IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received June 7, 2020, accepted June 20, 2020, date of publication June 25, 2020, date of current version July 7, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3004844

Design for Prespecified Ratios Between Six
Energy Peaks Using a Planar Symmetric

Dual-Body Vibration System

WOOSEOK RYU ™, YEONG GEOL LEE™, CHUNG GEUN JEON, AND YONG JE CHOI

Department of Mechanical Engineering, Yonsei University, Seoul 03722, South Korea

Corresponding author: Yong Je Choi (yjchoi @yonsei.ac.kr)

This work was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the

Ministry of Education under Grant 2018R1D1A1B07048708.

ABSTRACT When the design of a vibration system requires a broad bandwidth, the numbers and the ratios
of energy peaks become major design factors. In particular, within a specific range of frequency, an increase
in the number of peaks can widen the valid working bandwidth by decreasing the distances between peaks.
In this paper, a planar symmetric dual-body vibration system is used to implement desired work ratios at
six target frequencies. The geometrical relation between vibration modes and energy peaks is investigated
to develop the design method and introduces geometrical representation of vibration modes of a symmetric
dual-body system together. Six vibration modes of a symmetric dual-body system are divided into two groups
with three vibration modes that represent the centers of vibration. It is shown that the orthocenters of two
modal triangles of each of two rigid bodies coincide with its center of mass. The frequency responses to
both direct and base excitations are derived in terms of vibration centers and target frequencies, and thus
work ratios are obtained. Finally, the derived equation of work ratios is used to determine the modal matrix
composed of the vibration modes when the desired mass, specific work ratios, and target resonant frequencies
are given. Consequently, the corresponding stiffness matrix is found and realized. Numerical examples of
four cases with different work ratios are presented to illustrate the proposed design method.

INDEX TERMS Broad bandwidth, symmetric dual-body vibration system, resonant frequency, vibration

mode, work ratio.

I. INTRODUCTION

When designs of vibration systems related to bandwidth such
as vibration-based energy harvesters and vibration absorbers,
the ratio of the energy peaks at the resonant frequencies has
been emphasized as an important design factor because the
bandwidth of a vibration system is affected by the magnitudes
of the peaks [1]. Accordingly, various design methods and
systems have been developed to regulate the peaks of multi-
modal systems.

One approach uses a multiple mass array composed of
independent one-degree-of-freedom (1-DOF) systems. Since
all the vibration modes of the system are decoupled, the
peaks can be tuned independently [2], [3]. However, when
a pure force (or a pure moment) is applied to the system,
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unexcited modes such as pure rotational (or pure transla-
tional) modes exist, and it can cause unexpected decrease of
the effective bandwidth. Thus, Tang and Yang have explained
the coupling effect between stacked masses with 1-DOF
and developed a multimodal piezoelectric energy harvesting
model [4]. A beam system with multiple proof masses was
presented for the design of piezoelectric (or electromagnetic)
harvesters with widened effective bandwidth [5]. Although
these systems improved their performance by extending the
effective bandwidth, adjusting to specific energy peaks at the
target frequencies was difficult because the relation among
coupled vibration modes was uncertain.

For these reasons, the geometrical relation among vibration
modes has been investigated and used to design vibration
systems. First, Blanchet introduced a geometrical character-
istic of vibration modes in a planar single-body vibration sys-
tem [6]. He showed that the triangle formed by three vibration
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centers has a specific configuration in which the orthocenter
of the triangle coincides with the center of mass. Dan and
Choi interpreted the vibration modes in the three-dimensional
space as the axes of vibration and introduced the analytical
expressions of the axes of vibration satisfying the geometrical
conditions of the planes of symmetry [7]. They have also
demonstrated a method on how to eliminate the undesired
peaks in the spatial optical pick-up for a spatial system with
one plane-of-symmetry [8]. Several design methods for a
vibration energy harvester that utilized the above geomet-
rical properties were presented. Kim and Choi developed a
design method for a planar single-body vibration system that
satisfies the requirement for the prespecified ratio of energy
peaks at three target frequencies [1]. This design method was
applied to the development of the serial linkage type vibration
energy harvesters using polyvinylidene fluoride films and
electromagnets [9], [10].

The previous design methods using geometrical properties
of the vibration modes have focused on a single-body vibra-
tion system in 2D or 3D space. Clearly, the number of peaks
of a planar single-body system is limited to three. To increase
the number of peaks in this paper, we use a planar vibration
system that consists of two rigid bodies connected to each
other and supported by a symmetrical spring system. Each of
two rigid bodies has six vibration modes, which is used to
widen the effective bandwidth of a system within a specific
range of frequency. A new design method of a symmetric
dual-body system for any prespecified work ratios at the six
target frequencies is presented, and numerical examples are
illustrated with figures.

This paper is organized as follows: Section II explains the
theoretical preliminaries of a symmetric dual-body vibration
system. In Section III, the design method of a dual-body sys-
tem is developed by deriving the stiffness matrix that satisfies
the desired parameters, such as target resonant frequencies,
desired mass properties, and work ratios. Numerical exam-
ples are illustrated in Section I'V. Finally, the comparison and
discussion of the results are given in Section V.

Il. THEORETICAL PRELIMINARIES TO A PLANAR
SYMMETRIC DUAL-BODY VIBRATION SYSTEM

A. EQUATION OF MOTION OF A SINGLE-BODY SYSTEM
For undamped free vibration, the equation of motion (EOM)
of a single rigid body supported by » line springs (Fig. 1) is
given by

MX +KX =0, )

where M and K are the real 3 x 3 inertia and stiffness
matrices, respectively. The general displacement X of the
rigid body can be written in terms of a line (bound) vector
as

X = De 2

where w denotes the natural frequency of the system. D is the
time-independent displacement of the rigid body and can be
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FIGURE 1. General displacements, normal modes and modal triangle of a
single-body system.

expressed by

D=[5x s 0], 3)
where dx and §y are the x- and y-components of small trans-
lational displacement of a point on the rigid body coincident
with the origin as shown in Fig. 1. ¢ is the small angular
displacement. Dividing D by ¢ gives the unit line vector
S that represents the line parallel to the Z-axis and passing
through the instant center of motion at (x, y):

S=[y - 1]". “

By substituting (2) and (4) into (1), the solutions of (1)
are given by three normal modes of vibration and can be
expressed in the same form as (4)

Sp=[yr —x» 117 P=1,2,3). )

A modal triangle is defined as a triangle constructed by
three points through which the three line vectors Sp’s pass.
It was shown in [6] that the orthogonality of normal modes
with respect to the inertia matrix can be geometrically inter-
preted such that the center of mass coincides with the ortho-
center of the modal triangle as shown in Fig. 1. (xp, yp) are the
coordinates of the vibration center of the Pth normal mode.
Normal modes of vibration are orthogonal to each other with
respect to the inertia and stiffness matrices, and they can be
written as

m 0 0
STMS=| 0 m O and
i 0
ki 0 0
STKS=|0 k 0|, (6)
0 0 K3

where § = [Sl S, 3'3]
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FIGURE 2. (a) Vibration system composed of two rigid bodies and (b) free
body diagrams.

B. EQUATION OF MOTION OF A DUAL-BODY SYSTEM

We consider two rigid bodies (M and M) that are elastically
suspended and connected each other in a plane (Fig. 2(a)) and
let X, denote a general displacement of the nth rigid body
expressed in terms of a line (bound) vector. The EOMs of
two rigid bodies can be written as

M15(1 = _I}Rl _ﬁRlz and MQX"Q = _ﬁRz +i7R12, @)

where M, is the inertia matrix of the nth rigid body.

F ®, and F Ry, are the ground reaction force and the reaction
force between two rigid bodies, respectively, as shown in
Fig. 2(b). The reaction forces are given by

IA:'Rl :Kl&l,ﬁRzszfz and IA?RIZ: K ()2'1 _)}’2) ,
(®)

where K ,(¢ R3*3) and K 1»(€ R3*3) are the stiffness matrices
corresponding to the springs of the nth rigid body and those
connected between two rigid bodies, respectively. Substitut-
ing (8) into (7) yields

M\ X, + K +Kp2) X —K;pX, =0 and
MyX)+ (K2 +K12) X2 — KppX | = 0. 9

From (9), the EOM for undamped free vibration of a dual-
body system can be obtained as

MX + KX =0, (10)

_ M, 0(c R3) 6x6 _

where M = [0( c B33 M, € R and K =

Ki+Ki, —Kpp 6x6 _I:AT AT:IT 6x 1
|: —Kp K2+K12] e R°*°. X |= X, X, | €R

is composed of two line vectors X1 and X, and referred here
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as a line vector chain. The general form of X for free vibration
given by (10) is written as

X = ’:‘1 = D = l:)l &t (11)
X, D,

In (11), D is expressed by
~ T 11T
b=[o b:]
=[ox oy Ser dx ey Sw;m]l (12

The general displacements D of a dual-body system are
depicted in Fig. 3.

8¢,

Sy1 /\\— 5@,
1/ ,—";@”\ (x2.y2)

X
7.
FIGURE 3. General displacements of a planar dual-body system.
(12) can be rewritten in a normalized form as
T
~ AT AT
D=sp8 o058 - (13)

where the line vector chain D represents the rotational
motions of two rigid bodies about the instantaneous centers
with the ratio between two small angular displacements (§¢; :
8¢2). The signs of d¢; and §¢, mean the phase difference
in motions (Fig. 3). If the signs are identical, the motions of
two rigid bodies are in phase. Otherwise, the two motions are
180 ° out of phase.

By substituting (11) into (10), we obtain the time invariant
form of (10) as

(K - sz) b=o. (14)

T
.. . ~ =~ AT AT
For a non-trivial solution of D, a)jz andD; | = [Dl ; D, ; ]

can be viewed as the eigenvalue (natural frequency) and the
corresponding eigenvector (mode shape) of M~ 'K (e R6X6) ,
respectively. In general, the number of natural frequencies j
is decided by the rank of M ~!K. If the matrix M 'K of a
dual-body system has full rank, the system has six natural
frequencies. It can be expressed by j = 3n for the number
of rigid bodies n. The line vector i)n j of D is the vibration
mode of the nth rigid body corresponding to ;. Thus, a dual-
body system has a total of 12 vibration modes and they exist
in pairs, i.e., Dy j and D ; at w;, because motions of two rigid
bodies interact with each other through the connected springs.
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C. VIBRATION MODES OF A SYMMETRIC DUAL-BODY
SYSTEM

The jth vibration mode of a dual-body system of (13) can be
written as

NV T 7 17
Dj = I:Dlaj Dz’j:l = [S(PI,jSLj (S(ngjSz’jiI . (15)

The twelve normal modes of a dual-body system are illus-
trated in Fig. 4(a).

(b)

FIGURE 4. Normal modes §ﬂ,l' of (a) general dual-body system and
(b) symmetric dual-body system.

If two rigid bodies of a dual-body system have identi-
cal stiffnesses and mass properties (including the masses,
moments of inertias, and the locations of mass centers)
and the geometric shape is symmetrical about the Y-axis
(Fig. 4(b)), the normal modes of each of two rigid bodies
are located symmetrically. Furthermore, the magnitudes of
two small rotational displacements are equal, i.e., ||6¢1] =
[[8¢2|l. The verification of these properties of a symmetric
dual-body system is given in Appendix A. Since the vibra-
tion modes of each of two rigid bodies are symmetric about
the Y-axis, using two configurations derived in Appendix
A, ﬁj of (15) can be rewritten in the normalized form

as
~ ~T ~7 17
b; = [su Sz,j]
= [)’l,j —X1,j 1 Yi,j X1,j I]T or (16—1)
T
= [y])j —xlgj 1 —yl’j —xl,j —1] .
(16-2)
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D. ORTHOGONALITY OF A SYMMETRIC DUAL-BODY
SYSTEM

The modal matrix S can be formed using Dj(/'z 1,---,6)as
column vectors such that

§— §1,1 S1.2 §1,3 §1,4 §1,5 §1,6 e RS (17)
S$21 822 823 S24 825 So6

The inertia and stiffness matrices can be diagonalized using
the modal matrix S

- Al 0
SMS:_O Az]
im0 0
0 7 O 0( € R
0 0 m
= s 00 and
0( € R¥3) 0 ms O
i 0 0 g
(18-1)
T B 0
SKS:_O Bz]
ko0 o0 l
0 k 0 0( € R
0 0 ks
- ks 0 0
0( € R*3) 0 ks 0
i 0 0 ks |
(18-2)

In a symmetric dual-body system, two conditions to satisfy
(18-1) are examined.

First, all the off-diagonal elements of Ajand A, in (18-1)
become zeros due to the orthogonality of the vibration modes
and can be expressed by

AT N AT R
Sl‘lesl,Q + SZ’pMzsz’QZ 0

(P,O0=1,2,3 and P # Q) and (19-1)
AT A AT A
SivMiS1w + S, yM2S> w=0

(V,W=4,5,6 andV # W). (19-2)

If we substitute (16-1) (or (16-2)) and (Al) into (19-1)
and (19-2), we obtain the following relations from the off-
diagonal elements of A| and A, of (18-1):

AT . T R
Sl,PMlslyQ = SZQPM2S2,Q =A; and

AT . T N

SiyMiS1w = S, yM2S2w = Aa, (20)

where A1 = (c —xl,p) (c —xl,Q) +yi,py1,0 + G, Ay =
(c —Xl,V) (c —xlqw) +nvyiw +G G = % and c is
the distance between the mass center of each rigid body and
the origin. Clearly, A and A, should be zeros when (19-1)
holds. It means that the six normal modes of each rigid body
are divided into two groups each of which contains three
normal modes satisfying (19-1) and (19-2). Three normal
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modes of each group are also orthogonal to each other with
respect to the inertia matrix M ,,. Geometrically, the orthocen-
ter of the modal triangle constructed by three modes of each
group coincides with the center of each mass (Fig. 5). Now,
the matrices composed of three vibration modes, which are
divided into two groups in the nth rigid body, are defined as
Sn.1(e R3*3) and Sn.o(e R3*3), respectively. The triangles
associated with S, 1 and S, > are called modal triangles of a
symmetric dual-body system, which are depicted by blue and
red triangles in Fig. 5. Now, the modal matrix of (17) can be
rewritten as
S— |:S 11

21
S 21

Si2
S22 |°

FIGURE 5. Geometrical configuration of six normal modes in symmetric
dual-body system and modal triangles (blue and red triangles).

Second, all the elements of the 3 x 3 upper right and lower
left sub-matrices in (18-1) should be zeros, and thus we have

AT o AT A
S1.prvyM181.v(or Py + 82 porvyM282,v(or Py=0

(P=1,2,3 andV =4,5,6). (22)

Each term on the left side of (22) means the distance between
each side of one modal triangle and the corresponding vertex
of the other modal triangle of the nth rigid body (e.g., [ in
Fig. 5). Since the vibration centers of two rigid bodies are
located symmetrically, the two distances corresponding to
each pair of two rigid bodies are identical. Therefore, the
vibration modes of one of two groups should be 180 ° out
of phase to satisfy (22). In other words, the vibration modes
of one group are in phase and those of the other group are 180
° out of phase, which can be expressed by (16-1) and (16-2),
respectively. The instantaneous motions of two rigid bodies
are illustrated in Fig. 6. Figs. 6(a) and 6(b) depict the motions
of two rigid bodies being in phase and 180 ° out of phase,
respectively.

If the inertia and stiffness matrices are given, the phases
between the vibration modes are determined. Otherwise,
from the two conditions explained above, the modal matrix
of (21) can be represented by one of the following four types:

=St Si2
TYPEI:S = ’ “,
[ S2.1 52,2}

St =Si2
TYPEIL: S = ’ “,
|:Sz,1 S22 :|

VOLUME 8, 2020

(b)

FIGURE 6. Instantaneous motions of two rigid bodies (a) in phase and
(b) 180 ° out of phase.

TYPEII:S = | 501 5121 44
—S$21 822
TYPEIV:s = 311 512 (23)
S21 =822

We decided to use TYPE IV in this paper, thus S, 1 and S, 2
are rewritten in terms of (x1 j, y1;) as:

Y11 Y1,2 y1,3
S1,1 —X1,1  —X12  —X13 |,
1 1 1
V1,4 Y15 Y1,6
S1.2 —X1,4 —X1,5 —X16 |,
1 1 1
Y1,1 y1,2 V1,3
82,1 X110 X12  X13 and
1 1 1
Y14 Y15 Y16
—S22=—| X14 XI5 X6 (24)
1 1 1

E. FREQUENCY RESPONSE
1) DIRECT EXCITATION SYSTEM
When a symmetric dual-body system is excited by externally
applied harmonic forces | and F» (Fig. 7), the EOM can be

expressed by

MX +CX +KX = F,

(25)

where F = [F 1T F g ]T and C is the damping matrix.
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FIGURE 7. Direct force excitation system.

Here, the damping matrix C is assumed that it can be
diagonalized by use of the modal matrix S as

[c]=S"cs. (26)

- L e e e e~ ~ ~T =
where [¢] = diag(¢1,¢2, ¢3,¢4, Cs, Cg) and ¢ = D, CD;. The
external harmonic forces are given by

|:f1§f| emlt:|

where f,, is the intensity of the force and €2, is the driving
frequency. §y, is the line of action of the nth force expressed
in (Pliicker’s) ray coordinates:

F= Q7

dsfl

d

Sh

T T
§f1 = [wal S'/’f] ] and §f2 = [waZSw& ] , (29)
where the symbols C and S are used to denote the cosine
and sine of the angles, respectively. Vy, is the angle between
the X-axis and the line of action of the force. d% is the
distance between the origin and the line of action. If two
external forces are applied at the same driving frequency, i.e.,

Q1 = Qo= Q, the time invariant form of (25) is written as

]

D of (29) can be expressed by the linear combination of the
normal modes

(K — Q™M + iszc)i) - [f 155 (29)

128

D = Sv, (30)

where v = [ vi v2 13 4 V5 Vg ]T € RO%! ig a constant
vector. Substituting (30) into (29) and premultiplying both
sides of (29) by 87 yields

|

where H | and H, as shown at the bottom of the page. From
(30) and (31), the frequency response can be expressed by

, 0 =
b= [’?1 } [ZJ=1 ”f§1’f] ,
D,

32

Zf:l VjS2,j ¢y
flSIT.j§f1 +f2‘§§.‘§f2 Ifthed : (G
W the damping ratio ¢; <_ m)
is not greater than 0.05, the damping can be considered the
light damping. In this case, the resonant frequencies can be
regarded as the natural frequencies [12]. Therefore, the jth
term of (32) is dominant at the jth resonant frequency (£2)).
The frequency response at €2; can be approximated as

AT AT
S181 .18k +/28,.155

}_ . ,

Y U
N181 657 +128,.655

H,
0( e R3><3)

O( e R3><3)
H,

3D

where v; =

AT AT
A Nflsl,jsfl +f2S2’ijZS
~ 1

. viS1 - .
~ Dy e iQic; J
Df[,s’} RN (33)
2. P J181 87 +252 85
vjS2s Q0 52
i)

The work produced by the external forces at the jth frequency
is obtained as
2,j ]

a1 Dy
W, [fls,flfzsfﬁ][b J

AT . AT . \2
(flSl,jsfl +f252,jsfz>

1€2c;

vj (f]ﬁgg],j +f2§frzgz,j) =

(34)
In addition, substituting (23) and (28) into (34) yields as (35),
shown at the bottom of the page, where the positive and the

negative signs of the plus—minus sign (+) are used for j =
1,2,3 andj = 4, 5, 6, respectively.

[k — Q2%m; +iQ08; 0 0
H, = 0 ky — Q% +iQ¢ 0 and
L 0 0 ky — Q%3 + 1983 |
[ ky — Q24 + 19284 0 0 T
H, = 0 ks — Q%ms + 1Q¢s 0 )
L 0 0 ks — Q2%ing + 1926 |
2
{fl (YI,wan = XSy, + dm) 1 (YLJ'C% + X1y, + dbtfz)]
W = , (35)

117822
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FIGURE 8. Base excitation system.

2) BASE EXCITATION SYSTEM

The base excitation system means a vibration system under
base excitation as shown in Fig. 8. The EOM for a base
excitation system (Fig. 8) can be written as

MX + CX + KX = CXp + KX3. (36)

where X denotes the displacement of the base. If Z=X-
X, (36) can be rewritten as

MZ+CZ+KZ = —MXp. 37)

Since the two driving frequencies of the applied forces are
identical, the time-independent form of (37) can be expressed
by

(K M + iQC) 7 = Q*MDy, (38)

where Dg = @[ Cyy Syy O Cyy Sy, 0], which is the
input displacement of base excitation given by a repetitive
translational motions. The external forces in (38) can be
written as

F (= 2*MDy) = [f 1% } , (39)

125,

where fi = fH = mQpp, §p = [C,/,B Sup cSyp ]T and
8, = [Cyy Sys —cSys |- ¥ is the angle between the
X-axis and the line of action of the force produced by base
excitation (Fig. 8). In (39), the magnitudes of external forces
are proportional to Q2 because the input displacement (¢g) of
base excitation remains constant at all the driving frequencies.
In a practical design of a base excitation system, the input
acceleration due to base excitation is assumed to stay the
same. Accordingly, the exerted force is considered constant,
ie., fi = f>o = fp. In this case, the work produced by base
excitation at the jth frequency can be obtained from (34)

oT . T . \2
T 1 13 <Sl,jsf1 +SZ,jsf2)
Wi=1s [Sfl sfz]Z/ =

40
i2;¢; “0)

In addition, substituting (23) and §, of (39) into (40) yields

_ 13 (2Cysyie)

2
Wp — (P=1,2,3) and 41-1)
2mpQALp

VOLUME 8, 2020

3 G5y 0]

= (V=4,5,6).
21y Q3 ¢y

(41-2)

Close observations on (41-1) and (41-2) reveal the follow-
ing findings:

1. When 0° < ¥p < 90°, both (41-1) and (41-2) are not
zeros. Therefore, the system will have six energy peaks at the
resonant frequencies. Moreover, Wp is expressed in terms of
y1.p, and Wy is given by x1 v and c.

2. When yp = 0°, Wy’s for (V = 4,5,6) of (41-2)
become zero . Therefore, the frequency response will show
three energy peaks related to three vibration modes of S, 1.

3. When y¥p = 90°, Wp’s for (P = 1,2,3) of (41-1)
become zero . Therefore, the frequency response of work
will have three energy peaks associated with three vibration
modes of S, 2.

If0° < ¥p < 90°, the work ratios can be determined from
(41-1) and (41-2):

- 2 - 2
M1y 5 MY 5
~ QZ 2 "~ QZ 2
ma82825y7 4 ms&3 39711
s 2 2
Mala2 (—x15+¢)” MataQ (—x16+c)

sisQ2 (—161,4+C)2 ' L6 Q22 (—x1,4 +C)2 .
(42-2)

and 42-1)

liyiiyp=1:

Ly, :ys=1:

where y; = %, V) = %, Vi = %, and y{ = % If the
desired work ratio (1 : yy @ y2 @ y3 @ y4 : ys5) is given, y, and

)/5/ correspond to % and %, respectively. Using (41-1) and

(41-2), ys (= Ji¢) s found as

V3 = ktan*yp, (43)

RN 2
i Q7 (=x1,4+¢)
22
maQyy |

Vg = tan”! (@) (0° < Y < 90°). (44)

F. GEOMETRIC CONFIGURATION OF K 12
Since the derived stiffness matrix to be realized by means of
linear springs should be positive definite, we consider only
the stiffness matrices with full rank. In this case, the geo-
metric configuration of the spring connections (K |2) between
two rigid bodies can be represented as shown in Fig. 9. The
following three cases are not considered in this study because
K 1> is not full rank: 1) three springs meet at a common point,
2) they are parallel to the X-axis, and 3) they are parallel to
the Y-axis.

Referring to Fig. 9, when the second spring (k12,2) is paral-
lel to the X-axis and the first (kj2,1) and third (k2 3) springs
are symmetric about the Y-axis in all cases, K 12 becomes

where k = . Consequently, ¥p is determined

as

K> =jKg"
k2+Cyp) 0 k(da—(d1+d3)Co)
— 2%kS;  (—di+d3)kSy |, (45)
symm. k (d]2 + d22 + d%)
117823
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Ya
k12,3 k]gy]
g dNd, ‘
v )] O M, X
ks>

FIGURE 9. Geometric configuration of spring connections of K;, with full
rank (d; = ds, 0 #0).

where K ; is the diagonal matrix of the spring constants, and
J is the Jacobian matrix whose columns are the line vectors
of the connected springs [11]. If all the spring constants
of K1, are equal, the diagonal matrix can be expressed by
K, = diag(k, k, k). Moreover, Jacobian matrix j becomes

Co 1 Gy

Se 0 —Sp

—d| dy —d3
and the line of the Pth spring. Because d; equals d3 in Fig. 9,
K> of (45) should satisfy the following relations for all
configurations:

, where dp is the distance between the origin

Ki»(1,2)(=K»2,1))=0 and
Ki2(2,3)(=K2(3,2) =0, (46)

where K 17 (1, v) means the uth row and vth column of K 5.

lll. DESIGN METHOD

For the design of a symmetric dual-body system with
prespecified ratios at six target resonant frequencies, the
desired stiffness matrix can be determined from (14), (18-1)
and (18-2)

K =MS [92] s, 47)

where [Q%] = diag(Q?, Q3, @3, QF, @2, Q%) and Q; is the
jth target frequency. The stiffness matrix (K) and modal
matrix (S) in (47) must satisfy the following five constraints
for the realization of stiffness:

1) The first constraint is such that the orthogonality of the
vibration modes (or, vibration centers) with respect to the
inertia matrix has to be satisfied. We obtained (20) from this
constraint and the coordinates of vibration centers given by
(20) are rewritten in terms of ¢, ap, and Bp (Fig. 10):

x1,1 =c+oap,y1 = Gla,
x4 =c+B1,y1a=p2 andx;6=c—B3. (43)

X1,3 =¢— 03,

To satisfy (20), the remaining coordinates of vibration centers
can be written as
G* (G + ca3) + a2(G — ca))(G — aja3)
G2a3 + cx%al(—G + aja3)
G () + a3)
—G2a3 + a3ai (G — a1a3)
Y13 =02 (—1 + w) ;
G
G* +c (B +B3) B3 + G(B; — Bi (c + B3))

)

X1,2 =

Y12 =

= —~GB1 + (B? + B3) B3 ’
s = GB(B1 + B3) and y; ¢ = -G+ B1B3
T GBL— (B4 B2) B3 ’ B>
(49)

2) Under the assumption of low damping with the identical
modal damping ratio, i.e., ;G = 1,---,6) = ¢, another
constraint was given by (42-1) and (42-2). If we substitute
the coordinates obtained from the first constraint of (48) and
(49) into (42-1) and (42-2), we obtain the expressions for the
distances of a1, a3, 81 and B3 (Fig. 10) (Eqn. (50), as shown
at the bottom of the page).

3) The geometrics symmetry conditions given by (46) are
rewritten as K (1,5) = K (2,6) = 0. From (23), (47) and

\/ G(—a2Q} + G122 + G d)
o] =+

202
a5 €2y

Ga%al (Q% + ¥ Q%)

)

JON(@ + 3G + aB@BG + )R}~ G )
+

3

a3 =
G + o3 (-G + 1o Q)
G193 + a3 (—GQ + y1a}Q3)
| (G+ B
Bi ==+ |———=— and
V4825 + v58%
g — —~Gp1 (G + B3) QE £ Gy, pi2

B (-G + 74 (BT + ) %)

JGViBBIG + B2 + BOQUG + B — viBT2D)

BH—GQ3 + v (B} + BID)

117824
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FIGURE 10. Design variables.

(A1), K (1,5) and K (2, 6) can be determined by
1
K (1,5 = Em(al +a;) =0 and

1
K (2,6) = Em(bl +by+c(b3+b4)) =0, (51

where the detailed expressions of aj, ay and by, --- , bs in
(51) are given in Appendix B. Since m of (51) is not zero,
(51) becomes

ai+a =0 and by +br+c(bs+by)=0. (52)

If we choose B, as a free variable, oy and ¢ can be deter-
mined from the substitution of (48), (49) and (50) into (52).
The expressions of a» and ¢ can be obtained by use of
any symbolic computation software such as Mathematica.
However, to avoid complexity of presentation, oy and ¢ may
be expressed briefly as (Fig. 10)

ay = f(a2, G, y1,v2,2p) and
c =f(G, ap, Bp, 2)). (53)

4) The angle of the base excitation force ¥ is determined
by (44).
5) Since the spring constants are positive, K1, K> and K>
must be positive definite. Therefore, positive definiteness of
K, K> and K ;5 has to be checked.

The design process is summarized in a flow chart as shown
in Fig. 11.

IV. NUMERICAL EXAMPLES

In order to demonstrate the usefulness of the proposed design
method, one design example of a vibration energy harvester is
presented. It will be shown how to improve the performance
of harvester significantly while widening the valid working
bandwidth within a target range of frequency.

In this section, four symmetric dual-body systems (energy
harvesters) subject to base excitation are designed to illustrate
the design process and advantages of the proposed method.
All of four systems are assumed to have identical mass and
moment of inertia of m = 4.3 kg and I = 0.17 kgm?,
respectively. In addition, fz of 15 N and 8 of —0.8 m are
selected. The range of the desired bandwidth is determined

VOLUME 8, 2020

Desired conditions
*Mass and intertia: m and J
*Target frequencies:

Ql: QZ: -0'33 9'47 QS: Q6
*Desired work ratios:
V1:Y2:Y3:Va: V5

/ Free variable: y,; , /

¥

Design variables
(x1,,¥1,5) except ¥y 4
Yg and ¢

-
Find
a, and ¢
From Eq. (53)

v
Compute
§11:512.5;,and S5,
From Egs. (48), (49) and (50)

v

Compute
M? s: [QZ]: and lps
From Egs. (A1), (23) and (44)

<
Stiffness matrix
K = MS[Q?]s~?

From Eq. (47)

Compute
K. K, andK;,
From Eq. (10)

Check
K,.K, andK, are
positive definite

FIGURE 11. Flow chart for deriving the stiffness matrices K;, K,, and K;,
of symmetric dual-body system with prespecified work ratios at six target
frequencies.

to be from 100 Hz to 125 Hz and the six target resonant
frequencies are specified as:

Q) = 100 Hz, @2, = 110 Hz, Q23 = 125 Hz,
Q4 = 120 Hz, Q5 = 115 Hz and Q¢ = 105 Hz. (54)
The work ratios in each system are set as follows:
System1:1:y1:y:y3:pa:ys=1:1:1:1:1:1,
System2:1:y1:2:93:91: 95
=1:05:025:1:1:1,
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System3:1:y1: 92 :y3:v4: %5
=1:1:1:1:2:3 and
System4:1:y:2:93:11:y5

=1:0.7:025:0.4:0.55:0.85. (55)

The next step is determining the inertia and modal matrices
of the system from (A1) and (23):

4.3000 0.0000 0.0000
0.0000 4.3000 5.1248
0.0000 5.1248 6.2779

M =
The frequency response plots of all the above systems will be 0 € R
shown (Fig. 13), detailed explanation of the design process
will be given only for the case of System 1. Referring to the
design process (Fig. 11), the first step of the design is to find 0 € R3%3
oy and ¢ from (53) and
43000 0.0000  0.0000 and
0.0000 4.3000 —5.1248
a=0.3278 m andc=1.1918 m. (56) 0.0000 —5.1248 6.2779
0.1206 —0.4873 —0.2690
Using (48), (49) and (50), the S, and S, 2 are computed as 1101)%306 1%3&31 1%3335
§= 0.1206 — 0.4873 —0.2690
[ 0.1206  —0.4873 —0.2690 ] 1.1636 05111 1.4425
Sii=|—1.1636 —0.5111 —1.4425 |, 1.0000  1.0000  1.0000
1.0000 1.0000 1.0000 —0.8000 —0.0716 0.1860
:—0.8000 —0.0716 0.1860 . —1.8270 —1.0394 —1.3638
Sip=|—-1.870 —1.0394 —1.3638 |, 1.0000  1.0000 ~1.0000 (58)
[0.1206  —0.4873  —0.2690 - 18270 -~ 10394~ 13638
Sr1 =1 11636  0.5111 1.4425 and —1.0000 = 1.0000 = 1.0000 o
’ 1.0000 1.0000 1.0000 Now, the angle of the basF: excitation .force ¥p of 4.5.3470
= can be found from (44). Finally, the stiffness matrix is deter-
—0.8000 —0.0716 0.1860 mined by (47)
—S22=—| 1.8270 1.0394 1.3638 |, (57)
1.0000 1.0000 1.0000 2.2229 0.2088 0.1990
2.2384  2.6571
K = 106 | Symm. 3.2340
where a1, a3, B1 and B3, as shown at the bottom of the page.
The modal triangles formed by the normal modes of Sy i, symim.

$1,2. 82,1, and S > are shown in Fig. 12(a).

b

oy — |G+ G + G
‘ B
Ga%otl (Q% + J/IQ%)

a3 =
Gy + 3 (-G + y107Q3)

JOn(G +e3(G + a)B@G + a2} — G D)
+ G2 QZ 2 _GQZ 292
V1 2+C(2( 1+V1051 2)
| (G+ B
Bi = |5 and
Y4825 + v582%
by — —GB1 (G + B3) Q% + Gy, B} 22
- 2 2 2 2 2
Bt (=G24 + v, (BT + B3) 23)
JGYiBBYG + B + BDOQU(G + B — viBi2D)
+ 2 —GQ2 /(e R2 2 QZ :
ﬂl( 4+V4(.31 +,32) 5)

’
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$2,1(-1.1636,0.1206) 81 1(1.1636,0.1206) 5 g T
$56(-13638,0.1860) 7" . $1,6(1:3638, 0.1860)
— 0.51 5 5(-1.0394,-0.0716) 1
=) S, <(1.0394,-0.0716)
1 P
§ 0f o X
2= ¢ (1.1918, 0.0000)
&
S -05 ‘
Py $,5,3(-14425,-02690) /8 5014025,-02690)
-1 e 2 =
i 82,2(-0.5111,-0.4873) §1,2(0.5111,-0.4873) |
$'5,4(-1.8270, -0.8000) $1.4(1.8270,0.8000)
15 ‘ : : ‘

-2 -1.5 -1 -0.5 0 0.5 1 1:5 2
X-coordinate(m)

——The 1st modal triangle(T1) of M1 ® The normal modes of T1
The 2nd modal triangle(T2) of M1 ® The normal modes of T2
——The 1st modal triangle(T3) of M2 © The normal modes of T3
—The 2nd modal triangle(T4) of M2 © The normal modes of T4

(@

FIGURE 12. (a) Vibration centers of normal modes, modal triangles, and
(b) one feasible realization of the designed stiffness matrix with the work
ratio of 1:1:1:1:1:1.

—0.0155  0.0000  —0.0175
—0.0256  0.0000
Symm. —0.0399 (59)
2.2229 —0.2088  0.1990
2.2384 —2.6571
symm. 3.2340

Thus, the stiffness matrices (K, K, and K ») are determined
as

(22074 0.2088 0.18147]

K, = 10° 22128 2.6571 |,
| symm. 3.1942 |
[0.1546  0.0000 0.17557]

K =10 0.2561  0.0000 | and
| symm. 0.3989 |
(22074 —0.2088  0.1814

K, = 10° 22128  —2.6571
| symm. 3.1942

VOLUME 8, 2020

TABLE 1. Line vectors and spring constants for feasible realization.

P 1 2 3

Ky p 0.0013 2.0035 2.4154
0.5000 —0.7660 /—0.6535]

81p [0.8660] [ 0.6428 ] ~0.7570
0.0510 0.7982 [—0.8911]

Kizp 0.0137 0.0137 0.0137
0.2543 1.0000 [ 0.2543 |

$12p [ 0.9671 ] [0.0000] -0.9671
—0.5152 1.5434 | 0.5152 |

K, p 0.0013 2.0035 2.4154
—0.5000 0.7660 1 0.6535 |

$2p [ 0.8660 ] [ 0.6428 ] —0.7570
—0.0510 —0.7982 [ 0.8911 |

k: X 106 Nm™!

K, K;, and K, can be realized by means of parallel con-
nection of line springs using the technique presented in [13].
The line vectors and the spring constants are determined and
listed in Table 1. Fig. 12(b) shows one feasible realization of
stiffness by means of nine linear springs.

The work produced by the base excitation are computed.
The frequency responses for four different work ratios and
damping ratios are shown in Fig. 13. Table 2 shows the sim-
ulated values of peaks and their work ratios for the different
damping ratios of System 1.

V. COMPARISON AND DISCUSSION OF RESULTS

The meanings of the working bandwidth can be used differ-
ently according to the researches, e.g., the frequency band
is defined where the output voltage is -3 dB of the peak
value in [14]. In this study, the working bandwidth means the
frequency range within which the energy magnitude remains
over the minimum value to operate electronic circuits. The
energy magnitude can be set depending on the desired elec-
tronic circuits and sensors. In vibration harvesters, the per-
formances of systems can be improved when the working
bandwidth is widened. However, the energy peaks of typical
vibration harvesters rise and drop steeply in narrow range
nearby resonant frequencies, and it overshadows the meaning
of the working bandwidth which maintains the power over the
desired level.

Fig. 14 shows the frequency responses of three different
vibration systems in the target frequency range, which is
determined from 10 Hz to 60 Hz because the frequencies of
ambient vibration sources are variable in the low frequency
range within 100 Hz [15], [16]. The dotted curve is the
simulated result using the design method by Kim, and the
detailed description of the design method can be found in [1].
It depicts the frequency response of a single-body system,
which is designed for the work ratio of 1:1:1 at three target
frequencies (35 Hz, 45 Hz and 55 Hz). To compare the single-
body system with the dual-body system, the dotted curve is
plotted using double values of the frequency response of the
single-body system. The dashed curve shows the frequency
response of the dual-body system considering only the six
target frequencies, i.e., 30 Hz, 35 Hz, 40 Hz, 45 Hz, 50 Hz,
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FIGURE 13. Frequency responses for four different work ratios and diverse damping ratios at target resonant

frequencies of (54).

TABLE 2. Simulated values of peaks and work ratios for different damping ratios of System 1.

Simulated values of ener; X
14 W, W, W, W, gy () A W, Ratios of W;
0.002 0.00875 0.00873 0.00872 0.00872 0.00873 0.00875 1.000:0.9980:0.9974:0.9973:0.9980:1.0002
0.004 0.00448 0.00445 0.00443 0.00443 0.00444 0.00448 1.000:0.9926:0.9900:0.9899:0.9925:1.0005
0.007 0.00271 0.00266 0.00264 0.00264 0.00266 0.00272 1.000:0.9805:0.9737:0.9735:0.9803:1.0008
0.012 0.00181 0.00174 0.00172 0.00172 0.00174 0.00181 1.000:0.9607:0.9463:0.9461:0.9606:0.9984
0.02 0.00137 0.00130 0.00127 0.00127 0.00130 0.00135 1.000:0.9491:0.9285:0.9287:0.9488:0.9851

and 55 Hz, without using any specified work ratio. The solid
curve represents the frequency response of the dual-body
system with the work ratio of 1:1:1:1:1:1 at the same six target
frequencies.

Referring to Fig. 14, it is noted that the heights of the
valleys of the dual-body system designed for the specified
work ratio are raised significantly comparing to the other two
systems. This could be an important research issue in design-
ing a vibration system such as a vibration energy harvester
which requires a practically wide bandwidth. The energy
peaks generated at resonant frequencies by a typical vibration

117828

energy harvester drop immediately and significantly when
a slight deviation of the operating frequency from resonant
frequencies occurs. However, Fig. 14 shows that the dual-
body system designed for the specified work ratio has a
practically wide working bandwidth. Moreover, the dashed
and solid curves show that the work ratio is an important
component to widen the working bandwidth.

The working bandwidths of some previous researches are
summarized in Table 3. To compare the results, the working
bandwidth is calculated by the sum of the frequency ranges
over 60 % of the maximum peak value in the target frequency
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TABLE 3. Working bandwidths of published energy harvesters and this research.

The number of resonant

Frequency ranges over 60 % of the maximum peak value

working

Reference Ty frequencics in target in target frequency range bandwidth  Rate*
pe frequency range (Hz) [=EB]
(10 Hz - 60 Hz)
Qietal. (2010) [17] C - T T T T T 5Hz 10 %
(7]} = ‘
Seo et al. (2012) [14] 3 [14]= e oo —_ 4 Hz 8%
= -1 55- 38
Bai et al. (2014) [18] C 5 E_ [18]} = 3Hz 6%
T8 [
Kimetal (2015)[1] - 3 5 . EE 8 Hz 16 %
g U1 e
Park et al. (2017) [19] - 3 S& 9} —_— = 3Hz 6%
Kimetal 2017)[9] S 3 z L[TLO] 8 Hz 16 %
i [ 275-305 33-355 85— ’-',, :\H: 33.5-37
Kimetal. 2019)[10] S 3 ekl || AT BRI Hsph WO AT B 11 Hz 22 %
10 15 20 25 30 35 40 45 50 55 60
This article - 6 Freqeuncy[Hz] 16.5 Hz 33%
C: Cantilever beam type, S: Serial linkage type, and *rate of the working bandwidth in target frequency range, which is calculated by EBMZ) » 100.

—Dual-body system with work ratio of 1:1:1:1:1:1 at the target frequencies

= = =Dual-body system w/o any specified work ratio at the target frequencies

""""" Single-body system with work ratio of 1:1:1 at 35 Hz, 45 Hz and 55 Hz
0.012 T T T

" T T T T T

0.01

0.008 -

1
i
]
i
i
[
I
1
'

0.006

Work(J)

T
\
1
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1
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i
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1
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\
'
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0.002
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Freqeuncy[Hz]

FIGURE 14. Frequency responses of three different systems.

range (10 Hz — 60 Hz). The working bandwidths of the
systems by Bai and Park are narrow although they have five
and three resonant frequencies. It is because the differences
of peak values are large. By locating the six target resonant
frequencies in the target frequency range and adjusting work
ratio to 1:1:1:1:1:1 in this research, the rate of the working
bandwidth in the target frequency range could be widened
to 33 %.

VI. CONCLUSION

A novel design method to develop a vibration system with
desired work ratios at six target resonant frequencies is intro-
duced. The number of peaks, which is a significant design
factor for a broad bandwidth, increases to six by using a pla-
nar symmetric dual-body system. An important contribution
of this work lies in introducing geometrical representation of
vibration modes of a symmetric dual-body system together
with its applications. One rigid-body of a dual-body system
has six vibration modes and they are divided into two groups
of three vibration modes. Each group of three vibration modes

VOLUME 8, 2020

50(Hz)

forms a modal triangle whose orthocenter coincides with the
mass center. By obtaining the geometric relations of two
modal triangles from the orthogonality of vibration modes,
the design method has been developed to realize the symmet-
ric dual-body system that satisfies the requirements for six
resonant frequencies as well as the work ratios.

APPENDIX A

The derivation of the relation between the time-independent
displacements of two rigid bodies in a planar symmetric
dual-body vibration system (i.e., D1 and D») is described in
Appendix A. Above all, the inertia matrices (M| and M) of
(10) can be expressed by

m
M, = ElT m E,
1
m 0 0
=10 m cm and
0 cm I+cAm
m
M, = EY m E,
1
m 0 0
=0 m —cm , (A.1)
0 —cecm I+c*m
100 100
where E; |=|01¢ and E, | =01 —c¢ are
001 00 1
transformation matrices. c¢ is the distance between the the

mass center of each rigid body and the origin. Furthermore,
the configurations of springs composing K1, K> and K, are
symmetrical about the Y-axis, using representative symbols

117829



IEEE Access

W. Ryu et al.: Design for Prespecified Ratios Between Six Energy Peaks Using a Planar Symmetric Dual-Body Vibration System

(k1,pp) and (k12,po), they can be expressed by

[k ki ks
K, = kioo ks |,
| symm. k133
[ ki —ki,12 ki3
K, = kipo  —ki23 and
| symm. ky33
[ k1211 0 k12,13
K = k12,22 0 , (A2)
| symm. k12,33

where ki(or 12),po is the component of the Pth row and Qth
column in K| (or K »). Substituting (A1), (A2) and (12) into
(14) yields

(=

]

¢]" = [000000]

(A.3)

[x]
w
[1]
N
[a]
[}
[1]

2

where
E1 = —dx2ki2,11 + 8y1ki,12 — dpakin, 13
+801 (k1,13 + ki2,13) + 8x1 (k11 + k12,11 — w?m),
By = dx1ki,12 — 8y2ki2.22 + S¢p1ki 23
+dy1 (kl,zz + k1200 — w2m> ,
3 = —8x2k12,13 + 8x1 (k1,13 + ki2,13) + 8y1ki 23
— 8¢2k12.33 + 91 (k1,33 + k12,33 — @*(I + mc?)),

o]

[I]

= —dx2k1,12 — 8y1ki2,22 — S¢2ki 23
+8y2(k,22 + k12,02 — w?m) and
86 = —dx1k12,13 + 8x2 (k1,13 + k12,13) — 8y2k1.23
— 8@1ki2,33 + 8@ (ki 33 + k12,33 — w*(I + mc?)).

By canceling @ in (A3), (A3) can be simplified, and it is
performed using two approaches: 1) E; + E4, By — Es,
B3+ B¢ and 2) E1 — B4, 82 + E5, E3 — Ee. From approach
1), (A3) is simplified to

rr o 0 g1 + 62
0 I, O 8yt —éy2 | =0, (A4)
0 0 I'; 8x1 + éx2

where I'1, I'2, and '3, as shown at the bottom of the page. If
I'1, I'2, and '3 cannot be zeros, the remaining terms of each
equation of (A4) should be zeros. Thus, the relations between
time-independent displacements are derived as

8x1 = —6x2,8y1 =6y> and S¢; = —S¢2. (AS)
Similarly, approach 2) yields
(81 —8¢2) T4 =0, (8y1 +6y2)I's =0 and
bx;1 —dx2) 6 =0, (A.6)

where I'y, I's, and I'g, as shown at the bottom of the
page. Accordingly, the other relations between the time-
independent displacements are derived:

B4 = _8¢1k12,11 — 8)’2/{1)12 — 8(/)1](]2’]3
+8¢2 (k.13 + ki2,13) + 8xa(ki 11 + k12,11 — w’m), 8x1 = 8xp, 8y; = —8y> and 8¢; =8¢y. (A7)
i k123 (ki,12k1,13 — ki, 11k1,23 + ki, 230°m)
1,33 —
K 13+ (k111 — ?m) (=K1 22 = 2ki2.20 + w?m)
I = k1,13 (—k1,12k1,23 + k113 (k1,22 + 2ki2.00 — wzm)) ’
ki 1a + (ki it — @?m) (=K1 22 = 2ki2 22 + @?m)
—w? (I + mc?)
k2
Ty = (ko + 2k — ®m+ —— 212 and
’ ’ —ki11 + @?*m
I'; = (kl,ll - a)zm) )
ki 33 + 2ki2.33
k1 23 (—ki 12 (k113 + 2k12,13) + k123 (ki 11+ 2ki2, 11 — @?m))
r ki 1o+ (ki + 2kia,11 — w?m) (—ki 22 4+ ?m)
4 k1 13 + 2k12 13) (—ki,12k1,23 + (k1,13 + 2k12,13) (k1,22 — @?m)) |
1 1+ (ki + 2ki2, 11 — @?m) (k1,22 + @?m)
_C()2(I+mC2)
k12,12
[s = (ki — w’m — . and
kl,ll +2k12’11 — w*m
I'e = (kl,ll + 2ki2,11 —wzm) .
117830
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ap

az

by

by

by =

Qy11 (1.2 — y1.3) + Ly12(=yi1 +31.3) + By1s (v —y12)
x1,101,2 = y1.3) Fx12(=y1,1 +y1,3) +x1,301,1 — ¥1,2)
Q2y1.4 (=15 +y16) + 215014 — V16) + i (—y1a +15)
x1.4 (V1,5 = y1.6) +x15 (—v1.4 +y1.6) +X1,601,4 — y1,5)
(=23 + Q3) x12x1 3311 + (9F — Q) X1 1313912
X1,1 (yl,z —y1,3) + x1,2 (—)’1,1 +y1,3) +x1,3 ()’1,1 —y1,2)
(—Q% + Q%) X1,1X1,2Y1,3
xi1 (V12 = y13) Fxr2 (—ynn +Hy13) F a0 —yi2)
(2% — Q2) x1 sx16y1.4 + (—9F + QF) x1.4x1,6915
X1,4 (y1,5 - )’1,6) +x15 (—y1,4 +y1,6) +X1.6 (y1,4 - y1,5)
(22 — Q2) x1 4x1516
x1.4 (V1.5 —y16) +x1.5 (—y1.4 +y16) FX1600.4 — y1.5)
Q3x10y1,1 — Q3x13y1,1 — Qx11y12 + QX1 3y
xXp1(=y12 +y1,3) +x1.2 ()’1,1 - y1,3) X1,3 (—)’1,1 +y1,2)
n Q3x1,1y1,3 — Qx1.2y1,3
xi1(—=y12 +y1.3) +x12 (v — y3) 23 (—yin1 +y1.2)
= Qgx1s5y14 + Q3x16y1.4 + Qex1ay15 — QX1L6VLS
B X1,4 (—yl,s + y1,6) +x1,5 (y1,4 - y1,6) X1,6 (—)’1,4 +y1,5)
—Q2x1 4y1,6 + Q315916
x14(—y1.5 +y1.6) +x1.5 (V1.4 — yi.6) X1.6 (—y1.4 +y1.5)

+

and

+

In (AS5) and (A7), the relation between the magnitudes of
small angular displacements is expressed by

8¢l = I8¢zl - (A.8)

Furthermore, the configuration of the normal mode which is
normalized by §¢ is represented as two types

[4]

[5]

[6]

L. Tang and Y. Yang, “A multiple-degree-of-freedom piezoelectric energy
harvesting model,” J. Intell. Mater. Syst. Struct., vol. 23, no. 14,
pp. 1631-1647, Sep. 2012.

Q. Ou, X. Chen, S. Gutschmidt, A. Wood, and N. Leigh, “A two-mass
cantilever beam model for vibration energy harvesting applications,” in
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P. Blanchet, “Linear vibration analysis using screw theory,” Ph.D. disser-
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[5161 3y 1 dx dy1 I}T
Sp1 S 51 51 '

From (A8) and (A9), it can be checked that the normal

(A9)

are equal.
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