Journal of Sound and Vibration 510 (2021) 116295

Contents lists available at ScienceDirect

Journal of Sound and Vibration

journal homepage: www.elsevier.com/locate/jsvi s

Three-dimensional nonlinear extreme vibrations of cantilevers Spiaies
based on a geometrically exact model

Hamed Farokhi *, Alper Erturk

a Department of Mechanical and Construction Engineering, Northumbria University, Newcastle upon, Tyne NE1 8ST, UK
b George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, 30332, USA

ARTICLE INFO ABSTRACT
Keywords: In this paper, a three-dimensional geometrically exact model is developed for cantilevers, for the
Three-dimensional motion first time, which allows for accurate analysis of oscillations of extremely large amplitude. The
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Large-amplitude vibrations

proposed exact model is on the basis of three Euler angles describing the centreline motion.
Euler-Bernoulli beam theory is utilised together with Kelvin-Voigt material damping, while
utilising the centreline-inextensibility assumption. Hamilton’s principle is utilised to derive the
equations of motion for the three rotational motions, while keeping all terms geometrically
exact. Galerkin discretisation is performed on the three partial differential equations of motion
and the resultant set of discretised equations is solved using a continuation technique. The
unique feature of the proposed exact model is its capability to capture very large-amplitude
vibrations accurately, for both two-dimensional and three-dimensional motions. The dynamical
response of the cantilever is examined in detail in the primary resonance region, highlighting
the effect of the one-to-one internal resonance between the in-plane and out-of-plane transverse
motions. A comparison between the geometrically exact model and the third-order nonlinear
model is conducted to better showcase the significance of the proposed exact model, and the
limitations of a truncated third-order model.

1. Introduction

Beam, plate, and shell structures can be found in various engineering systems [1-8]. As a sub-class of these structures,
cantilevers are present in numerous engineering applications ranging from macro [2,9,10] to nano scale, such as micro/nano-
electromechanical systems, micro gyroscopes, vibration energy harvesters, and scanning probe microscopy [11-16]. Due to having
one end free, cantilevers could undergo large-amplitude oscillations under relatively small base excitation magnitudes. In fact, the
capability to undergo large-amplitude oscillations is very desirable in certain applications such as in inverted-flag-based flow energy
harvesters [17-19]. However, accurate prediction of the response of a cantilever undergoing oscillations of very large amplitudes
is a difficult task due to presence of various sources of nonlinearity, such as geometric nonlinearities due to large rotations as well
as inertial nonlinearities arising from centreline inextensibility. A concise review of the literature is given in the following, focusing
on the key models developed to date and highlighting the limitations of the currently available models in the literature.

Examining the dynamical behaviour of cantilevers has been the subject of investigation by many researchers over the last few
decades. Most of these studies examine the planar, i.e. two-dimensional (2D), dynamics of cantilevers while some examine their
three-dimensional (3D) motion. One of the early investigations on 3D dynamics of cantilevers was conducted by Crespo da Silva
and Glynn [20,21], who derived the inextensional equations governing the motion of cantilevers taking into account geometric
and inertial nonlinearities; they utilised the method of multiple scales to study the cantilever dynamics. Nayfeh and Pai [22,23]
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continued the investigations on dynamics of cantilevers by examining the 2D transverse vibration of cantilevers under transverse
and axial base excitations; they utilised the inextensibility assumption to derive the nonlinear third-order equation of motion and
used the method multiple scales together with the Galerkin scheme to solve the equation of motion. Further investigations were
carried out by Hsieh et al. [24], who utilised an invariant manifold method to obtain the nonlinear normal vibration modes for finite
amplitude response of a cantilever, and realised that the mode shapes of a linear cantilever can be effectively used for describing
the nonlinear mode shapes. Further studies on this topic were performed by Feng and Leal [25], Anderson et al. [26], and Oh
and Nayfeh [27], focusing on the symmetries in an inextensible cantilever beam equations, vibration of a parametrically excited
cantilever, and presence of combination resonances in composite cantilever plates, respectively.

The investigations on nonlinear two dimensional dynamics of cantilevered beams were continued by Herisanu and Marinca [28],
who proposed an analytical approximation for the nonlinear transverse free vibrations making use of the inextensibility assumption.
In a recent study, Farokhi et al. [29] developed a two-dimensional geometrically exact nonlinear model for a cantilever capable of
examining in-plane vibrations of extreme amplitudes. Cantilevered beam models have also been used in many other investigations,
including those on piezoelectrically actuated beams, mass sensors, and vibration energy harvesters [30-37].

Furthermore, the unified theory of beams including geometrical nonlinearities, and specifically the Carrera Unified Formulation
(CUF) [38], have also been used to study extremely large deflections of cantilevered beams with different cross-sections. The CUF
can be utilised to implement high order 1D finite elements along the thickness direction; as a result of this, the mathematical model’s
accuracy becomes independent of the finite element discretisation and is tuned via increasing the theory approximation order. Pagani
and Carrera [39] utilised the CUF and a total Lagrangian approach to introduce a unified beam theory with geometric nonlinearities,
and used this formulation to analyse large deflection, buckling, and postbuckling of solid cross-section beams as well as thin-walled
structures. Pagani et al. [40] examined the frequency and mode change in post-buckled thin-walled beams and those undergoing
large deflections. The investigations were further continued by Carrera et al. [41,42] who examined the nonlinear large-amplitude
response of beams with highly-deformable cross-sections and studied the frequency and mode change of thin-walled shell structures
subject to large displacements and rotations.

The objective of the present study is to develop a three-dimensional (3D) geometrically exact analytical model for a cantilever
for analysing in-plane and out-of-plane vibrations of extremely large amplitude. To the authors’ best knowledge, such a model has
not been developed to date. This study, for the first time, proposes a 3D exact model for a cantilever based on the three Euler angles.
The unique feature of the proposed model is that the equations of motion are obtained for the three centreline rotation angles, rather
than the centreline displacements, and all terms are kept intact (hence the geometrically exact model). The only 3D beam models
developed for cantilevers to date are those proposed initially by Crespo da Silva and Glynn [20,21] and then by Nayfeh and co-
workers [43,44]. These nonlinear 3D models are based on truncation of geometrically nonlinear terms up to cubic order, and hence
they work well only for moderately large oscillations (refer to Section for 7 for a detailed comparison). The proposed exact model,
however, is capable of examining oscillations of extremely large amplitudes in both two-dimensional (2D) and three-dimensional
regimes. The accuracy of the proposed model is verified for the case of 2D motion via comparison to a 2D exact model [29], and for
the case of 3D motion via comparison to a 3D nonlinear finite element model. Additionally, thorough comparisons are conducted
between the proposed 3D exact model and the 3D third-order nonlinear model of the cantilever to better highlight the limitations
of the truncated model. The nonlinear extreme dynamics of the cantilever is examined in primary resonance region, showcasing
various bifurcation points and transitions from 2D to 3D motion.

2. Analytical model development

In this section, the three-dimensional geometrically exact nonlinear model for a homogeneous cantilevered beam is derived in
detail while assuming an inextensible centreline. The system under consideration is a cantilevered beam of length L, mass per unit
length m, Young’s modulus E, material damping #, shear modulus G, and cross-sectional area A. The coordinate system associated
with the undeformed geometry is denoted by xyz, while the curvilinear coordinate s indicates the distance of any points on the
cantilever from the clamped end. The cantilever is under harmonic base excitation of y, sin(w,?) in the y direction.

The motion of the cantilever from the undeformed to deformed state is described via three consecutive Euler angles, namely
v, 0, and ¢, as shown for a differential element in Fig. 1. In what follows, the equations of motion of the cantilever are obtained
for these three angles while keeping all the terms geometrically exact. These equations allow for accurate analysis of the nonlinear
oscillations of very large amplitudes, even when the tip angle grows larger than z /2.

Denoting the centreline strain by e and the displacements in the x, y, and z directions by u, v, and w, respectively, the following
expressions for y and 0 can be obtained based on Fig. 1 [43]

. o u(s, 1)
siny(s,t) = - >
(14 9,u(s, ) + (8,0(s,1))°
1+ du(s, )
cosy(s,t) = - >
V(1 +00u5,0)> + (0,005,0) a
sinf(s,t) = M
’ 14+e
ostn) = \/(1 +0,u(s, D)’ + (9,005, 0)’ |
1+e
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Fig. 1. Undeformed and deformed differential element of the beam showing displacements and Euler angles.

in which the operator 0, denotes 9/ds.

It is important to note that even when the cantilever undergoes oscillations of extremely large amplitude, the strain remains
small and hence the centreline can be safely assumed to remain inextensible, i.e. e = 0, which leads to (1 + d,u(s, £))* + (9,0(s, 1))* +
(@,w(s,n)? = 1. As a result, the cantilever displacements u, v, and w, can be formulated in terms of the centreline rotation angles y
and 6 as

u(s, 1) = / S(cos W&, 1) cos O(E, 1) — 1)d§,
0 o

U(s,t):/ siny (&, 1) cos O(&, 1)d&, 2)
0

w(s,t) = —/ sin O(&, t)dé.
0

Next, the strain and kinetic energies of the cantilever and the dissipative work of the viscous stresses are formulated. Denoting the
deformed coordinate by x*y*z*, the three curvature components about x*, y*, and z* axes, represented by x|, k,, and k3, respectively,
can be formulated in terms of the three Euler angles as [43]

K1(8,1) = 0,0(s, 1) — 0,y (s, 1) sin (s, 1),
Ky(8,1) = 0w (s, 1) cos O(s, 1) sin (s, 1) + 0,6(s, 1) cos @(s, 1), 3)
K3(s,1) = o,y (s, 1) cos O(s, 1) cos (s, 1) — 0,0(s, 1) sin (s, 1).

A very important point to note here is that a nonzero ¢ is not necessarily an indication of the presence of a torque in the axial
direction. In other words, even when there is no torque applied to the cantilever, the twist can be induced by bending deflections,
and hence the reason that ¢ is considered in the model development. As a result, the following strains are defined

1105, 1) = —yk3(s,1) + zk5(5,1),  €15(s,1) = —zk((s,1), €13(5,1) = yK;(s,1), 4)

where ¢, and ¢,5 are engineering shear strains. The corresponding stress—strain relationships based on the Kelvin-Voigt model can
be expressed as

o1 (s.1) = E(e,l(s, 0+ r,a,g“(s,z)),
opp(s, 1) = G(elz(s, ) + 1n0,€15(s, t)), 5)
o13(s,1) = G<£13(s, t) + nd,e3(s, t)),

where 1 denotes the material viscosity.
The variation of the potential strain energy of the cantilever based on the elastic stress components is given by

L
SU (1) = / / {E(—yrc3 (s,1) + zkp (s, 1)) (—yoK5(s, 1) + 26Ky (s, 1))
0 Ja
+G 22k (5, )8k (5, 1) + Gy* i (5, 1)6K (5, 1) } dAds, 6)
L
= / {EIZK3(S, 1)0K3(s,1) + E1 K (s,1)0K,(s5, 1) + G Lok (s, 1)K (5, 1) } ds,
0

3
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where 6 represents the variational operator and

IX=/(yz+zz)dA, 1y=/z2dA, IZ=/y2dA. @)
A A A

It should be noted that the relationship 7, = I, + I, holds only for homogeneous cantilevers with circular cross-sections. For
cantilevers with non-circular cross-sections, the torsional rigidity GI, reduces due to torsional warping of cross-sections [43].

Since the system is under harmonic base excitation in the y direction, the total displacement in the y direction is v, = v+y sin(w,?).
As such, the kinetic energy can be formulated as

1 2

L s
Kg= Em/0 { [/0 <0,y/(cf,t) siny (&, 1) cos 0(&,1) + 9,0(&, 1) cos y(&, 1) sin O(&, t))dé]

+ [yowy cos(w, 1) +/ (6,y/(§, t)cosy (&, 1) cos O(E, 1)
0

2 (€]

— 0,0(&,)siny(&,1)sin (&, 1) > dé]

s 2 1 L 2
+ [/ (d,e(f,t)cose(é,t))df] }ds+§Jx/ (6,w(s,t)> ds,
0 0

in which J, = pI, where p is the mass density. It should be noted that the rotary inertias for y and 6 are neglected, as they have
negligible effect for slender cantilevers [43]. The reason for keeping the rotary inertia for ¢ is to ensure that all three equations of
motion have inertia components, which makes the solution procedure more straightforward.

The virtual work of the viscous components of the stresses can be formulated as

L
oW, (1) = _,/0 {Enlzd,lc3(s, 1)0K3(s,1) + Enly,0,5(s, 1)K, (s, 1)

(C)]
+ Gnl, 0,k (s, 1)K (s,1) } ds.
Substituting Egs. (6), (8), and (9) into the extended Hamilton’s principle
5]
/ <5JCE(t) —sU®) + 5WU(t)>dt =0, (10)
51
the equations of motion for y, 6, and ¢ can be obtained as
L s*
mcos y cos 6 / [—ao sin(w, ) + / 0y (sin w(é,t)cos O(E, t))dg] ds*
s 0
L s*
— msiny cosd / / a,,(cos W(E. 1) cos O(E, 1) — l)déds*
s 0 (11)
— EI,0; [cos 0 cos (p<x3 +n0,x3 )]
- El,9, [0056’ sin (p(l(z + 116,1(2>] + GI1,0; [sin 0(1(1 + 10,k )] =0,
L s*
mcos 6 / / a,,(sin 3 t))déds*
s 0
L s*
— msiny sin 0 / [—ao sin(w, 1) + / 6,,(sin w(&,t)cos (&, t))df] ds*
s 0
L s*
— mcosy sin @ 0, ( cos . cosO(&, 1) — 1 )déds™
wsing [ [ 0, (coswiencosoie.n - 1)ae )
= GI @) cos0(x; + 1oy )
- EI, [(%W) sin @ cos (p(l@ +10,x3 )] —-EI, [(asw) sin @ sin (p(Kz + m),xz)]
+ El,0 [sin (p(K‘3 + ;16,1(3)] — EI,0; [cos (p(l(z + n&,xz)] =0,
J 0,0 — GL.O,(x; +ndyx;) — EI [(asy/ cos@sing + 9,0 cos @) (k3 + na,K3)]
(13)

+ Ely[(asu/ cos @ cos ¢ — 9,0 sin @) (k; + ;16,1(2)] =0.
in which g is the base acceleration in the y direction which is related to the base excitation amplitude and frequency via a, = yowi.

4
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It is more convenient to analyse the equations of motion in dimensionless form. Hence, the following dimensionless parameters

are defined

~ N Glx Iy ‘lx

S=—, p= s b=, ){:—2,
L EI, 1, mL (14)
t _ a0T2

n
=1 Q,=w,T, Na = 4 T

1
where T = (ﬂ) ® L2, Substituting these quantities into Eqs. (11)-(13), the dimensionless geometrically-exact equations of motion

of the cantilever can be obtained as
1 s*
cos y cos 0 / [—ay sin(£2,7) + / 0.7 (sin w(&, 1) cosO(&, t))dg] ds*
H 0
1 s*
— siny cos @ / / 7 (cos w(& t)cosO(E, 1) — 1 )déds*
5 Jo
— 05 { cos 6 cos @ [agy/ cos @ cos @ — 050 sin @ + 1,0, (6311/ cos 6 cos ¢ — 050 sin (p)] } (15)
— P05 { cos 0 sin @ [651’/ cos 0sin @ + d;0 cos @ + 1,0, <d§q/ cos 0 sin @ + 056 cos qo)] }

+ ﬂlag{sinﬁ [6# — Oz sin 6 + nd()T(()§(p — Oy sinQ)] } =0,

1 s*
cos 6 / / a,,(sin 0, T))d.f;ds*
3 0

1 s*
— cosysing / / 9, (cos w(E 1) cos O, 1) — 1 )dgds*
5 0
1 s*
—siny sin 6 / [—ay sin(£2,7) + / 0;r <sin w(&, 1) cosO(&, t))dg] ds*
K 0

— B1(0sw) cos 0 [agw — 0qy sin @ + 1,0, (ag(p — 0qy sin 9)]

— (d;y) sin 6 cos @ [0511/ cos 6 cos @ — 0;0sin @ + 1,0, <0§u/ cos 6 cos ¢ — 06 sin (p)] (10)
— Pr(05w)sin@sin @ [aglp cos @sin @ + 050 cos @ + 1,0, (6§1// cos 0 sin @ + 050 cos (p)]
+ 05 { sin @ [agy/ cos 6 cos @ — d;0sing + ndaf(agy/ cos 0 cos @ — d;6 sin qo)] }
— /}zag{cos @ [651// cos 0 sin @ + ;0 cos @ + 1,0, (651// cos @ sin @ + 950 cos (p)] } =0,
X0..® — P05 [Bg(p — Oz sinf + nd6,(65¢ — Oz sin 9)]
- <0§1// cos 0 sin @ + 050 cos (p) [ 05y cos 6 cos @ — d;0 sin @
+ 1,0, <0§w cos 0 cos @ — 050 sin (p) ] a7

+ ﬁz(agy/ cos 6 cos @ — 050 sin (p) [ d;y cos 0 sin @ + 056 cos @

+ nd01<0§w cos 8 sin @ + 056 cos (p) ]: 0.
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()

Fig. 2. Contour plots of the total displacement magnitude (in mm) of the cantilever. (a, b) 3D and 2D (yz plane) views at f, = 6; (c, d) 3D and 2D (yz plane)
views at f, =9.
3. Discretisation and solution technique

The first step toward solving the nonlinear integro-partial differential equations of the geometrically exact model, i.e. Eqs. (15)—
(17), is the spatial discretisation via the Galerkin technique. To this end, the Euler angles v, 0, and ¢ are defined as

N,
w0 = ) 5,()0,0),
n=1
Ny
0G0 = Y Z,(Ipy(0), 18)

n=1

N3
PG 1) =Y @,G)r,(7),

n=1
in which ¢,(7), p,(7), and r,(r) denote the unknown time-dependent generalised coordinates of centreline rotations y, 6, and ¢,
respectively. =,(3) is defined as 0;Y,,(5)/a,, where Y, (3) is the nth linear eigenfunction for the transverse motion of a cantilever and
a, is the nth root of the transcendental equation 1 + cosh(«) cos(«) = 0. Furthermore, @, (3) = sin[(n — 1/2)z3].
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Fig. 3. Nonlinear static deflection of the cantilever tip under the follower tip loads of f, = f, = f, and f; = f,/4. (a, b) transverse tip displacements in the y
and z directions, respectively, and (c) longitudinal tip displacement. Solid line: the proposed geometrically exact model; symbols: the 3D nonlinear FE model.

In this study, an 18-degree-of-freedom (dof) model is constructed by setting N, = N, = N3 = 6, i.e. by retaining the first 6
modes for each rotation angle. This number of degrees of freedom ensures converged results as further discussed in Section 6. The
key challenge in discretising the geometrically exact equations of motion is that unlike the case of truncated nonlinear models, for
the exact model the integrations over the spatial domain cannot be carried out in closed-form and hence need to be performed
numerically while retaining sufficient number of terms to ensure convergence. This yields a set of very large discretised equations,
but ensures reliable results even at extremely large oscillation amplitudes.

The discretised model consisting of a set of 18 second-order nonlinear ordinary differential equations (ODEs) is first transformed
into a system of 36 first-order ODEs, and the resultant set is solved via a pseudo-arclength continuation technique. It should be
highlighted here that the unique advantage of deriving the equations of motion for centreline rotations, rather than centreline
displacements, is that it allows examining oscillations of extremely large amplitudes, even for cases when the tip of the cantilever
is bent backwards. Such behaviours cannot be captured or analysed using a nonlinear truncated model irrespective of the order of
truncation, due to the inherent limitation of such models to angles in the range of [-xz/2 = /2]. After solving the discretised set of
equations for centreline rotations and obtaining the generalised coordinates, the centreline displacements are obtained via Eq. (2).
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Fig. 4. Comparison between the 2D resonance response of a cantilever obtained using the exact model proposed in the present study to that reported in Ref. [29]
using an exact 2D model. Solid line: present study; symbols: Ref. [29].

4. Verification

In this section, the accuracy of the proposed geometrically exact model is verified for both static and dynamic cases. More
specifically, first a comparison is performed between the proposed 3D geometrically exact model and a 3D nonlinear finite element
model in predicting the extreme 3D static deflection of a cantilever. The proposed model is then verified for a dynamic case via
comparison to the 2D exact model in Ref. [29], to verify the accuracy of the proposed model for the case of 2D motion.

Starting with the verification for the static case, a cantilevered beam is considered which is subject to three follower tip loads
of f,, f,, and f in the directions x*, y*, and z*, respectively, with x*y*z* being the local deformed coordinate. Such follower loads
are considered to ensure the beam undergoes a three-dimensional deformation. Calculating the components of the follower loads in
the undeformed coordinate xyz, their virtual work can be formulated as

L
W, (1) = / { [ f1cos0cosy + fa(—cos @siny + sin@sin 6 cosy)
0
+ f3 (sin @ siny + cos ¢ sin 0 cos q/) ] op(s — L)ou
+ [fl cos@siny + f5(cos @ cosy + sin@sinfsiny ) (19)
+ f3 (— sin ¢ cos y + cos @ sin 6 sin u/) ] 6p(s — L)bv
+ [—fl sinf + f,singcos + f3 cos¢cos€]5D(s — L)6w } ds,
where 6, indicates the Dirac delta function. Substituting for 6u, év, and w using Eq. (2), and inserting Eq. (19) into extended
Hamilton’s principle leads to additional terms for Egs. (11) and (12). Transforming these terms into dimensionless form, the following
terms need to be added to the Egs. (15) and (16), respectively
1 1
Sy : cosHsiny// Ffubp(s* = Dds* — cochosy// fpbp(s* = Dds*,
5 5
1 1
50 : sinecosw/ Ffubp(s™ = Dds™ + sinﬁsiny// fu0p(s* — 1)ds* (20)

1
+cos€/ fuwOp(s™ = Dds™,
5
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Fig. 5. Frequency-amplitude diagrams of the cantilevered beam showing (a, b) the maximum tip transverse motions in y and z directions, respectively, and
(c) the minimum tip longitudinal motion. [===m] Stable periodic solution, [==-] unstable periodic solution. Squares and circles denote torus bifurcations and
branch points, respectively. a, = 0.30.

in which
fu=nh cosé’cosy/+fz(—cosqosiny/+sin(psin6‘cosy/) +f3(sin(psim//+cosrpsinecosy/),
fo=A cos&siny/+f2(cosrpcosy/+sin(psin03iny/) +f3(— sin(pcosy/+cosrpsin05iny/), 21)
fw=-h sin9+f2 sin(pcos€+f3 cos @ cos 0,

where f; = f,L?>/EI, (i = 1,2,3). This exact model is then discretised following the procedure outlined in Section 3.

The 3D nonlinear static finite element (FE) analysis [45,46] is conducted via Abaqus/CAE, using the 8-node quadrilateral
continuum shell element with reduced integration. A cantilever with the following dimensions is considered: L = 200 mm, 4 = 0.5
mm, and b = 6 mm. The nonlinear static deformation of the cantilever is obtained via the FE model as well as the geometrically exact
model. The results are reported in dimensionless form, i.e. dimensionless force f,; which is related to f}, f5, and f; via f| = f, = f,
and f; = f,/4, and dimensionless displacements u; = u/L, v, = v/L, and w; = w/L.

Another note that should be made here is that, since the cantilever cross-section is non-circular for the static verification case,
I, is not equal to I, + I,. Hence, the following formulation for a rectangular cross-section of width » and thickness 4 is used to
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Fig. 6. Three-dimensional frequency—amplitude diagram of the system of Fig. 5 showing regions of 2D and 3D motion. [===m] Stable periodic solution, [==-]
unstable periodic solution. Squares and circles denote torus bifurcations and branch points, respectively.
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Fig. 7. Detailed dynamical response of the system of Fig. 5 at Q,/w; = 1.0308 (peak amplitude at 2D motion region). (a, b) Time histories of v, and y in one
period of oscillation, respectively (z,: time normalised relative to oscillation period). (c-f) Snapshots of the oscillation of the cantilever at points I-IV, respectively.

calculate I, [47]

1,5 1927 — 1 @n— Dzb
Io=-bpn3|1- 22 tanh , 22
x=3 ( b Z(Zn—l)S YA > (22)

n=1

10



H. Farokhi and A. Erturk

(a)

0.8 T T

Journal of Sound and Vibration 510 (2021) 116295

02

0.95 1

(b)

0.8

0.4

-0.8
0

Xd 1

(d)

0.8

0.4

yd

Fig. 8. Dynamical response of the system of Fig. 5 at various oscillation frequencies (3D region). (a) Out-of-plane transverse motion frequency—-amplitude

III

1.15

0.8

diagram. (b—g) 3D oscillations of the cantilever at points I-VI, respectively.

1.2

1.25

Qylwn

11

(c)

(e)

0.8

0.4

Xd

0.5

1.3

1.35

1.45

Yd

0.4

v

0.8



H. Farokhi and A. Erturk Journal of Sound and Vibration 510 (2021) 116295

® (®
058 >
VI
0.4
30 30 =
0.4 04
\ \
038 0.8
0 . 0
05 ‘ 05
X s 04 s Xd s 04 "

Fig. 8. (continued).

while retaining sufficient terms to ensure a converged value for 1.

The FE results at f, = 6 and f; =9 are shown in Fig. 2, highlighting the extreme 3D deformation of the cantilever. To compare
the FE results to those obtained by the geometrically exact model, the displacements of the tip of the cantilever in the x, y, and z
directions are calculated by the two models and plotted in Fig. 3. It is seen that the static deflections predicted by the geometrically
exact model are very close to those obtained by the nonlinear 3D FE model even at extremely large 3D deflections, which verifies
the accuracy of the proposed exact model.

Next, a comparison is conducted between the proposed 3D exact model and the 2D exact model in Ref. [29], and the result is
shown in Fig. 4. This comparison is conducted to verify the accuracy of the proposed model for the case of 2D motions of extremely
large amplitude. The reason for comparing to a 2D model is that, to the authors’ best knowledge, there is currently no 3D exact
model of a cantilever available in the literature, and the present study is the first to propose one. The system parameters are set to
those used in Ref. [29]. Furthermore, §, is set to 10 in the 3D model to ensure that the cantilever motion remains in the 2D regime.
As seen in Fig. 4, the proposed model predicts the same primary resonance response as the 2D exact model in Ref. [29], which
verifies the accuracy of the proposed model in capturing extremely large oscillations.

5. Results and discussion

In this section, extensive numerical results are presented and the three-dimensional exact nonlinear dynamics of the cantilever
is examined and discussed in detail. For all the cases examined in this section, it is assumed that the cantilever has a circular
cross-section, and unless otherwise specified, the following values are used: g, = 0.77, , = 1, y = 5.0e-7, and 5, = 0.004. Similar to
the previous section, the results are presented in terms dimensionless displacements, namely u; = u/L, v, = v/L, and w; = w/L.
Additionally, w, represents the first dimensionless natural frequency of the cantilever which is related to its dimensional counterpart
@, via w; = @,T. Furthermore, x,, y;, and z, represent the dimensionless coordinates (with respect to L) associated with the
undeformed geometry.

Fig. 5 shows the nonlinear frequency-amplitude diagrams of the cantilever in the primary resonance region for the case when
a, = 0.30. It is seen that even though the cantilever is being excited only in the y direction (i.e. in-plane transverse direction),
due to presence of one-to-one internal resonances between the in-plane and out-of-plane transverse modes, bifurcation points occur
which give rise to out-of-plane transverse motion. It should be noted that these bifurcation points (here referred to as branch points,
and shown by circles on the diagrams) only appear at sufficiently large base-acceleration amplitudes. In other words, for relatively
small values of a,, the motion remains planar (i.e. two-dimensional). As seen, the cantilever displays weakly hardening nonlinear
behaviour in regions of planar 2D motion; however, the hardening nonlinearity is much stronger when the beam is undergoing
three-dimensional motion. As seen, the cantilever undergoes oscillations of extremely large amplitude. In particular, in the 2D
region, the cantilever reaches a maximum transverse amplitude of 0.86, after which a saddle-node bifurcation occurs rendering the
system unstable and causing a jump to lower-energy branch. In the 3D resonance region, the in-plane and out-of-plane transverse
motions reach a similar maximum amplitude of 0.71 at 2, /w; = 1.38, which corresponds to the occurrence of another saddle-node
bifurcation.

In order to better illustrate the 2D and 3D motion regions, the 3D frequency—-amplitude plot of the cantilever is constructed in
Fig. 6. This figure shows the maximum in-plane and out-of-plane transverse amplitudes as a function of the base-excitation frequency
ratio. The figure clearly shows the branch points that give rise to 3D motion as well as regions of 2D and 3D motion.
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Fig. 9. Frequency-amplitude diagrams of the cantilevered beam for several base-acceleration amplitudes. (a) Three-dimensional diagram; (b, ¢) transverse motions
in the y and z directions, respectively. [==mm] Stable periodic solution, [==-] unstable periodic solution.

One of the key features of the proposed 3D geometrically exact cantilever model is its capability of capturing extremely large
oscillations. To better illustrate this, Figs. 7 and 8 are constructed showing the extreme vibrations of the cantilever in regions of 2D
and 3D motion. More specifically, Fig. 7(a, b) show the time histories of the in-plane transverse motion v, and centreline rotation
w for the tip of the cantilever in one period of oscillation at peak amplitude of the 2D motion region at 2, /@, = 1.0308. Snapshots
of the state of the cantilever at points I-IV are shown in sub-figures (c)—(f), respectively, by a red line, while showing the oscillation
range in one period by light grey lines. It is seen that slope of the tip, i.e. v, reaches its maximum at I; however, that does not
corresponds to maximum in-plane tip transverse oscillation amplitude. This is due to the fact the cantilever oscillation is so large
that the tip of the cantilever bends backwards. As a result, the in-plane tip transverse amplitude increases initially until reaching a
maximum (at II) and then decreases due to tip bending backwards.

The detailed 3D oscillations of the cantilever in one period at various frequencies are shown in Fig. 8. To better show the changes
in the in-plane and out-of-plane transverse amplitudes of the 3D motion as the frequency of the base-excitation is increased, Fig. 5(a)
is shown here again in sub-figure (a), on which six points are highlighted. The 3D oscillations at these points are then plotted in
subsequent sub-figures. As can be seen, at smaller frequency ratios (i.e. cases I-III), the out-of-plane transverse motion amplitude is
larger than the in-plane one, hence the tip motion path creating an oval shape. At larger frequency ratios, on the other hand, the
difference between the in-plane and out-of-plane transverse motion amplitudes decreases, hence the tip creates a circular path.

The effect of the base-acceleration amplitude on the 3D primary resonance response of the cantilever is illustrated in Fig. 9.
The figure shows that, at relatively small base-acceleration amplitudes, i.e. a, = 0.02, no branch points occur and hence the motion
stays 2D in the primary resonance region. In other words, a base-excitation in the y direction will lead to oscillation only in the
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Fig. 10. Base-acceleration-amplitude diagrams of the cantilevered beam showing the tip oscillation amplitudes at £2,/w; = 1.02 for (a, b) transverse motions in
the y and z directions, respectively, and (c) longitudinal motion. [===m] Stable periodic solution, [==-] unstable periodic solution. Squares and circles denote

torus bifurcations and branch points, respectively.

y direction if the base-acceleration amplitude is sufficiently small. However, at larger base-acceleration amplitudes, out-of-plane
transverse motion branches emerge, resulting in 3D oscillations, even though the excitation is in the y direction.
Fig. 10 shows the maximum oscillation amplitudes of the cantilever at 2, /w, = 1.02 versus the base-acceleration magnitude. The
figure shows that as the base acceleration is increased from 0, two bifurcations occur at points denoted by circles (corresponding to
a, =0.0784 and 0.1524), which renders the planar motion unstable and leads to a three-dimensional motion. As shown in Fig. 10(b),
new out-of-plane solution branches emerge from these bifurcation points. In the 3D motion region, two saddle-node bifurcations
occur at a, = 0.0502 and 0.5903, with two torus bifurcations in between, denoted by squares. To better show the 2D and 3D regions
of motion as the base acceleration is increased, Fig. 11 is constructed which illustrates the three-dimensional base-acceleration

response of the system of Fig. 10.
for various excitation frequency ratios (close to primary resonance) is depicted in Fig. 12. The figure reveals that, the saddle-node

bifurcation in the 3D region is shifted to larger base-acceleration magnitudes as the excitation frequency is increased. Furthermore,

The three-dimensional diagram of the maximum amplitudes of the two transverse motions versus the base-acceleration magnitude
the unstable periodic region between the two torus bifurcations in the 3D regime becomes narrower as the excitation frequency

ratio gets closer to 1, and it completely disappears for the case 2, /w; = 1.006.
14
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Fig. 11. Three-dimensional base-acceleration-amplitude diagram of the system of Fig. 10 showing regions of 2D and 3D motion. [====] Stable periodic solution,
[==-] unstable periodic solution. Squares and circles denote torus bifurcations and branch points, respectively.
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Fig. 12. Three-dimensional base-acceleration-amplitude diagram of the cantilevered beam for various excitation frequency ratios (2,/w,). [===m] Stable periodic
solution, [==-] unstable periodic solution.

6. Convergence analysis

In this section, a convergence analysis is conducted to ensure that the employed 18-dof discretised model yields converged results.
The results of the convergence analysis are shown in Fig. 13. Three discretised models are constructed, i.e. 3-, 6-, and 18-dof ones,
and the primary resonance response is obtained for each case using the same parameters as in the case of Fig. 5. For each discretised
model, the same number of modes are considered for v, 0, and ¢. As seen, the 3-dof model does not give reliable predictions near
the peak oscillation. The 6-dof model gives more reliable predictions, but the result has not yet converged. The 18-dof model used
in this study, on the other hand, gives fully converged results and accurate predictions at any amplitude. It should be noted that
the results for a 12-dof discretised model were also obtained but not shown here so that figures are more visible.

7. Comparison to the third-order nonlinear model

In this section, the proposed exact model’s predictions are compared to those of the nonlinear third-order model of a cantilever
developed by Nayfeh and Pai [43] to examine the limitations of a truncated model. Since the third-order model in Ref. [43] uses a
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Fig. 13. Convergence analysis of the geometrically exact model, showing the frequency-amplitude diagrams for displacements and rotations based on three
discretised models, i.e. a 3-dof, a 6-dof, and an 18-dof model. (a, b) the in-plane and out-of-plane tip transverse displacements, respectively, (c) tip longitudinal
displacement, and (d, e) in-plane and out-of-plane rotations, respectively. [===m] Stable periodic solution, [---] unstable periodic solution.
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linear viscous damping model, rather than a viscoelastic formulation, the corresponding terms for a linear viscous damping model
are added to the model proposed in this study and the material viscosity is set to zero. For both models, the damping ratio ¢ is set
to 0.007. The rest of the system parameters are kept the same as those of the case of Fig. 5. Furthermore, 12 degrees of freedom are
retained in the discretised of the third-order model, i.e. by retaining 6 modes for each transverse motion, which ensures converged
results.

The 3D response of the cantilever in the primary resonance region is examined using the proposed geometrically exact model
as well as the third-order nonlinear model. The detailed comparison between the exact and 3rd-order models is shown in Fig. 14.
To better illustrate the differences between the two models, the frequency—-amplitude diagrams are constructed for three different
values of the base acceleration, i.e. a, = 0.02, 0.05, and 0.20. As seen in sub-figures (a, b), at a relatively small base acceleration
magnitude of 0.02, the exact and third-order models predict virtually the same results; additionally, for this case, both models
predict a 2D motion with the out-of-plane transverse motion amplitude remaining at 0 in the whole primary resonance region. By
increasing a, to 0.05, slight differences between the two model start to appear. For this value of a, the third-order nonlinear model
still performs well in capturing the response of the cantilever, which is due to the fact that the cantilever oscillation amplitude
is not too large. As the base acceleration magnitude is increased to a relatively large value of a, = 0.20, the limitations of the
third-order nonlinear model become very visible. As seen, the third-order model predicts a peak amplitude of around 1.6 for v,
which implies a displacement of 160% of the length of the beam, which is impossible. Additionally, there are visible differences
between the out-of-plane motion predicted by the third-order model and that obtained by the exact model. Hence, the third-order
nonlinear model works well only for relatively small base acceleration magnitudes. As the base acceleration magnitude is increased
to relatively large values, the third-order model predictions deviate to wrong values, which signifies the importance of the proposed
geometrically exact model. It should be noted that for the case of the third-order model, the geometric nonlinearity tends to generate
a hardening-type nonlinear behaviour while the inertial nonlinearity causes a softening-type nonlinear behaviour [48]. When both
are considered (which is the case here), the hardening behaviour is almost cancelled out by the softening behaviour, and hence the
reason why the third-order model shows a linear-like behaviour in the 2D resonance region.

8. Concluding remarks

This study examined the extremely large-amplitude three-dimensional dynamics of cantilevers based on a new geometrically
exact model. To this end, the equations of motion were derived for three Euler angles of the cantilever centreline while keeping
all terms exact, which allows for accurate predictions of oscillations of extremely large amplitudes. Utilising the Galerkin method,
the discretised equations of motion were obtained while ensuring that all terms are kept intact. The resultant high-dimensional
discretised model was solved through use of a continuation technique.

The accuracy of the proposed model for both 2D and 3D cases was verified by comparison to an exact 2D model in the literature
and to a 3D nonlinear finite element model, respectively. Additionally, a convergence analysis showed that low-dimensional models
do not yield accurate and converged results; the 18-dof model used in this study, on the other hand, ensures converged results even
at large base acceleration magnitudes.

The limitations of the third-order 3D nonlinear model was examined by comparing the frequency-amplitude diagrams obtained
by the third-order model at different base acceleration magnitudes to those obtained via the proposed geometrically exact model.
It was shown that although the third-order model works well for relatively small base accelerations, it loses accuracy as the base
acceleration is increased to larger magnitudes.

It was shown that a base excitation in the y direction gives rise to both in-plane and out-of-plane transverse motions, due to
presence of one-to-one internal resonances between the in-plane and out-of-plane transverse modes. However, this behaviour is
observed only at sufficiently large base-acceleration magnitudes. In other words, for small enough base accelerations, an excitation in
the y direction leads to oscillation only in the y direction, while at larger base-acceleration amplitudes, out-of-plane transverse motion
branches emerge, resulting in 3D oscillations. Furthermore, it was shown that at relatively large base acceleration magnitudes,
the cantilever oscillation amplitude grows so large that the tip of the cantilever bends backwards. Examining the large-amplitude
oscillations in the 3D region showed that the tip of the cantilever creates an oval path at excitation frequencies close to the natural
frequency, while the path changes to circular at larger excitation frequencies.
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