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Abstract: The purpose of this study is to derive an analytical solution for a cantilever beam with
a novel spring-like actuator that behaves like a time-dependent spring and to study the dynamic
behavior of the system. A time-dependent spring was set at the free end of the cantilever beam
to model the novel spring-like actuator. First, the boundary conditions were transformed from
being nonhomogeneous to being homogeneous using the shifting function method. The solution of
the analytic series was then obtained by using the expansion theorem method. The correctness of
the proposed analytical solution was verified by comparing the results with those obtained via the
separation of variables in the special extreme case of a constant spring coefficient. We took the free end
of a cantilever beam with harmonic spring stiffness and an external periodic unit load as an example.
The influence of the actuator parameters, such as the effect of the magnitude and the frequency of the
time-dependent spring stiffness on the resonance frequency, was investigated. An important new
result was found, i.e., that the resonance frequency is clearly dependent on the magnitude and the
frequency of the spring-like actuator in the first two modes, but not in the third and fourth modes. In
practical engineering applications, system resonance can be avoided by adjusting the magnitude and
frequency of the actuator.

Keywords: spring-like actuator; time-dependent spring; beam vibration; shifting function method;
analytical solution

MSC: 35A25; 37N15; 70G60; 74H10; 74H45; 74K10

1. Introduction

With the rapid development of mechatronics, typical examples such as micro-actuators,
micro-generators, micro-switches, and micro-beams have been used to manufacture the
various structures and models of cantilever beams [1-6]. Meanwhile, smart materials
have been developed in recent decades and these can be used to manufacture controller
components [7-13]. With the development trend of mechatronics and smart materials, it is
assumed that in the future researchers will be able to design and fabricate a new type of
spring-like actuator (Figure 1), which can work like a time-dependent spring with a fast
dynamic response (Figure 2). Therefore, a novel cantilever beam with a free end supported
by a time-dependent spring is proposed. Several books [14,15] have presented and derived
the governing equations of motion for beams with different boundary conditions; however,
no analytical solutions have been presented for a cantilever beam with a time-dependent
spring-like actuator. In this study, an analytical solution of the undamped forced vibration
of a beam system with a time-dependent spring was achieved and its dynamic behavior
and parameters were investigated in detail.
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Figure 1. Vibration of a cantilever beam with a novel spring-like actuator at the free end, subjected to
a transverse load.
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Figure 2. Vibration of a cantilever beam with a time-dependent spring support at the free end,
subjected to a transverse load.

Although none of the previous literature has focused on this topic, the classical
problem of a beam’s vibration with time-dependent boundary conditions (usually occurring
in the spring design, the dynamic analysis of tires, and the suppression of shock in landing
gear) has been studied by many researchers since the 1940s, including Nothmann in
1948 [16] and Lee and Yan in 2015 [17]. The time-dependent boundary conditions of
such beams mainly include both geometric (deflection or slope) and natural (shear force
or moment) conditions. The solutions to the problems can be generated using either the
Laplace transform method (see, e.g., Nothmann [16] and Yen and Kao [18]) or the expansion
theorem method (see, e.g., Mindlin and Goodman [19] and Lee and Yan [17]). Nothmann
and Yen and Kao used the Laplace transform method to solve the vibration of a cantilever
beam with prescribed end motion and the vibration of beam—mass systems with time-
dependent boundary conditions, respectively. The main difficulty in using the Laplace
transform method, however, lies in the inversion process, which involves the evaluation
of an integral in most transforms. Therefore, few studies ([16,18]) have used the Laplace
transform method, while the expansion theorem method has been more frequently applied
in other studies.

For example, Mindlin and Goodman used the expansion theorem method, along with
four fifth-order shifting polynomial functions (the M—G method), to change the variables
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and to transform a mathematical problem with nonhomogeneous boundary conditions into
one with homogeneous boundary conditions. The idea that one could choose dependent
variables with the result that boundary conditions and partial differential equations could
still hold homogeneous boundaries was suggested by Edstorm [20]. By extending that
idea and resolving Nothmann’s example, Grant [21] stated that the solution could easily
be obtained without the difficulty of finding the Laplace inverse transforms. Later, the
M-G method was used by Herrmann [22] to analyze the behavior of the forced vibration
of Timoshenko beams, by Berry and Nagdhi [23] to investigate elastic bodies with time-
dependent boundary conditions, and by Epstein [24] to study the Bernoulli-Euler beams
with internal time-dependent boundaries. In addition, Aravamudan and Murthy [25]
combined the perturbation method, the Galerkin method, and the M-G method to study
the nonlinear vibration of beams with time-dependent boundary conditions. In the 1990s,
Lee and Lin [26-28] and Lin [29] proposed the shifting function method, which modified
the M—G method to analyze Bernoulli-Euler beams, Timoshenko beams, and pre-twisted
nonuniform beams with time-dependent boundary conditions. Lee et al. [30] extended the
prior studies and considered the transverse vibration problem to develop a set of shifting
functions that consisted of fundamental solutions of nonuniform beams and to discuss
the physical meaning of the shifting functions. Recently, the shifting function method
was extended by Lee and Yan [17] to derive the exact deflection of an out-of-plane curved
Timoshenko beam with nonlinear boundary conditions.

Sajjadi et al. [31] developed a nonlinear meniscus force and applied it to a trolling-
mode atomic force microscope nanoneedle. A multiple time scales method was employed
to derive the analytical solution to the distributed parameter system. The analytical solution
was compared with the experimental data and the finite element solution in order to assess
the accuracy of the method. Horssen et al. [32] showed why the variable separation method
cannot solve the wave problems on a fixed bounded interval that involves a Dirichlet-type
boundary condition at one end and a Robin-type boundary condition with a time-varying
spring coefficient at the other end. The d’Alembert formula was used to solve this problem.
Ahmad et al. [33] investigated the vibrational behavior of rectangular and V-shaped atomic
force microscopy microcantilevers with an extended piezoelectric layer using the finite
element method. A nonlinear spring was used in finite element modeling to simulate the
nonlinear attraction-repulsion interaction between the tip and the sample. The simulation
results of the three-dimensional finite element method were verified by comparison with
the experimental and analytical results. An initial boundary value problem for a forced
string equation was studied by Wang et al. [34]. The string was also on a fixed bounded
interval, and the boundary conditions consisted of a slowly varying time-dependent spring
coefficient of Robin type at one end and of Dirichlet type at the other end. An adapted
version of the variable separation method, the averaging, and perturbation techniques were
applied in order to solve resonance problems. Wang et al. [35] studied a robot structure with
a time-dependent stiffness. The vibration-driven robot was excited with sinusoidal stiffness.
The incremental harmonic balance method was employed to evaluate the response.

The purpose of this paper is to analytically solve the dynamic behavior of a cantilever
beam with a time-dependent spring support at the free end using the shifting function
method combined with the expansion theorem method. To the best of the authors” knowl-
edge, no literature has investigated the beam vibration with a time-dependent spring
support. In this paper, the dynamic response of the novel spring-like actuator was analyzed
using the generated closed solution of a Bernoulli-Euler beam with a time-dependent
spring support at the free end. The governing equation of this problem was a fourth-order
ordinary differential equation with nonhomogeneous boundary conditions. The boundary
conditions were transformed from nonhomogeneous into homogeneous by using the shift-
ing function method that did not require any integral transformation. The shifting function
derived in this study was a quartic polynomial function. Then, we applied the expansion
theorem to solve the differential equation, and the analytical solution was obtained in
the form of a series. The correctness of the proposed analytical solution was verified by
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comparing it with the results obtained by the separation of variables method in the special
extreme case of a constant spring coefficient. The dynamic behavior of the system was
analyzed in detail by considering the harmonic function of time as a time-dependent spring
coefficient.

The novelty and contributions of this paper are as follows:

(1) The novelty of this study comes from the fact this is the first investigation of the
dynamic behavior of a cantilever beam with a time-dependent spring support at the
free end.

(2) The proposed method, combining the shifting function method with the expansion
theorem method, can efficiently find the analytic solution to the dynamic problem of
a time-dependent spring-supported cantilever beam.

(3) The influence of time-dependent spring coefficients on the beam system has been
obtained and discussed.

2. Mathematical Modeling

To evaluate the dynamic behavior of the novel spring-like actuator, the actuator is
set up at the free end of a Bernoulli-Euler cantilever beam with a uniform cross section
(Figure 1). The actuator is modeled as a spring support with a time-dependent medium, and
the beam is assumed to be loaded laterally (Figure 2). The governing equation, boundary
and initial conditions can be expressed as follows [14,15]:

4 2
EIa W(x,t) n Aa W(x, t)

! 0 372 =P(x,t), 0<x<L, t>0, 1)
wmo:ofmgﬁlzamxzq )

dx

*W(L,t) PW(L,t)
—2 =0 El—— 3= —K(OW(L,t) =0, atx =L, A3)
W(x,0) = Wo(x), VO Wi (e), when t =0, @)

ot

where W(x, t) is the flexural displacement, x is the coordinate along the centerline of the

beam, t is the time, and L is the beam length. E, I, and A denote the Young’s modulus,

the area moment of inertia, and the cross-sectional area, respectively. p is the mass density

and P(x,t) is the applied transverse force per unit length. K(t) denotes a time-dependent

spring function; Wy (x) and Wy(x) are the initial deflection and initial velocity, respectively.
Using the dimensionless approach, we define the following quantities

3
e= oo =00 oo Ly B e =TT,
W, 3
wy() = 200 gy = o) () - KL ©)

The governing differential equation and the associated boundary conditions for the
system can be derived as

w™ (&, T) +w(l, 1) = p(g 1), ©6)

w(0, T) =0, w' (0, T) =0, (7)

w' (1, T) =0, w" (1, T) = S(7)w(l, T) = ka(7)w(1, 1), 8)
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where «(7) and k represent the unit time function and the magnitude of the dimensionless
time-dependent spring stiffness. It is noted that the primes and the dots are used to denote
differentiation with respect to the dimensionless position ¢ and the dimensionless time 7,
respectively. The dimensionless initial conditions are specified as two arbitrary functions

w(g, 0) = wo(¢), w(g, 0) = wo (). )

3. The Solution Methodology
3.1. The Shifting Function Method
To find the solution of the beam vibration system, the shifting function method [26-28]
is adopted by taking
w(g, 1) =0(E, 1) +8(5)f(7), (10)
where v(&, ) is the transformed function, g(&) is the shifting function to be specified, and
f(7) is defined as
f(7) = S()w(1, 7). (11)
Substituting Equation (10) into Equations (6)—(9), the partial differential equation is
derived as

0" (§ ) +0(E, T) = p(&, ) — " (@)f (1) — 8(8)f (1), (12)
and the boundary conditions are
v(0, 7) = —g(0)f(7), v'(0, T) = =g'(0) f(7), (13)
v (1, 1) = =g"(Wf(7), 0" (1, 1) = [1 =" (D)]f (7). (14)
Additionally, the corresponding initial conditions now become
0(g, 0) = wo (&) —&(5)f(0), (15)
5(¢, 0) =@ (¢) - $(£)£(0). (16)

Since there are two variables v(¢, 7) and f(7) in Equation (12), the boundary value
problem cannot be solved directly via an analytical method. The relationship between them
is deduced below.

The shifting function g(&) is chosen to satisfy the following ordinary differential
equation with five boundary conditions by changing Equations (13) and (14) from nonho-
mogeneous into homogeneous boundary conditions.

§" (&) =C, (17)

g(0) =0, g'(0) =0, g"(1) =0, g"(1) =1, g(1) =0, (18)

where C is a constant to be determined. The fifth condition in Equation (18) is added to
construct a relationship between w(1, 7) and v(1, 7).
By solving Equations (17) and (18), the translation function and constant C can be

obtained as . s 5
g(g) = =58+ _5168 +3¢ (19)

8
c=3. (20)
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Substituting the shifting function back into Equation (10) yields

4 _£x3 2
w(E, 7) = 0(E, 7) + 2 (), @

Then, setting ¢ = 1 in the above equation gives the relationship
w(l, ) =v(1, 1). (22)

As a result, using this relationship, the two variables in Equation (12) are integrated
into one. Therefore, according to Equations (11) and (22), Equation (12) can be rewritten in
terms of the transformed function as follows:

V(& T) +H(E T) = p(&,T) — gkzx(r)v(l, 1) — kg (&) [a(T)5(1, T) + 2(T)0(1, T) + i (T)0 (1, T)]. (23)

The right-hand side of the above equation represents the forced terms of the trans-
formed system; the associated boundary conditions, Equations (13) and (14), thus become
homogeneous as

v(0, T) =0, ¥'(0, T) =0, (24)

v"(1, 7) =0, v (1, T) = 0. (25)

Under these boundary conditions, v(¢, 7) exactly represents the deflection of the
cantilever beam. Rearranging Equations (15) and (16), the corresponding initial conditions
become

v(g, 0) = wo($) — kg(&)a(0)o(1, 0), (26)

0(g, 0) = wo(¢) — kg(&)[w(0)o(1, 0) +a(0)o(1,0)]. (27)

3.2. The Expansion Theorem Method

The method of eigenfunction expansion is used to solve the boundary value problem
of v(¢, ) (Equations (23)—(25)), and the corresponding eigenfunctions are obtained through
homogeneous governing differential equations and homogeneous boundary conditions.

In order to derive the orthogonality condition for the system eigenfunctions, the
following trial function will be used

$n (&) = Pnor[sin Ay — sinhA, & — Hy(cos Ay — coshAy8)], n=1,2,3,------ (28)

where H,, is defined as
sin A, + sinhA,,
H, = 2
" cos A, + cosh A, (29)

and the eigenvalues A,s are the roots of the following transcendental equation
cos Ay cosh A, +1=0. (30)

In this case, the trial function is chosen such that the inner product is

1
/0 P (E)Pn ()G = Omn, (31)

where 6,,; denotes the Kronecker delta and ¢y, in Equation (28) is defined as

N=

$nor = (€cOs Ay + cosh Ay ) [(— cos2A,, + cosh 2A,, + 4sin AysinhA, ) /2] 2. (32)
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By using the expansion theorem method, one can assume that the solution of
Equation (23) is of the form

=i%@mw> 33)

where q,(7) (n =1, 2, 3,---) represents the time-dependent generalized coordinates.
Substituting the solution of Equation (33) into Equation (23), one can obtain

Z [@n" (©)an(T) + ¢u(2)d, ()]
n= . (34)

=p(G 1)~ El{%k%(l)ﬂé(T)qn(T) +ku (1)g(8) [a(1)q,, (T) +2d(T)7n(T)+&(T)qn(T)}}

Expanding p(¢, T) on the right-hand side of Equation (34) in terms of series yields

Ewww>m+w@wm
n=1 (35)

anlfl’n( )Bn(T Z{ kpn(1)a(T)q (T)+k¢n(1)g(5)[“(f)én(f)+25¢(T)¢7n(7)+&(7)¢7n(f)]}
where B, (7) is defined as
- /01 Pu(©)P(E, T)dE. (36)
From Equation (35), one can obtain
O (©)0n(T) + (20, () S | -
= ¢n(8)Bn(T) — 3kpn(1)a(T)qn(T) — k¢pn(1)g(8) [a(7)q,(T) +22(7)q,,(T) + a(7T)qn(7)]

Now, by taking the inner product of any trial function ¢, (&) in the above equation
and integrating over the entire domain, the differential equation for g, (7) can be obtained

as follows:
26,ka(T) . Ab+ ynka(T) + ki (T)  BulT)
LA o o K A S o o = S Ll wrn ey B
where 7, and ¢, are defined by the following expressions:
8‘Pn( )‘Pnor . .
T 3<pn gbn &)de = [Hy(sin A, — sinhAy,) + cos A, 4 cosh A, — 2], (39)

on = ¢n(1 fo ¢n($)g(8)de
— ) nor M’””’ {8 [ — cos Ay, — cosh Ay, — Hy(sin A, — sinhAy,)] - (40)

3/\
—3A,[sin A, — sinhA, — Hy(cos Ay, — cosh Ay )]}

It is worth noting that the coefficients of the g, (7) term in Equation (38) exerts a
damping effect.
Additionally, the initial functions wy (&) and @y (&) expand in series to

= ;Wnﬁbn(g)/ wo(¢) = ;gn@a(g)/ (41)

where 77, and {; are defined as

= [ ou@en@)it, tu= [ pu@mo(@)ic @)
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Now, the corresponding initial conditions in Equations (26) and (27) become

il 9u()q(0) = ilwn(c) ~ g(@ka(0) il on(1)n(0), @3)
3 u(©)d, (0) = il Catn(2) — 5()ka(0) il 9u(1)3, (0) + kit (0) il o (Dan(0)]. (44)
n=1 n= n= n=

In this case, let

$n ()0 (0) = 1npn(8) — Pu(1)8(5)ka(0)41 (0), (45)
$n(8)4,(0) = Cndpn () — Pn(1)8(E) [k (0) g, (0) + ka(0)4 (0)]- (46)
After multiplying Equation (45) by ¢, ({) and integrating over the domain, one can
obtain .
qan(0) = T+ ka(0)3, (47)
Likewise, performing the same operation and collecting the like terms in Equation (46)
yields
. n nOnka(0
2,(0) ¢ l1nduk(0) (48)

T 1+ka(0)n (14 ka(0)6,]2

Finally, after solving Equation (38) with two initial conditions (Equations (47) and (48)),
the complete solution for g, (7) is obtained.

3.3. The Complete Solution and the Extreme Case Study

Substituting Equations (11), (22) and (33) back into Equation (10), the deflection of the
cantilever beam with a time-dependent spring support is

[e9)

w(Z, T) = Y {[¢n() + Pn(1)g()ka(T)]qu(T)}- (49)

n=1

Two extreme cases of the time-dependent spring coefficient are considered. One is a
constant spring coefficient, and the other is zero spring stiffness. Their descriptions are as
follows:

(A) When considering a constant spring coefficient, i.e., S(7) = k, Equation (38) becomes

)‘% +kyn _ Bu(T)
7,(7) + mﬂn(ﬂ =1tk (50)

The corresponding two initial conditions in Equations (47) and (48) are

_ I
qn(0) = Tk (51)
. _
Therefore, the solution in Equation (50) can be calculated as
gn(T) I COSKnT + g7”sim<n”r+ ¥/T Bn (@) sin[i, (T — ¢)]de (53)
1+ k6, kn (1 + kdy) kn(1+k8y) Jo ’
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where x;, is defined as
1
_ /\% +kyn \ 2

The dynamic deflection of a cantilever beam with a constant spring coefficient becomes

w(g, 1) = f:l{wn(a) T kpn(1)8()]an (1)} (55)

(B) If the spring stiffness k is equal to zero, i.e., the cantilever beam is only subjected to
external loads, then Equation (53) becomes

gn(T) = fncos AT + i’; sin A27 + )\1%/(: Bu(@)sin[A2 (T — ¢)]de, (56)

and the dynamic deflection of the cantilever beam is now

Z {9 (S)qn( (57)

Then, the classical solution is derived.

4. Harmonic Excitation and Harmonic Type of a Time-Dependent Spring Support

The problem of cantilever beams with time-dependent supports and time-varying
external loads is very important in practical engineering applications. Among various
types of dynamic external loads, harmonic excitation is typical in mechanical design, and
other general force situations can be solved by transforming them into harmonic forms
through Fourier series expansion. Therefore, we assume that the external periodic unit
load p(&, 7) at the free end of the cantilever beam is of the harmonic form

p(C,7) = 6(C—1)cosQr, (58)

where J represents the Dirac’s delta function and () represents the frequency of the external
periodic load.
Substituting Equation (58) into Equation (36), there is

Bn(T) = ¢n(1) cos Q. (59)
The time-dependent function S(7) of the harmonic spring support is taken as

1+ coswyT

S(t) = ka(t) = Kk( > )

(60)

such that S(7) ranges from 0 to k. k and w represent the magnitude and frequency of the
time-dependent spring stiffness, respectively. Differentiate S(7) with respect to T once and
twice to obtain

§(e) = k(I () — (B CPT,) 61

The ordinary differential equation with variable coefficients in Equation (38) can be
written as

4,(t) + B(1)4, (1) + C(1)4a(7) = D(7) cos O, (62)
where B(7), C(7), and D(7) are given by

2kdywq sin wyT
2+ kén (14 coswot)’

B(t) = - (63)
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2%+ kyn(1 4 cos woT) — kbpw} cos woT

C() 2+ kéy (14 cos woT) ’ (64)
_ 2¢u(1)
b = 24 kbu(1+ coswpt)” (65)

The particular solution of Equation (62) can be expected to be harmonic, so it is
assumed to be of the form

gn(T) = Qu(7) cos|QT — Ty(7)], (66)

where Q,(7) and T,(7) denote the magnitude and phase angle of g, (), respectively.
Substituting Equation (66) into Equation (62) yields

Qu(7) = D) . (67)
Ve — 027 + [B(r)QP

B(7) in Equation (62) represents the material damping. When it is zero, the resonance
frequency (), can be obtained. Excluding k = 0 or wy = 0, B(t) = 0 always occurs when
T is an odd or even multiple of wlo The two cases of T are discussed in detail below.

(1) When the time 7 is an odd multiple of -, there is
0

t="" 1-1,375,--. (68)
wo
At this time, the time-dependent function S(7) of the harmonic spring support be-
comes zero, and the beam system becomes a clamped-free beam at the same time.
From Equation (64), the resonance frequency is calculated as

2A4 4+ kb, w?
Q= || 20 X% *2 %y (69)

(2) When the time 7 is an even multiple of wlo, there is

T=—mn=246, - (70)
wo
At this time, S(7) becomes k and the beam system becomes a clamped-constant
spring-supported beam.
Likewise, from Equation (64), the resonance frequency is derived as

(71)

a. 204 + 2k, — kbpw?
e 2 + 2ké,,

Since the resonance frequencies derived in Equations (69) and (71) are the same, one
can obtain
2(n — 6ul})

W(2+Kk8y) 72)

Won =

5. Numerical Results and Discussions

To illustrate the preceding analysis and check the accuracy of the solution, the follow-
ing two examples are considered and studied.

Example 1. Beam vibrations with constant spring stiffness.
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The initial deflection and initial slope of the clamped-spring supported beam under
the unit concentrated load at the free end is taken as

(@) = 337 @ 3, WE) =0 @

Substituting these conditions back into Equations (28) and (42) yields

M = Jo Pn(&)wo(&)dE
= —Pnor {[3(Sil’1h/\n —sinAy,) + )\% (cos Ay +cosh Ay)] ’ (74)

AR (k+3)
+H,[3(cos Ay — cosh Ay) + A3 (sin A, — sinhA,,)]}

¢n =0. (75)

In the case, a constant spring coefficient k = 1 and a forcing frequency () = 1 are used.
Integrating Equation (53), 4, (T) can be obtained as

_ M . ¢n(1)
() = 1375, % ™ T (2R (1 1 k)

(cos k, T—cos Q T). (76)

The separation of variables method cannot be used to find the analytical solution
to the dynamics of a cantilever beam supported by a time-dependent spring at the free
end. However, the separation of variables method can be used to solve the problem in
the extreme case of the cantilever beam supported by a spring with a constant stiffness
coefficient. By using the separation of variables method, g, (7) is derived as

¢n(1)

&) (cos 22T — cos Q1) (77)
.

n(T) = 17n cos AT —

where A,s are the roots of the following characteristic equation.

Xi [Hy(sin A, —sinh A;) + cos A, + cosh A,] = Hy(cos A, —cosh Ay,) —sin A, + sinh A,,. (78)

In order to verify the accuracy of the solution using the proposed method in this study,
the extreme case is considered, and the results obtained using the proposed method and the
separation of variables method are compared. Table 1 shows the deflections at the free end
of the beam for S(7) = k = 1 and Q) = 1 obtained using the two methods. The numerical
data in the table display the time points from 0 to 10 and the number of expansion terms
from 1 to 5. The data in rows A and B are obtained using the present method and the
separation of variables method, respectively. It is found that, although the difference in
results depends on the dimensionless time 7 for T from 0 to 10, the trends of the solutions
obtained using the two methods are almost the same.

Table 1. The deflections of the beam at = 1 and various time 7 [wy(§) = ;é(;{iggz, wy(&) =0,
S(t)=k=1,Q0=11].
w (1, T)
T 1 Term 2 Terms 3 Terms 4 Terms 5 Terms
A B A B A B A B A B

0 0.2393 0.2402 0.2455 0.2485 0.2463 0.2495 0.2465 0.2498 0.2466 0.2499
1 0.1507 0.148 0.1572 0.1525 0.1577 0.1531 0.1578 0.1532 0.1578 0.1533
2 —-0.1032  —-0.1030 —-0.1086  —0.1064 —0.1089  —0.1069 —-0.1089  —0.1070  —0.1089  —0.1070
3 -0.2716  —-0.2674 —-0.2780 —-0.2756 —0.2788  —0.2767 —0.2790 —0.2770  —0.2791 —0.2771
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Table 1. Cont.

w (1, 7)
T 1 Term 2 Terms 3 Terms 4 Terms 5 Terms
A B A B A B A B A B

4 —-0.1508  —0.1531 -0.1590  -0.1586  —-0.1596 —-0.1593 —-0.1598 —-0.1594 —-0.1599 —0.1595
5 0.0689 0.0692 0.0728 0.0715 0.0729 0.0718 0.073 0.0719 0.073 0.0719
6 0.236 0.2358 0.2426 0.2438 0.2433 0.2448 0.2437 0.2451 0.2438 0.2452
7 0.2127 0.2086 0.2201 0.2148 0.2209 0.2156 0.2211 0.2158 0.2212 0.2159
8 —0.0491 —0.0469 —0.0513  —0.0481 —0.0512  —0.0483 —0.0513 —0.0483 —0.0513  —0.0483
9 —-0.2387  —0.2367  —0.2455  —0.2443 —0.2463 —0.2453 —0.2465 —0.2455 —0.2466 —0.2456
10 —0.1997  —0.2005 —0.2071 -0.2075 —-0.2080 —-0.2083  —0.2082  —-0.2086  —0.2083  —0.2087

A: Present solution, Equation (76); B: Separation of variables method, Equation (77).

To check the numerical convergence of the proposed method, Table 2 is established.
The relative error |(A;+1 — An)/Ay41| is considered, where A, and A, ;1 are the solutions
using the proposed method with n and n + 1 terms expansion, respectively. The results in
Table 2 show that for n > 2, the relative error is less than 1%, and that the larger # is, the
smaller the relative error will be. The three-term approximation is used when applying the
expansion theorem approach in the following studies.

Table 2. Convergence checks of the solutions of the proposed method in Table 1 under different
numbers of expansion terms.

B
T Ans1
n=1 n=2 n=3 n=4

0 2.53% 0.325% 0.0811% 0.0376%
1 4.13% 0.317% 0.0634% 0%

2 4.97% 0.275% 0% 0%

3 2.30% 0.287% 0.0717% 0.0358%
4 5.16% 0.376% 0.125% 0.0625%
5 5.36% 0.137% 0.137% 0%

6 2.72% 0.288% 0.164% 0.0410%
7 3.36% 0.362% 0.0905% 0.0452%
8 4.29% 0.195% 0.195% 0%

9 2.77% 0.325% 0.0811% 0.0406%
10 3.57% 0.437% 0.096% 0.0480%

Ajy: Present solution with n terms expansion; A, 1: Present solution with 7 + 1 terms expansion.

Example 2. Beam vibrations with a time-dependent spring support.

First, the free-end deflections of three kinds of free-end-supported cantilever beams
are studied. By denoting the spring stiffness magnitude k = 1 and the spring stiff-
ness frequency wy = 2, the dimensionless time-dependent spring stiffness becomes
S(7) = (14 cos2t)/2. Figure 3 plots the deflection w(1, T) at the free end of a pure can-
tilever beam (S(7) = 0), a cantilever beam with a constant spring coefficient (5(7) = 1), and
a cantilever beam with a time-dependent spring support (0 < S(7) = (1 +cos27)/2 < 1).
As time T goes from 0 to 10, it can be seen that the pure cantilever beam deflects the most
(S(t) = 0), while a cantilever beam with a constant spring coefficient deflects the least
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(S(t) = 1). This is as expected. For a cantilever beam with a time-dependent spring
support (5(7) = (1 + cos271)/2), there are also oscillations at the peaks and troughs.

04

1. —e— S(7)=1
0.3 - —=- S(r)=(+cos27)/2
™~1--0--8()=0

Figure 3. The deflection at the free end of a pure cantilever beam (S(7) = 0), a cantilever beam with a
constant spring coefficient (S(7) = 1), and a cantilever beam with a time-dependent spring support
(5(7) = (14 cos271)/2).

In the application, the parameter error, caused by several reasons, has the potential
to cause the deflection error, meaning that it is necessary to analyze the sensitivity of
the parameter. For the sensitivity analysis of the deflection of a cantilever beam with a
time-dependent spring support, the spring parameters, such as the magnitude k and the
frequency wy of the spring stiffness S(7) = k(HC(’zﬂ), are considered. First, Figure 4
shows the deflection of the free end of the cantilever with three spring magnitudes of 0.9, 1.0,
and 1.1 and a constant spring frequency of 2.0. It can be seen that the deflection differences
of the three spring magnitudes are more pronounced near the peaks and troughs. Then,
Figure 5 shows the deflection w(1, 7) of the cantilever with three spring frequencies of 1.9,
2.0, and 2.1 and a constant spring magnitude of 1.0. The longer the time taken, the more
obvious the separation of deflection curves will be. This can be explained by the fact that a
variation in the spring frequency changes the deflection frequency, resulting in a separation
of the deflection curves at different spring frequencies.

From the numerical data, the sensitivity of deflection with respect to spring magnitude
and frequency is also obtained on a time scale of 0 to 10, as shown in Table 3. When the
spring magnitude is changed from 1.0 to 0.9 and 1.1 during 0 < 7 < 10, the sensitivity
|Aw(1, T)/Ak|% ranges from 0.0463% to 13.5% and 0.0566% to 13.1%, respectively. The
sensitivity |Aw(1, T)/Awy|% varies from 0.0% to 58.0% and 0.0% to 63.9% as the spring
frequency changes from 2.0 to 1.9 and 2.1. When the time is zero, the sensitivity of the
deflection with respect to the spring frequency is also zero. It is clear that the spring
frequency error has a greater effect on the variation in the cantilever deflection than the
spring magnitude error. To gain an insight into the dynamic behavior of a cantilever
beam with a time-dependent spring support, the conditions under which resonance occurs
should be studied. By using Equations (62) and (64), the resonance frequencies at times
T = 7/wp and T = 271/ wq can be calculated for various spring frequencies. Table 4 shows
the resonance frequencies of a cantilever beam with time-dependent spring support at times
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T = 7/wp and T = 271/ wy for spring stiffness magnitude k = 1 and with spring stiffness
frequency wy ranging from 0 to 48. The first two modes are calculated and displayed in
this table.

0.4

—e—k=11, ®=20
-5 k=1.0, @=2.0
-0 -k=09, =20

W 0.0-
_
N—"
> ]
—0.2
—04 T T T T T T T T T
0 2 4 6 8 10

Figure 4. The deflection at the free end of a cantilever beam with a time-dependent spring support
(S(1) = ka(7) = k(FFUT), wo = 2).

0.4

] —e—k=1.0, 9=2.1
== k=10, ®=2.0
cc0- k=10, ®=19

Figure 5. The deflection at the free end of a cantilever beam with a time-dependent spring support
(S(1) = k(HHepeT) k =1).
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14coswyT
fo) for

Table 3. The sensitivity of the cantilever deflection with spring stiffness S(7) = k(
wy =20, k*=10,0<7<10.

Parameter Sensitivity
(U():ws,k:ks %%a
k* =09 0.0463~13.5%
k=11 0.0566~13.1%
wo = wp, k=k* AZ"A(:;OT) % b
wi =19 0.0~58.0%
wh =21 0.0~63.9%
% Aw(l, 1) = w0l O, it — O Dy, ke D= k=K b Aw(l, 1) = w(l, Ol wp=a, k=t ~

w(l, T)‘wo:w[*), ke Do = wo — wg.

Table 4. The resonance frequencies of various spring frequencies at various times for mode I and
mode II [k = 1].

Mode I Mode I1
“o T=1/Wwy T=21m/wy T=7/wy T=21/wy
0 3.516 4.038 22.034 22.126
(comparison) 3.51a6 4.040b 22.024 22.122
(ES?) (SVM ®) (ES?) (SVM ®)
1 3.517 4.037 22.034 22.126
2 3.520 4.035 22.034 22127
5 3.541 4.016 22.031 22.130
10 3.616 3.950 22.020 22.141
15 3.737 3.838 22.001 22.160
20 3.900 3.674 21.975 22.186
25 4.100 3.453 21.942 22.219
30 4.330 3.161 21.901 22.260
35 4.591 2.777 21.853 22.308
40 4.873 2.254 21.797 22.363
45 5.174 1.448 21.734 22.426
47 5.299 0.898 21.706 22.453
48 5.363 0.374 21.692 22.467

2: Exact solution of the clamped-free beam system. °: Solution of the beam with constant spring stiffness by using
separation of variables method.

The resonance frequencies of the first two modes at wy = 0 and T = 77/ wy are 3.516
and 22.034. When wy = 0 and T = 7t/ wy are considered, the beam system is the same as a
pure cantilever beam. The resonance frequencies calculated using the proposed method
are checked against those obtained from the exact solutions for the extreme case using
a clamped-free beam system. Comparing the two results obtained by using these two
methods, the results are the same, which verifies the correctness of the proposed solution.
When the spring stiffness frequency wy is zero, at time T = 271/ wy, the spring becomes the
other extreme case of a cantilever beam with a constant spring coefficient, meaning that the
resonance frequency can be solved using the separation of variables method. The results of
the first two modes are compared by using the proposed method and method of separating
variables. The relative difference of the first mode is |(4.038 — 4.040) /4.040|= 0.0495% and
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the relative difference of the second mode is |(22.126 — 22.126) /22.126|= 0%. It is clear
that the accuracy of the solution using the proposed method reaches a certain level.

For mode I, the resonance frequency increases with increasing wy at T = 7/wy
and the resonance frequency decreases with increasing wp at T = 27/wy. When wy
is greater than the critical frequency of the spring stiffness wy. (approximately 48.9), the
resonance frequency of the first mode at T = 271/ wq will become a pure imaginary part. The
influence of wy on the first resonance frequency becomes significant when the divergence
instability is about to occur. For mode II, the change in resonance frequency is small with
wyp. Additionally, it is also found that the resonance frequencies for the second mode are
nearly the same for wg < 20at 7 = /wpand T = 27t/ wy.

The magnification factor M for the boundary value problem is

Mp = (k+3)¢u(1)|Qn(T)] (79)

Figure 6 reveals the relationship between the magnification factor and the forcing
frequency for the first mode at eight time points at k = 1 and wp = 1. The resonance
frequency at T = mis (0,1 = 3.517 and that at T = 27r is (0,p = 4.037, as shown in Table 4.
It is obvious that the maximum amplitude occurs at T = 7w and T = 271. The amplitudes at
other times are much smaller than those near the two time points. The same results are also
found in other modes, which are not shown here for brevity.

800
700 - —-— =1
i —eo—-7=87/7
600 —a-7=97/7
i -eo-17=11x/7
LL400_ -<-7=127/7
E . -» - 1=137/7
300 + N —— =27 A
i | |
200 - :', ; 1

Figure 6. The magnification factor of the first mode for the resonance frequency at eight different
time points. [k =1, wp = 1].

Figure 7 plots the resonance frequency versus the spring stiffness frequency wp atk = 1.
For modes I and II, the resonance frequency depends on the spring stiffness frequency. The
resonance frequency varies more significantly with the spring stiffness frequency, especially
for mode I. For modes III and IV, the resonance frequency is almost independent of the
spring stiffness frequency. The two resonance frequency curves of mode III coincide at
the two time points T = 7/wp and T = 27t/ wy. The same happens in mode IV. It is also
found that the curve of the first mode at T = 271/ wy in Figure 7 disappears for wy > 48.9.
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As discussed in Table 4, when the spring stiffness frequency is greater than the critical
frequency, the divergence instability occurs in the first mode at T = 277/ wy.

140

120- ——IVir=r/w,) |_, e
1 -e-1V(T=27/w,)

100 —o— I (t=7/w,)
] -<-1l(r=27/w,)

80__ —— Il (r=7x/w,)

C}k 60 - -o-N(r=27/w,) «—3

. ——[(t=7/w,)

40 -o-1(7=27/w,)

20 - >

0 e —
0 20 40 @,. 60 80 100

W

Figure 7. The relationship of the resonance frequency and the spring stiffness frequency for the first
four modes atk = 1.

At wp = 30, the relationship between the resonance frequency and the magnitude
of the spring stiffness is shown in Figure 8. The situation in Figure 8 is similar to that
in Figure 7. The resonance frequencies of modes I and II depend on the spring stiffness
magnitude; in particular, the resonance frequency of mode I varies more obviously with
the spring stiffness magnitude. The resonance frequencies of modes III and IV are almost
independent of the spring stiffness magnitude. The two curves of mode III overlap at
the two times points of T = /wy and T = 271/ wy. The same happens in mode IV. As k
approaches 5.6, the first curve (t = 27t/ wy) also exhibits divergence instability, as shown
in Figure 8.

Figure 9 is an enlarged plot of the resonance frequency versus the spring stiffness
frequency for the first mode at k = 1. For comparison, two dashed horizontal lines are
plotted at the resonance frequencies (), = 3.517 (S(7) = 0; the extreme case of a pure
cantilever beam) and Q),5 = 4.037 (5(7) = k = 1; the extreme case of a cantilever beam with
a constant spring coefficient). The shaded areas indicate a magnification factor greater than
5, indicating the unsafe areas in engineering applications. Interestingly, one curve with odd
multiples of T = 71/wp and another curve with even multiples of T = 7/wy intersect at
w1 = 16.2. This spring stiffness frequency at the intersection point can be calculated by
Equation (72).
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207 wa=2/w)
| | ——ve=7/0
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| | —o— 1l (7=27/w,)

god | —— M (r=7/w,)
1 | —=>— I (r=27/w,)

Cf 60+ —o— Il (r=7/@,) 3
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Figure 8. The relationship of the resonance frequency and the spring stiffness magnitude for the first
four modes at wy = 30.

10
—s=— odd multiplesof 7=7/w,
1| --e- S(r)=1
84| - - - S(r)=0
even multiplesof 7=7/w,

. i
0 20 40 @, 60 80 100

W

Figure 9. Zoomed-in plot of the resonance frequency versus the spring stiffness frequency for the

first mode at k = 1.
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Figure 10 is an enlarged plot of the resonance frequency versus the spring stiffness
magnitude for the first mode at wy = 30. A dashed horizontal line is drawn at the
resonance frequency of 2,1 = 3.517 (S(7) = 0; the extreme case of a pure cantilever beam)
for comparison. As in Figure 9, the shaded areas indicate that the magnification factor is
greater than 5; this represents an unsafe area in practical applications.

10

—=— odd multiplesof 7 =7/,

0 S(7)=0
81| —e— evenmultiplesof r=7/w,| T4

M, >5

Figure 10. Zoomed-in plot of the resonance frequency versus the spring stiffness magnitude for the
first mode at wy = 30.

It can be seen from Figures 9 and 10 that in engineering applications, the occurrence of
resonance can be avoided by adjusting the spring stiffness frequency and/or the spring
stiffness magnitude.

6. Conclusions

An analytical solution to the vibration of a beam with a time-dependent spring-
supported boundary condition at the free end was developed in order to understand the
dynamic behavior of a novel spring-like actuator. The series solution was generated via
the shifting function method and the expansion theorem method. Most importantly, two
examples of constant spring stiffness and harmonic type time-dependent spring supports
for Bernoulli-Euler beams were also well studied.

The new findings of the present study were as follows:

(1) The proposed approach, combining the shifting function method and the expansion
theorem method, can obtain an analytical solution to the dynamic behavior of a
cantilever beam with a time-dependent spring-like actuator.

(2) The deflection of the cantilever beam with a time-dependent spring support is between
the two extreme cases of a pure cantilever beam and a cantilever beam with a constant
spring coefficient.

(3) In the sensitivity analysis, the error in the spring frequency has a greater effect on the
variation in the cantilever deflection than that in the spring magnitude.
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(4) When the magnitude or the frequency of the spring stiffness is greater than a crit-
ical value, the divergence instability occurs in the first mode at even multiples of

T=1/wp.

(5) The important new finding is that the resonance frequency depends significantly on
the magnitude and the frequency of the spring-like actuator in the first two modes.
The magnitude and/or the frequency of the time-dependent spring stiffness can be
adjusted to distribute the first two modes to avoid causing unsafe vibrations or even

resonances of the beam system.

The resonance frequencies calculated using the proposed method were verified via a
comparison with the exact solutions and with the solutions obtained using the separation
of variables method in the extreme cases. However, it is also recommended that future
work validate the results via a comparison with numerical and/or experimental data.

Author Contributions: Conceptualization, ].-R.C.; data curation, J.-R.C. and C.-].H.; formal analysis,
J.-R.C,; funding acquisition, J.-R.C.; investigation, ].-R.C., T.-W.T. and C.-].H.; methodology, J.-R.C.
and T.-W.T,; resources, T.-W.T.; software, J.-R.C. and C.-].H.; supervision, T.-W.T.; validation, ].-R.C.
and T.-W.T.; writing—original draft, C.-]. H.; writing—review and editing, ]J.-R.C. All authors have

read and agreed to the published version of the manuscript.

Funding: This research received no external funding. Additionally, the APC was funded by

all authors.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

SN N N
=

gcyﬂmpfnwg

wo, wo

Wo, Wo

Cross-sectional area (m?2)

Young’s modulus (N / m?)

Auxiliary function

Shifting function

Auxiliary function

Area moment of inertia (%)

A constant spring stiffness magnitude
Time-dependent spring stiffness (N /m)
Length of beam (m)

Magnification factor

Dimensionless forcing term
Time-dependent generalized coordinate
Amplitude of g,

Time-dependent spring function

Time variable (sec)

Phase angle of g,

Transformed function

Dimensionless flexural displacement of beam
Dimensionless initial displacement and initial velocity
Flexural displacement of beam

Initial displacement and initial velocity
Longitudinal coordinate of the beam ()
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Greek Symbols
o A unit dimensionless time-dependent spring stiffness function
Bn Auxiliary function
) Delta function used in Equation (58)
On Auxiliary function
Omn Kronecker delta
o Eigenfunction
Pnor Norm of eigenfuction
@ Auxiliary integration variable
Yn, I, kn Auxiliary functions
A, An Characteristic values
T Dimensionless time variable
wo Frequency of time-dependent spring stiffness
woe Critical spring stiffness frequency
Q Frequency in forcing term
¢ Dimensionless coordinate
Cn Auxiliary function
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