the shaker performance envelope. The cantilever is placed inside a vacuum chamber held at
1% atmospheric pressure and mounted onto the shaker armature to further increase the beam oscillation amplitude by minimising
air damping effects. The relevant material and geometric properties of the beam are shown in Table 1. The shaker is driven by
an APS-125 power amplifier with an input signal from the SPEKTRA VCS-201 vibration controller. The controller uses feedback
from the base acceleration signal to maintain a specified RMS acceleration level. The base acceleration is measured with a C114973
Kistler accelerometer mounted next to the beam clamped end.

To ensure steady state oscillations, the controller performs a frequency sweep at the lowest allowable sweep rate (0.05 Hz/min).
The sweeps are conducted near twice the beam’s fundamental natural frequency and cover excitation frequencies for which the
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Fig. 4. Parametric resonance response of the cantilevered beam with the tip mass at 0.15 g RMS axial base acceleration level (i.e. a, = 0.0632); (a—c) show
the frequency responses of the maximum transverse, rotational, and longitudinal motion amplitudes at the tip of the cantilever, respectively. [0]: experimental
results; [mmmm]/[==-]: stable/unstable solutions based on the exact model.

response of the beam is nonzero. Video footage of the beam vibration is obtained with a high-speed camera (Photron MINI AX200)
using a rate of 2000 frames per second at select frequencies that span the sweep range. The number of frames is set to 720 for
each video, which covers at least two full vibration cycles. A spotlight is directed at the beam with a white background to enhance
contrast for image processing at later stages. Three different RMS acceleration levels are examined, i.e. 0.15 g, 0.20 g, and 0.25 g,
with g denoting the gravitational acceleration, and an average of 21 videos are recorded at each excitation level. After obtaining
the footage, an image processing method is used to extract the cantilever displacements and rotation magnitudes from each video.

More specifically, the robust image processing code is developed in MATLAB, using an edge detection algorithm,' to extract the
deformed shape of the cantilever at each frame and the tip displacements and rotation from the deformed shape. Different steps of
the image processing algorithm are shown in Fig. 3. More specifically, for each frame of each video footage, first the edges of the
cantilever and the clamped base are extracted using an edge detection algorithm. The clamped base edges are then removed and

1 https://uk.mathworks.com/help/images/ref/edge.html.
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Fig. 5. Time histories of the cantilever peak tip (a) transverse displacement, (b) rotation, and (c) longitudinal displacement, for the system of Fig. 4 in one
period of oscillation. 7, denotes normalised time with respect to the period of oscillation. Experimental and theoretical results are shown by [0] and [ me],
respectively.

the pixels of the cantilever edges are moved such that the base is at the coordinate origin, i.e. (0,0). Then the edge profile of the
cantilever with the tip mass is converted into a solid line and nondimensionalised with respect to its length, allowing for the tip
displacements to be extracted. To extract the tip rotation, a linear fitting was used on the points constructing the last 5% of the
length of the cantilever (close to the tip) and the slope of that line was obtained, from which the tip rotation was calculated.

4. Detailed theoretical-experimental results and discussions

The parametric resonance response of the cantilever with a tip mass is investigated in this section theoretically and experi-
mentally. More specifically, the theoretical calculations are conducted using the geometrically exact model developed in Section 2
and compared extensively to the experimental observations. It should be noted that all the results in this section are presented in
nondimensional form. As mentioned in the previous section, three sets of experiments are conducted at RMS acceleration levels of
0.15 g, 0.20 g, and 0.25 g. In what follows, detailed comparisons are carried out between the theoretical and experimental results at
these three base acceleration levels.

An important note should be made about the damping and its implications. As mentioned in Section 2, both linear viscous
damping and Kelvin-Voigt damping mechanisms are considered in the cantilever model development. Although the Kelvin-Voigt
damping term appears as a linear model with respect to y in the equation of motion, it is in fact a nonlinear damping model
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Fig. 6. (a) Experimental and (b) theoretical peak amplitude oscillation of the cantilever of Fig. 4 in one period. For a more detailed comparison, refer to the
provided supplementary video file.

with respect to u and w due to the nonlinear relationships between y and the longitudinal/transverse displacements. In contrast,
the linear viscous damping terms appear as nonlinear terms in the y equation of motion, but in fact they have a linear damping
effect on u and w motions. The goal here is to propose a robust damping mechanism by keeping the damping coefficients fixed
as the base acceleration level is increased. Our investigation showed that considering only Kelvin-Voigt damping with a fixed
coefficient calibrated using lowest base acceleration level will underestimate the peak amplitude at higher excitation levels; on the
other hand, considering only a linear viscous damping model with a fixed coefficient calibrated using lowest base acceleration level,
will overestimate the amplitude at higher levels of excitation. Hence, this issue is resolved by considering both linear viscous damping
and Kelvin—Voigt damping mechanisms. Hence, for all the theoretical simulations conducted in this section, the dimensionless linear
damping coefficient ¢, is set to 0.034 and the dimensionless material damping coefficient 7, is set to 0.0023.

Other dimensionless parameters, which will be kept constant for all simulations, are obtained as I' = 0.298, y = 0.570, and
J; = 2.5 x 10712, based on the values given in Table 1 and considering a total added tip mass of 0.122 g. Furthermore, in what
follows, w, and u, represent the dimensionless transverse and longitudinal displacements (with respect to the length), respectively,
while o, denotes the first dimensionless natural frequency of the cantilever with the tip mass, which relates to its dimensional
counterpart &; through o, = &T).

Starting with the base acceleration of 0.15 g RMS, Fig. 4 shows the frequency responses of the cantilever with the tip mass in the
parametric resonance region for (a) tip transverse displacement, (b) tip rotation, and (c) tip longitudinal displacement. For the axially
excited cantilever, the parametric resonance occurs when the excitation frequency is close to twice the primary natural frequency
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Fig. 7. Parametric resonance response of the cantilevered beam with a tip mass at 0.20 ¢ RMS axial base acceleration level (i.e. a, = 0.0843); (a—c) show
the frequency responses of the maximum transverse, rotational, and longitudinal motion amplitudes at the tip of the cantilever, respectively. [0]: experimental
results; [mmmm]/[==-]: stable/unstable solutions based on the exact model.

of the system and the base acceleration is larger than a specific threshold. If these conditions are met, then two period-doubling
bifurcations appear in the static zero-amplitude branch, giving rise to periodic solution branches, one stable and one unstable. The
two branches coincide at a saddle-node bifurcation near the peak amplitude. For the cantilever in this study, the base acceleration
needs to be larger than 0.1233 g RMS (as predicted by the exact model) to ensure presence of dynamical solution branches, hence
why the minimum base acceleration case is set 0.15 g RMS.

It is seen in Fig. 4 that the proposed geometrically exact model response predictions are very close to the responses obtained
experimentally for the tip transverse and longitudinal displacements as well as the tip rotation. It is worth noting that even for
this case, which is the smallest base acceleration examined, the cantilever undergoes very large oscillation amplitudes with the tip
transverse displacement reaching around 80% of the length, and the tip slope exceeding = /2. The presence of a hardening nonlinear
behaviour is evident as observed experimentally and predicted by the model. The time histories of the peak cantilever tip motions
in one period of oscillation are shown in Fig. 5, again showing the excellent agreement between the experimental observations and
the theoretical results. To provide a more visual comparison between the experimental and theoretical results at peak oscillation
amplitude, Fig. 6 is constructed showing snapshots of the cantilever motion in one period, further showcasing the accuracy of the
proposed model and the precision of the conducted experiments. A supplementary video file is provided which better illustrates the
cantilever motion at different excitation levels and the comparison between experimental and theoretical results.
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L, In

Fig. 8. Time histories of the cantilever peak tip (a) transverse displacement, (b) rotation, and (c) longitudinal displacement, for the system of Fig. 7 in one
period of oscillation. 7, denotes normalised time with respect to the period of oscillation. Experimental and theoretical results are shown by [0] and [ m],
respectively.

Next, the base acceleration is increased to 0.20 ¢ RMS and the parametric resonance frequency responses are constructed both
experimentally and theoretically as illustrated in Fig. 7. The damping coefficients are kept at the same values as the previous case.
As seen, the geometrically exact model slightly overestimates the peak amplitude, but otherwise the agreement between theoretical
and experimental results is very good. Compared to the previous case, it is seen that the maximum tip rotation and longitudinal
displacement are clearly increased as a result of increased base acceleration, while the tip transverse displacement peak magnitude
does not change much. This is a common behaviour in cantilevers undergoing extreme motions which will be discussed in more
detail for the next base acceleration case. To have a closer look at the cantilever response at peak amplitude, the time histories
of the tip displacements and rotation are shown in Fig. 8. As seen, the geometrically exact model’s predictions are very close to
the experimental results. Furthermore, the motion of the cantilever at peak amplitude is illustrated in Fig. 9, showing very similar
motion patterns and characteristics between experimental observations and theoretical results. The model predicts that the cantilever
displays flapping motion at this base excitation level which is confirmed by the experimental observations. It is worth noting that
at this amplitude, the presence of a travelling wave is predicted by the theoretical model; more specifically, looking closely at
Fig. 9(b), it is seen that there are two line colours, one being light grey and the other one solid black. The light grey lines show
the cantilever motion when it goes from the peak positive transverse amplitude (i.e. fully bent to the right-hand side) to the peak
negative transverse amplitude (i.e. fully bent to the left-hand side), while the solid black lines show the motion when it goes from far

11
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Fig. 9. (a) Experimental and (b) theoretical peak amplitude oscillation of the cantilever of Fig. 7 in one period. For a more detailed comparison, refer to the
provided supplementary video file.

left to right. It was difficult to extract this characteristics from the experimental result via image processing, but it can be observed
in the original experimental video footage provided in the supplementary video file.

The last experimental-theoretical case examined in this section is for the base acceleration of 0.25 g RMS, and the relevant
results are shown in Figs. 10-12. The damping coefficients are kept at the same values as the previous two cases. At this base
excitation level, the cantilever displays extremely large oscillation amplitudes with the tip slope reaching almost 3z /4 and the
longitudinal displacement exceeding 90% of the length. It is seen in Fig. 10 that even at this extreme level of oscillations, the
proposed geometrically exact model provides results that are very close to the experimental observations, showcasing the accuracy
and reliability of this model. Compared to the previous case, although both tip rotation and longitudinal displacement magnitudes
are clearly increased, the peak magnitude of the transverse displacement is not affected much. This is due to the fact that at this
excitation level, the cantilever displays flapping motion in which the tip of the cantilever bends backwards. In such a motion regime,
a further increase in the excitation level increases the flapping motion amplitude (i.e. increased tip angle) while not significantly
affecting the peak transverse displacement. This behaviour is clearly shown in Fig. 11. Comparing Fig. 11(a) and (b), it is seen that
at the time of the maximum tip slope (i.e. when the cantilever reaches either end of the flapping), there is a local minimum in the
transverse displacement. In other words, the transverse displacement increases as the tip rotation increases up to a certain level,
and then decreases afterwards even though the tip rotation continues increasing. This behaviour can be clearly seen in Fig. 12 for
both experimental and theoretical results.

A note should be made here about the longitudinal displacement for the three cases examined and the slight discrepancies
between the experimental and theoretical predictions as seen in Figs. 4, 7, and 10, which is more evident for larger base acceleration
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Fig. 10. Parametric resonance response of the cantilevered beam with a tip mass at 0.25 g RMS axial base acceleration level (i.e. a, = 0.1054); (a—c) show
the frequency responses of the maximum transverse, rotational, and longitudinal motion amplitudes at the tip of the cantilever, respectively. [0]: experimental
results; [mmmm]/[==-]: stable/unstable solutions based on the exact model.

cases. The axial displacement magnitude is extracted through measuring the axial location of the end points of the cantilever at
both sides of the flapping (i.e. the two extreme sides); however, capturing the cantilever deformed shape via image processing near
the two flapping ends has proven to be more difficult. This is exactly the area where there is a slight discrepancy between the
experimental and theoretical frequency response curves for the axial displacement. Hence, the authors assume that the slight errors
associated with the image processing near the extreme ends could be the reason (at least partly) for this discrepancy. It should be
noted that this does not affect the accuracy of the transverse displacement (since the peak occurs before reaching the extreme ends
for the case of flapping) or rotation (since it does not depend on the exact location of the end point, but rather the end slope), but
it could affect axial displacement since it depends on the exact location of the tip of the cantilever at either side of the flapping.

As mentioned before, a supplementary video file is provided for better visual comparisons between theoretical and experimental
results. The video comparisons highlight the high accuracy of the proposed geometrically exact model in capturing extreme motions
of the cantilever in the parametric resonance region and the high precision of the conducted experiments. In summary, the
theoretical-experimental comparisons shown in this section verify the accuracy of the rotation-based geometrically exact model
for examining extreme parametric resonance response of cantilevers.
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Fig. 11. Time histories of the cantilever peak tip (a) transverse displacement, (b) rotation, and (c) longitudinal displacement, for the system of Fig. 10 in one
period of oscillation. ¢, denotes normalised time with respect to the period of oscillation. Experimental and theoretical results are shown by [0] and [ ],
respectively.

5. Further theoretical parametric analysis and discussion

Having verified the accuracy and reliability of the rotation-based exact model, it is utilised in this section to further analyse the
effect of different parameters on the response of the cantilever near parametric resonance.

The parametric resonance of the cantilever with the tip mass at various base acceleration magnitudes is examined and illustrated
in Fig. 13. A solid red line is drawn connecting the peak magnitudes of the transverse displacement and rotation at each excitation
level. It should be noted that this figure includes only theoretical results, and the goal is to provide a quick glance of the evolution
of the parametric resonance region with increasing excitation magnitude. All other cantilever parameters are kept the same as the
previous cases examined in Section 4. As seen in Fig. 13, for relatively small base acceleration values, there is a sharp increase in
the peak transverse displacement and rotation of the cantilever tip as the base acceleration is increased. However, at larger base
acceleration levels, the peak transverse displacement reaches almost a plateau and the increase in the peak tip rotation becomes
very small.

The effect of gravity is examined in Fig. 14 by constructing the frequency responses of the cantilever for two cases, one taking
into account the gravity (i.e. the model used in this study for comparison to experiments), and one neglecting the effect of gravity
(i.e. by setting I = 0). It should be noted that the parameter I" affects the natural frequency. However, in order to better show the
effect of this term on the parametric resonance response of the cantilever, the excitation frequency for each case is divided by its
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Fig. 12. (a) Experimental and (b) theoretical peak amplitude oscillation of the cantilever of Fig. 10 in one period. For a more detailed comparison, refer to the
provided supplementary video file.

corresponding natural frequency (the values of which are provided in the figure caption). As seen, taking into account the effect
of gravity clearly strengthens the nonlinear hardening behaviour of the cantilever and increases the peak oscillation magnitude.
Additionally, as a result of taking into account the gravitational force, the peak oscillation occurs at a larger excitation frequency
ratio compared to the case without gravity. Hence, it is shown that for the vertical configuration of the cantilevered beam with the
tip mass examined in this study, the presence of gravity significantly impacts the parametric resonance response and hence must be
taken into account in the modelling to ensure reliable predictions.

6. Concluding remarks

A thorough experimental-theoretical investigation was carried out on the extreme parametric resonance response of a cantilever
with a tip mass. For the experimental measurements, a thin tempered stainless steel cantilever with a tip mass was placed in a vacuum
chamber and the whole set-up was then mounted on a long-stroke axial shaker. The in-vacuo set-up was used to minimise air damping
and to be able to drive the cantilever to very large vibration amplitudes. The parametric resonance response of the cantilever was
recorded using a high speed camera at three different base acceleration levels. The video recordings were imported into MATLAB
in which the deformed shape of the cantilever at each frame was extracted using a robust edge-detection-based image processing
code. The experimental frequency responses and time histories were then constructed by extracting the tip displacements and tip
rotation from the deformed configuration at each frame. On the theoretical side, a rotation-based geometrically exact model was

15



H. Farokhi et al. Mechanical Systems and Signal Processing 196 (2023) 110342

(a)

0.8

0.6

Wd

0.4

0.2

0.12 : i
/i
0.1 ~ il \

ax 008 ‘ ;

2.1

(b)

57/6

27/3

/2

/3

/6

0.12

0.1 / 7
i/

Aax 0.08

2.1

b SN

0.06 ) 2.05
Vw,

Fig. 13. Frequency responses of the cantilevered beam with the tip mass at various base acceleration levels. Solid and dotted lines show the stable and unstable
solutions, respectively.

developed taking into account the effect of tip mass and gravity. A six-degree-of-freedom Galerkin discretisation was implemented
and the resultant discretised model was solved using a pseudo-arclength continuation method.

Three sets of experiments were carried out at the axial RMS acceleration levels of 0.15 g, 0.20 g, and 0.25 g. Extensive comparisons
were conducted between experimental and theoretical results through frequency response diagrams, time histories, and oscillation
snapshots. It was revealed that the cantilever displays a hardening-type nonlinear behaviour in the parametric resonance region.
Furthermore, it was shown that even at a relatively small base acceleration (i.e. slightly more than the minimum required to activate
parametric resonance), the cantilever undergoes oscillations of very large amplitude, i.e. with a magnitude of around 80% of its
length. In order to better assess the robustness of the model in predicting the response amplitudes at various excitation levels without
any reparameterisation, the linear viscous and Kelvin-Voigt damping coefficients were kept fixed for all cases. The comparisons
revealed that the rotation-based geometrically exact model provides excellent agreement with the experimental results and hence it
is fully capable of capturing the parametric resonance response of the cantilever accurately irrespective of the oscillation amplitude.

Finally, having verified the accuracy of the exact model, it was used to examine the parametric resonance response at various
excitation levels. It was shown that the oscillation amplitude grows rapidly with increasing base acceleration level at relatively small
excitation magnitudes; however, at larger excitation levels, the oscillation magnitude does not change much as the base acceleration
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Fig. 14. The effect of gravity on parametric resonance frequency responses of the cantilevered beam with the tip mass at 0.20 g RMS axial base acceleration level
(i.e. a, = 0.0843); (a—) show the frequency responses of the maximum transverse, rotational, and longitudinal motion amplitudes at the tip of the cantilever,
respectively. [mmmm] and [-=--] show the stable and unstable solutions, respectively. w, = 1.8250 for the case with gravity and 1.9288 for the case without
gravity.

is increased. Additionally, it was shown that for the configuration examined in this study, gravity significantly affects the parametric
resonance response. More specifically, it was shown that when gravity is considered, the cantilever displays a stronger nonlinear
hardening behaviour in the parametric resonance response, due to the added axial compressive load from the mass of the cantilever
and the tip mass. Hence, it was concluded that for a cantilever in a vertical configuration (with the clamped end at the bottom),
the effect of gravity must be accounted for in the modelling to ensure reliable predictions.
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