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Abstract: Engineering systems undergoing extreme and harsh environments can often times
experience rapid damaging effects. In order to minimize loss of economic investment and human lives,
structural health monitoring (SHM) of these high-rate systems is being researched. An experimental
testbed has been developed to validate SHM methods in a controllable and repeatable laboratory
environment. This study applies the Euler-Bernoulli beam theory to this testbed to develop analytical
solutions of the system. The transverse vibration of a clamped-pinned-free beam with a point mass
at the free end is discussed in detail. Results are derived for varying pin locations and mass values.
Eigenvalue plots of the first five modes are presented along with their respective mode shapes.
The theoretical calculations are experimentally validated and discussed.
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1. Introduction

High-rate dynamics are defined as events having amplitudes greater than 100 g over durations
less than 100 ms [1]. Some examples of high-rate systems may include civil structures exposed to blast,
passenger vehicles experiencing collisions, and aerial or spacecraft vehicles subjected to ballistic
impacts. Such systems have the potential to experience rapid changes in mechanical configuration
through damage. Economic investments and lives could be saved if fast detection of parameter changes
can be accurately quantified [2]. A variable input observer has been studied by the authors as a potential
solution to increasing convergence times through richer inputs [3]. However, there is a need to validate
high-rate structural health monitoring (SHM) methods [4].

An experimental testbed has been designed and built to test and validate SHM methods
systems experiencing high-rate dynamics. The development of an experimental testbed is critical,
because the experimentation on real-life high-rate systems would be complex, difficulty to verify,
and potentially very costly. This testbed design incorporates a cantilever beam with a roller
that restrains the displacement in the vertical direction and is allowed to move freely along the
length of the beam. Additionally, the mass at the free end of the beam can be dropped through
the de-energizing of the electromagnet that detaches the mass from the beam. The roller is a moving
cart that provides a changing boundary condition while the mass drop provides a sudden change
in mechanical configuration. This system is easily controllable and repeatable in a laboratory setting.

To develop analytical solutions for this beam structure, the Euler-Bernoulli beam theory
is applied. The system is modeled as clamped-pinned-free with a point mass at free end.
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To the best knowledge of the authors, this configuration has not been previously studied analytically
nor experimentally. There is no mention of this beam configuration in the book authored by Blevins [5].
The clamped-pinned-free without mass [6] and the clamped-free with mass at free end without pin [7]
have been studied. In more recent years, researchers have investigated the free vibration of multi-span
beams with flexible constraints [8], axial vibrations of multi-span beams with concentrated masses [9],
multi-span beams with moving masses [10], and multi-span beams carrying spring-mass systems [11,12].
Using beam theory, Section 2 derives the transcendental equation. A generalized form is presented
that is applicable to any pin location and any mass value. Derived results are verified through comparison
between well known cases in literature. Section 3 calculates the eigenvalues for normalized pinned
location for various mass ratios. Section 4 calculates the mode shapes for several different pinned
locations, while Section 5 compares the results from the theoretical calculations to experimental data.

2. Frequency Calculations

The transverse vibrations of a slender clamped-pinned-free beam with a mass at free end of interest
is shown in Figure 1. The governing equation for the beam using Euler-Bernoulli’s beam theory [13]
can be written:

|
/ =2 S Mattached

%;7 \E’I’p

Figure 1. Schematic of a clamped-pinned-free beam with mass at free end.
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where E is the Young’s modulus, I is the cross-sectional moment of inertia, w is the vertical deflection,
x is the axial coordinate, p is the density of the beam, A is the cross-sectional area, and t is time.

Equation (1) can be solved assuming a separation-of-variables solution in the standard form:
w(x, t) = X(x)T(t) (2)

where X is the spatial solution and T is the temporal solution. The spatial solution for a two-span
beam then is expressed:

X(x) = {Xl(’”’ Vsx=a )

X3(x), a<x<L

The sub-functions in Equation (3) can be written as the following general solutions:

X1(x) = ay sin(Bx) + ap cos(Bx) + az sinh(Bx) + a4 cosh(Bx) 4)
Xp(x) = by sin(Bx) + by cos(Bx) + b sinh(Bx) + by cosh(pBx) )

where B is the beam vibration eigenvalue. Parameter § and seven of the eight coefficients can be solved
by applying the boundary conditions of the system. For the clamped-pinned-free, the displacement
and slope at the clamped end are zero [7]:

X1(0)=0 (6)

=0 @)
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while at the free end, the bending moment and the shear vanish such that:

d*Xo(L) _
dx2 0 ®

A3Xo(L 2Ty (L, ¢t
dig ) = mattached% 9)

EI

where M ttached 1S the mass attached to the beam at the free end. In addition to these four boundary
conditions, four more boundary conditions (displacement and rotation) are found at the pin location a:

Xa(a) = 0 (11)
dXi(a) _ dX(a)

dx dx (12)
d’Xy(a) _ d*Xz(a)

dx2  dx? (13)

Substituting the first transverse displacement (Equation (4)) into the clamped boundary condition
(Equations (6) and (7)) gives:

a+a4 =0 (14)
a1 +a3 =0 (15)

Substituting the second transverse displacement (Equation (5)) into the free end boundary
condition (Equation (8)) yields:

— by sin(BL) — by cos(BL) + bz sinh(BL) + by cosh(BL) =0 (16)

Additionally, inserting the second transverse displacement (Equation (5)) into Equation (1)
and applying the boundary condition at the free end (Equation (9)) results in:

by (—cos(BL) + ,BLW sin(BL)) + by (sin(BL) + ﬁL% cos(BL))

beam beam

+b(cosh(BL) + BL2tached ik (BL)) + by(sinh(BL) + pL2tached (osh(BL)) =0 (17)
Mpeam Mpeam

where Mpeam is the mass of the beam.
Substituting the first transverse displacement (Equation (4)) into the pinned boundary condition
(Equations (10) and (11)) results in:

a sin(ﬁL%) +ap cos(,BL%) + a3 sinh(‘BL%) +ay cosh(ﬁL%) =0 (18)
and
by sin(,BL%) + by cos(ﬁL%) + b3 sinh(ﬁL%) +0y cosh(ﬁL%) =0 (19)

After, substituting the second transverse displacement (Equation (5)) into the boundary conditions
defined by Equations (12) and (13) provides the following expressions:

a cos(ﬁL%) —ap sin(,BL%) +as COSh(ﬁL%) +ay sinh(,BL%)

—by cos(ﬁL%) + by sin(ﬁL%) b cosh(,BL%) — by sinh(/%L%) =0 (20)
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—aq sin(,BL%) —ap cos(‘BL%) + a3 sinh(,BL%) +ay cosh(‘BL%)

+by sin(,BL%) +by cos(ﬁL%) —bs sinh(ﬁL%) — by cosh(/%L%) =0 (21)

Aggregating Equations (14)—(21) into an 8 x 8 matrix (see Appendix A) and solving for the determinant
leads to the transcendental equation expressed:

4cos(,BL(% ~1)) sinh(,BL(% —1)) - 4cosh([3L(% —1)) sin(ﬁL(% ~1))
—I—2cos([3L(2% — 1)) sinh(BL) — 2cosh(ﬁL(2% —1))sin(BL)
+4 cos(E BL) sinh(fﬁL) - 4cosh(5 BL) sin(f[sL)

+2cos(BL) sinh(BL) — 2 cosh(BL) sin(BL) + 8L 20 Mattached o (‘BL(— 1)) sinh(ﬁL(E —1))

eam

yop Mattached s(ﬁL(Z%—l))cosh(ﬁL) ZﬁLwcosh(ﬁL(z%—1))cos([3L)

Mpeam Mpeam

opp Mattached i1y (/SL(Z% — 1)) sinh(BL) + 2pL Tattached mh(/}L(Z% — 1)) sin(BL)

Mpeam Mpeam

—4BL ;Zt;ach‘fd sin(BL) sinh(BL) = 0 (22)
eam

where the natural frequencies (in Hz) are given by:

fn = 2mL2 p7A (23)

To verify Equation (22), the first five natural frequencies were calculated for three well known cases:

Case 1: Clamped-free [14]: | = m -0
Case 2: Clamped-free with mass at Pfree end [7: £ =0
Case 3: Clamped-pinned-free [6]: ma‘gz::d =0

The results are tabulated in Tables 1-3. The frequencies of the first five modes (81—p5)
are compared between what is found in literature against the results from Equation (22)
(proposed model). The small differences are due to rounding errors of the beam vibration eigenvalues §,
which cause large changes in the calculated frequency (f, « B2). The precision for § in this paper
is £0.0002.

Table 1. Comparison of analytical results: clamped-free (Case 1).

Literature [14] Proposed Model Difference

Mode (Hz) (Hz) (%)
1 19.64 19.63 0.051
2 123.07 123.02 0.041
3 344.64 344.45 0.055
4 675.31 674.97 0.050
5 1116.33 1115.79 0.048
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Table 2. Comparison of analytical results: Clamped-free with mass at free end (mr;‘lmﬂ = 0.2) (Case 2).
beam

Literature [7] Proposed Model Difference

Mode (Hz) (Hz) (%)
1 14.56 14.58 0.14
2 101.47 101.64 0.17
3 298.59 299.00 0.14
4 603.06 604.02 0.16
5 1017.07 1018.48 0.14

Table 3. Comparison of analytical results: Clamped-pinned-free (pinned at 2 = 200 mm) (Case 3).

Literature [6] Proposed Model Difference

Mode (Hz) (Hz) (%)
1 41.70 41.59 0.26
2 279.25 278.46 0.28
3 635.80 635.19 0.10
4 899.94 897.69 0.25
5 1650.85 1646.48 0.26

3. Calculations of Eigenvalues

The beam vibration eigenvalues are calculated in terms of BL for different mass ratios, %.
The eigenvalues are plotted as a function of the normalized pinned location, { in Figures 2-6.
Note, the BL values corresponding to = 0 is equivalent to the clamped-free system with a mass

at the free.
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Figure 2. Eigenvalues of first 5 modes, W =0.2.
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Figure 5. Eigenvalues of first 5 modes, % =0.8.
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Figure 6. Eigenvalues of first 5 modes, % =1.
4. Mode Shapes

The mode shapes are calculated for the two different sections of the beam corresponding
to the clamped-pinned and pinned-free sections. To calculate the mode shapes, the boundary condition
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(Equations (6)—(13)) are used to find a relationship between the coefficients. The method used here
consists of solving all coefficients in terms of a4. Note, there are not enough equations to determine
a unique solution for each coefficient. The solutions for the a coefficients are:

U (24)
= —ay (25)
v cos(BLY) —cosh(ﬁL%>a4 (26)

(sinh(BL{) —sin(BLT)

and for the b coefficients:

by = —by cot(BL) + b3 Si?‘h(([f LL)) +by C;i%%) 27)
by, = bg + b4 2 (28)
where

= Ssi?;‘((ﬁﬁ;)) (cos(BL) + ,BLim;l:i‘:jd sin(BL)) — (cosh(BL) + [SLL;::}::d sinh(BL))  (30)
_ C;’jéﬁ) (cos(BL) + PLUZ in (L) — (sinh(BL) + L2 cosh(pL)) (1)
z3 = cot(BL)(cos(BL) + ,BLW sin(BL)) + (sin(BL) + ,BLW cos(BL)) (32)

beam beam
24 = cos(,BL%) — cot(BL) sin(,BL%) (33)
25 = m sin(,BL%) + sinh(/%L%) (34)
26 = % sin(ﬁL%) + Cosh(ﬁL%) (35)

Substituting the equations for the coefficients (Equations (24)—(35)) into the boundary condition
from Equation (12), a relationship between a4 and b, is obtained. For brevity, this expression is not
presented here. The mode shapes are determined for the multi-span beam by substituting all coefficient
expressions in terms of a4 into Equation (3).

Normalizing at a4 = 1, the first five mode shapes for the clamped-pinned-free beam with a mass
at the free end are plotted in Figures 7-10 for a = 100, 200, 300, and 400 mm with ma”“hed = 0.2.
The red triangle on the plots denotes the pin location. Note that for a = 100 (Figure 7) the mode
shapes are as expected for a fixed-pinned-free cantilever beam with a mass on the free end. However,
when a = 200 (Figure 8), mode shape 4 is highly non-symmetric because the constraint point (pin)
is just past the node and in combination with the effect of the mass this mode shape flattens out for the
remainder of the beam. For a = 300 (Figure 9) and a = 400 (Figure 10) the more expected sinusoidal
shape dominates the mode shapes.



Appl. Sci. 2019, 9, 2996

0.5

mode shape
s

|
o
[$)]

mode 1

= = =mode 2 Sy +,

—-=-=mode 3| ¥ } St
e mode 4| B
g mode 5 : _‘_

mode shape
=

|

©

(6]
T

0.2 0.4 0.6 0.8 1
x/L

Figure 7. Mode shapes for pinned at 2 = 100 mm and mn‘;‘b‘:‘[‘jd =0.2.

._“..-u-n’lu";i-!ll-l-l-l--....u|-u-..."."""""""'-.:.\"l..

mode 1
= = =mode 2
=====mode 3
s mode 4
- mode 5

0.2 0.4 0.6 0.8 1
x/L

Figure 8. Mode shapes for pinned at 4 = 200 mm and % =0.2.

90f 16



Appl. Sci. 2019, 9,299 100f 16

1r C K ’
o,' ?’\:.' ’
;5%
” :
4 H kY ’
A W
S~ I. \
* 'h.. R \ l' : I*“
051 S A& s ] 4
F oI \, kit 7 roEN
A h § & / Y FR
J *» -, _+ + H
® § ke= == F & | A A\
o ) ‘.-";"’2., v Y y ’ x e
& K s, RS .l _-l_ \
= + / :
N 3 :
4 § :
L 0 :
e
o)
=

mode 1 :
05} |= = =mode 2 ok i
=====mode 3 a =300 mm
s mode 4
=== mode 5
_1 | 1
0 0.2 0.4 0.6 0.8 1
x/L
Figure 9. Mode shapes for pinned at 2 = 300 mm and mn‘;‘b‘:‘[‘jd =0.2.
1
0.5

mode shape
=

mode 1
= = =mode 2
=====mode 3
s mode 4
EETTE TErn mode 5

1

o

(6]
T

_1 1 1 1 1
0 0.2 04 0.6 0.8 1

x/L

Figure 10. Mode shapes for pinned at 2 = 400 mm and “aiahed — (.2,
beam

5. Experimental Validation

In this section, the theoretical results are compared with experimental data. The experimental
setup is illustrated in Figure 11. A cart with rollers is used as a moving pin along the beam.
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Accelerometers are attached at locations 300 mm and 400 mm. The mass of the accelerometers
is assumed to have a negligible effect. Each accelerometer weighs 1.7 gm, not including cables, which
is 0.2% of the weight of the beam. At the free end, an electromagnet is used to simulate the point mass.
The specifications of the experiment are listed in Table 4.

cross-section of beam

cart with
rollers 6.4 mm S0
clamp 505 mm |
| . '
O 1 u\ /D [} electromagnet

beam
accelerometers

Figure 11. Illustration of the experimental setup.

Table 4. Specifications of the experimental setup.

Parameter Value
L 505 mm
base 50 mm
height 6.4 mm
0 7970 kg/m?3
E 190 GPa

Mattached 0.259 Kg

The accelerometers are single axis PCB 353B17. They are connected to a NI-9234 IEPE analog input
module seated in an NI cDAQ-9172 chassis. A PCB 086C01 modal hammer with a white ABS plastic
tip is used to excite the beam at 300 mm. Five tests under each condition are conducted and averaged
in the frequency domain to generate frequency response functions (FRFs) using the H, algorithm [15].
The FRFs for the different tests are plotted in Figures 12-15. The vertical red dashed lines represent
the theoretical modes computed from the proposed model. To better understand the differences,
the modes are extracted and tabulated in Tables 5-8.

For the four test conditions evaluated, the difference between the theoretical calculations
and experimental results for modes 4 and 5 are non-trivial. Three possible explanations for these
differences are (1) the electromagnet vibrates separate from the beam, (2) the beam vibrates within
the rollers, and (3) the rotational inertia from a large mass at the end of a long beam impacts the higher
frequencies. In Figures 13 and 15, the coherence for mode 5 drops significantly such that it cannot
be said with certainty that the frequencies are correct. Percent difference is used to quantify how
different the theoretical frequencies are from the experimental. All frequencies fall below 20% difference
with the exception of mode 4 in Table 5.
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Table 5. Pinned at 2 = 50 mm and % =0.2.

Proposed Model Experiment Difference

Mode (Hz) (Hz) (%)
1 16.73 17.75 6.1
2 118.28 128.88 9.0
3 350.24 378.68 8.1
4 710.71 872.01 22.7
5 1202.46 1400.19 16.4

Table 6. Pinned at a = 100 mm and attached — (2,

Mpeam

Proposed Model Experiment Difference

Mode (Hz) (Hz) (%)
1 19.48 21.37 9.7
2 141.29 157.37 11.4
3 42353 440.11 39
4 864.86 996.16 15.2
5 1462.39 1680.39 14.9

Table 7. Pinned at 2 = 150 mm and % =0.2.

Proposed Model Experiment Difference

Mode (Hz) (Hz) (%)
1 23.09 25.87 12.0
2 173.89 195.62 12.5
3 526.12 614.09 16.7
4 1015.61 1088.84 7.2
5 1292.51 1421.86 10.0

Table 8. Pinned at 2 = 200 mm and % =0.2.

Proposed Model = Experiment Difference

Mode (Hz) (Hz) (%)
1 28.02 31.39 12.0
2 221.20 259.65 17.4
3 595.97 646.99 8.6
4 798.79 950.15 18.9
5 1479.27 1741.16 17.7

6. Conclusions

A high-rate experimental testbed is studied. The testbed is characterized as being
a clamped-pinned-free beam with a mass at the free end. Euler-Bernoulli beam theory is applied
to derive the transcendental equation for a general case applicable to the system pinned at an arbitrary
location and with an arbitrary mass. The eigenvalues and mode shapes were presented under
various test conditions. Experimental tests were conducted and results compared with the theoretical
calculations of the first five natural frequencies. The comparison of results exhibited a good match
in frequency values for the first three modes. The errors increase with the higher modes. The difference
in higher modes can be attributed to the electromagnet vibrating separate to the beam, the beam
vibrating within the rollers, and the rotational inertia of the mass not taken into consideration.
Nevertheless, the percent difference of all modes between the theoretical and experimental values
fell below 20% except for one case. These results confirm that within reason, the theory matches
the experimental results.
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The analytical model developed here can be useful in the design and numerical assessment
of structural health monitoring solutions designed for systems operating in high-rate dynamic
environments. Furthermore, the experimental quantification of the error in the higher modes validates
and defines the bounds for which the high-rate experimental testbed is best utilized. Future work
will include the evaluation of algorithms and methodologies for the SHM of structures experiences
high-rate dynamic events.
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Appendix A. Boundary Conditions Applied to Transverse Displacement Equations

0 1 0 1 0 0
1 0 1 0 0 0
0 0 0 0 —sin(BL) —cos(BL)
0 0 0 0 7cos(BL)+ﬁL%$sin(ﬁL) sin(BL)#»BL%%cos(ﬁL)
sin(BLE)  cos(BLE) sinh(BL ) cosh(BLT)
0 0 0 0 sin(ﬁL%) cos(ﬁLf)
cos(BL ) 7sin(|3Lﬁ) COSh(BLi) sinh(BLi) —cos(BL{) Sin(ﬁLg)
—sin(BL¢) —cos(BLT ) sinh(BLY ) cosh(BL7 ) sin(BL ¢ ) cos(BLE)
0 0
0 0 ar oo
sinh(BL) cosh(BL) 2 0
cosh(BL)ﬁ—BL% sinh(BL) sinh(BL)-Q—BL% cosh(BL) Zi _ 8
1
sinh(BL ¢) cosh(BL ) by 0
—cosh(BL%) —sinh(BLE) b3 8

7sinh(BLé) 7cosh([5L%) by

References

1.  Hong, J.; Laflamme, S.; Dodson, J.; Joyce, B. Introduction to state Estimation of High-Rate System Dynamics.
Sensors 2018, 18, 217. [CrossRef] [PubMed]

2. Lowe, R.; Dodson, |.; Foley, ]. Microsecond Prognostics and Health Management. IEEE Reliab. Soc. Newsl.
2014, 60, 1-5.

3. Hong, J; Laflamme, S.; Dodson, J. Study of Input Space for State Estimation of High-Rate Dynamics.
Struct. Control Health Monit. 2018, 25, €2159. [CrossRef]

4. Joyce, B.; Dodson, J.; Laflamme, S.; Hong, ]. An Experimental Test Bed for Developing High-Rate Structural
Health Monitoring Methods. Shock Vib. 2018, 2018, 3827463. [CrossRef]

5. Blevins, R. Formulas for Natural Frequency and Mode Shape; Krieger: Hellerup, Denmark, 2001.

6. Gorman, D.J. Free lateral vibration analysis of double-span uniform beams. Inf. |. Mech. Sci. 1973,
16, 345-351. [CrossRef]

7. Laura, PA.A.; Pombo, J.L.; Susemihl, E.A. A note on the vibration of a clamped-free beam with a mass
at the free end. |. Sound Vib. 1974, 37, 161-168. [CrossRef]

8. Lin, H.P; Chang, S. Free vibration analysis of multi-span beams with intermediate flexible constraints.
J. Sound Vib. 2005, 281, 155-169. [CrossRef]

9.  Kukla, S. Free Vibrations of Axially Loaded Beams With Concentrated Masses and Intermediate Elastic
Supports. . Sound Vib. 1994, 172, 449-458. [CrossRef]


http://dx.doi.org/10.3390/s18010217
http://www.ncbi.nlm.nih.gov/pubmed/29342855
http://dx.doi.org/10.1002/stc.2159
http://dx.doi.org/10.1155/2018/3827463
http://dx.doi.org/10.1016/0020-7403(74)90008-3
http://dx.doi.org/10.1016/S0022-460X(74)80325-1
http://dx.doi.org/10.1016/j.jsv.2004.01.010
http://dx.doi.org/10.1006/jsvi.1994.1188

Appl. Sci. 2019, 9,299 16 of 16

10.

11.

12.

13.

14.
15.

Ichikawa, M.; Miyakawa, Y.; Matsuda, A. Vibration Analysis Of The Continuous Beam Subjected to A Moving
Mass. J. Sound Vib. 2000, 230, 493-506. [CrossRef]

Yesilce, Y.; Demirdag, O.; Catal, S. Free vibrations of a multi-span Timoshenko beam carrying multiple
spring-mass systems. Sadhana 2008, 33, 385-401. [CrossRef]

Wang, Y.; Wei, Q.; Shi, J.; Long, X. Resonance characteristics of two-span continuous beam under moving
high speed trains. Lat. Am. J. Solids Struct. 2010, 7, 185-199. [CrossRef]

Timoshenko, S.; Young, D. Vibration Problems in Engineering; Wiley: New York, NY, USA, 1974.

Chang, T.C.; Craig, R.R. Normal Modes of uniform beams. ]. Eng. Mech. 1969, 95, 1027-1031.

Avitabile, P. Modal Testing; Wiley: New York, NY, USA, 2018.

® (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1006/jsvi.1999.2625
http://dx.doi.org/10.1007/s12046-008-0026-1
http://dx.doi.org/10.1590/S1679-78252010000200005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Frequency Calculations
	Calculations of Eigenvalues
	Mode Shapes
	Experimental Validation
	Conclusions
	Boundary Conditions Applied to Transverse Displacement Equations
	References

