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Abstract

Objective In this paper, the dynamic characteristics of a miniature shock absorber by electrostatic excitation are studied.
The 3 degrees of freedom (DOF) nonlinear forced vibration equations were established by Hamiltonian variational principle.
The approximate analytical solution of the nonlinear differential equation is calculated. The nonlinear vibration behavior of
the shock absorber under primary resonance was investigated.

Methods The amplitude-frequency response equation and the relational expression of the component system with two damp-
ers (Tuned Mass Damper and Nonlinear Energy Sink passive vibration absorbers) were obtained using the multiscale method.
Results It is found that the amplitudes of main component and dampers may be in the same or opposite direction by adjusting
the parameter values. Furthermore, the energy absorbed by the dampers results in decrease of the main component amplitude
magically. Meanwhile, it is also concluded that the increase of the damping ratio and/or mass ratio of the two dampers on
the system caused a decrease in the amplitude of the main components.

Conclusions TMD and/or NES play an important role in the shock absorption system which can kill the amplitude of the
main component magically. The vibration amplitude of the main components can be largely decreased by increasing the
mass ratio and damping ratio of TMD and NES. The association of external and internal resonances causes the energy of
the external excitation moves to the TMD or NES, thus reducing the amplitude of main component. The amplitudes of main
component and dampers may be in the same or opposite direction by adjusting the parameter values.

Keywords Shock absorber - Tuned mass damper - Nonlinear energy sink - Multiscale method - Energy absorption

Introduction

Vibration is an unavoidable phenomenon in people's pro-
duction and life. The existence of vibration makes fatigue
in industrial production equipment damage, affect the accu-
racy of equipment and even shorten the life of the equip-
ment. In general, vibration-damping and vibration-isolating
equipment are installed in the forced components to reduce
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the vibration [1-6] and ensure the normal operation of the
components. Tuned mass damper is a device that uses the
tuned resonance effect between the damping device and the
component to achieve energy absorption, energy dissipation
and vibration reduction. This classic method of vibration
reduction is not only applicable to macro-scale projects, but
it is still a great advantage compared to other methods of
vibration reduction in micro-precision instruments, espe-
cially in electromechanical devices [7-10]. Roberson [11]
studied the dynamic response of a TMD and an un-damped
Duffing spring system. Studies have shown that the con-
trollable frequency bandwidth of the nonlinear absorber is
much wider than the linear TMD. Srinivasan [12] researched
the parallel damping TMD and found that when the damp-
ing frequency coincides with the excitation frequency, the
main system remains stationary, but the control bandwidth
of TMD becomes narrower. However, sometimes the input
energy of the vibration device is too large, and the TMD
cannot absorb so much energy to ensure the normal work
of the main component. Then, another vibration-damping
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device, nonlinear energy sink (NES) passive vibration
absorbers are needed to consume the excess energy of the
main component. NES extracts unwanted vibrations from the
system to reduce component amplitude by moving energy
from the directly excited primary system to the ancillary
system. Thus, a wide variety of NES designs have been pro-
posed. Some scholars aimed at choosing the different types
of nonlinear stiffness, for example, non-smooth [13, 14],
non-polynomial [15], cubic [16], vibro-impact [17-19] to
optimize of NES system. Ohtori et al. [20] and Nucera et al.
[17,21] studied NES contribution to the overall system and
found that it can reduce the time of energy dissipation or
energy decay, and mitigate the lateral reaction force applied
on the tank wall. Gendelman et al. [22] and Sapsis et al.
[23] researched the effect of a NES with relatively small
mass on the dynamics of a coupled system under periodic
forcing in the vicinity of a main resonance theoretically and
experimentally. They pointed that the quasi-periodic regime
response provide efficient vibration suppression. Kerschen
et al. [24] studied a two-degree-of-freedom master system
with an attached NES, and found that this system may have
more sequences of resonance transitions possible due to
initial conditions than the single-degree-of-freedom case.
Though the phenomenon of NES has been extensively stud-
ied in the references, the parameter selection and optimiza-
tion problem for multiple-degree-of-freedom systems are
still a challenge [25-27].

In addition, many researchers have conducted dynamic
research on different micro shock absorbers. For example,
Malhotra et al. [28] showed that mass-spring damping sys-
tems are more common in engineering design regulations.
Nagurka and Huang [29] compared the vertical drop ball
to the mass-spring-damping system and studied its physi-
cal properties. Hamamoto et al. [30] conducted a controller
design study on a mass-spring system with two degrees of
freedom.

Motivated by these ideas, in this paper, we describe the
TMD and NES system coupled to the equivalent model
of the micro-electro-mechanical damping component. To

Fig. 1 Micro-electro-mechan-
ical damping component
schematic

study the dynamic characteristics of the micro-damper,
we use the Hamiltonian variational principle to derive
the nonlinear vibration equations of 3 freedom degrees
(3-DOF) of a spring-mass-damping system. Moreover, the
multiscale method [31-36] is used to obtain an approxi-
mate analytical solution to the derived nonlinear set of
differential equations and the corresponding numerical
results and discussion of the nonlinear dynamics are
presented. Through the analysis of the parameters of
the micro-damper, the dynamical behaviors of the shock
absorber were examined.

Mathematical Model

Micro-electro-mechanical damping component, as shown
in Fig. 1, with cylindrical tank with height, radius and
wall thickness of H, R and ¢, on the left side of the micro
device is an electrostatic excitation u, = A cos (1).

Here the excitation frequency is @,. The component
L and the main component are connected by a spring K.
There is a damping symbol C between the component L
and the main component M. The mass of the main compo-
nent is denoted by M, and the length of the inner hollow
part of M is 2R. Place a coordinated damping element
of mass m, inside the main component. It is connected
with the main component using spring k;, m; and k; form
TMD, and the inter-component damping parameter is c;.
The right side of the main component has a mass block of
mass m,. Springs k, and k; connect with the main com-
ponent. m, and springs k,, k; work together to form NES
for absorbing the excess energy of the main component.
There are no displacement changes in the vertical direction
and the elongation and compression of the springs k;, k,
and k; are all in the horizontal direction. All the micro-
components except the spring in the Fig. 1 are considered
to be rigid materials and do not deform. In addition, for the

k, m,
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sake of generality, we assume that K, k, k,, k5 are stiffness
of springs and C, c,, ¢, are damping.
The system Lagrangian is written as follows [37]:

(ug+x) > 2 iy +5)° +%(ug+z)2
k k k Q)
- §x2 - do-9t- 2e-9P - 2e-o

where x, y, z are horizontal displacements of M, m, and m,,
respectively.

There are 7 items in Eq. (1). Among them, the first three
items are the kinetic energy of the main component, the kinetic
energy of the mass damper, the kinetic energy of the mass
damper, and the kinetic energy of the mass damper of the pas-
sive energy absorber. The last four items are spring elastic
energy. —x is the elastic potential energy between the main
component and the excitation part, (y x)* is the elastic
potential energy between the main component and TMD,
b (z x)* and & (z x)*is the elastic potential energy between
the main component and NES.

The energy consumed by the system can be expressed by
the following equation:

92
2

D= (y 042 (Z—X) )
where %xz represents the energy consumption of the damp-
ing between the main component and the excitation portion,
a (y %) represents the energy consumed by the dampmg
between the main component and TMD, ‘;(z — %)% repre-
sents the energy consumed by the damping between the
main component and NES. Excitation item u, is A cos (w?).
The dimensional system dynamics equations obtained from
Egs. (1, 2) using the Hamiltonian variational principle are
as follows:

M(i,ig+jé) +Kx—k2(1—x)—k3(z—x)3 -k -

. o _ 3
+Ci—c(—%)—c(z2—%) =0

my ity +3) + k,(y —x) + ¢, — %) = 0, @)

my (iiy +2) + ky(z =) + k32 =0’ + 6, =) =0.  (5)

Introduce dimensionless parameters: t, = Qt, here
Q2 = %, Q is the natural frequency of main component sys-

tem. Dimensionless parameters are: x = f—e, y= 2 7= 1_e
2 _ Kk 2_ k _ o ) _ kR — ™
wl_m_]’ wz_m_29 ﬁl__ ﬂz__’ k2_m’ gl_ﬁ

m7_ < Z
M’Z_ 2MQ’gl T 2m w]’gz 2myw,”
Simplification Eqs. (3—-5) gives the system dimensionless

equation of motion as:

&)

&) =

—2¢, 016, (7 - 2/)
— &85 (2-%) — ek (z - _)3 ©6)

X' +2Z% +3 - (Y- X)

— 26,67 -X) = RQ2 ity (1),
o == — 1
Y+ B (T =%) +2061( - X)) = — 55,0, )
7'+ (z-X) +§2(E—E)3 +2p,6,(7 -%) = RQZ ity (1),
®

()" denote the differentiation of 7.

In the above equations, parameters such as f,, Ez and %2
can be determined based on the properties of TMD and NES.

Next, we simplify the calculation of the Egs. (6-8).
Let: u=x+¢€y, v=x—-y and w=z—-Xx, then
x=(ut+ev)/(1+e) , y=w-v)/(1+¢) ,
Z=(u+ew)/(1+¢) +w

To simplify the calculation, we introduce a new time
parameter 7 for conversion. Here 7 = —2

Vite,
The transformation of the Eqgs. (6-8) into the following

equation can be achieved by the parameter transformation:

il+u+£1v+ZI}t+£1Z\'1—£2(1 +81)ﬂ§W—82k2W3
&)

. 1+ €] ®
—2&,,6,W = Acos (w'1),

b+ u+ (51 +(1 +£1)2ﬁ12>"+z"‘+ (eiZ+2(1+¢)pic))v

(10)
- 52(1 +£ )ﬂzzw — £ykyw? — 26,56, = 0,

W—u—el(l + (1 +£1)ﬁ12)v+ (1 +51)(1 +62)

Pow+ (1 +&,)kyw’ = Zis— e, (Z + 2p16,) v (1)
+2(1 +62)ﬂ2g2W =0.

2Z

ky = (1+¢€ )k,

Among them, dimensionless parameters are: Z =

\/1+£1g1, g2=\/1+£1§2,

o 1+51
Q
Multiscale Method

In this section, to obtain numerical solution of the micro
shock absorbers model by the multiscale method, we trans-
form the Eq. (9). Let the system (9) except for it and u be
multiplied by the small parameter ¢:
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u+u+£~s]v+e-Zu+e-£IZ\'/—s-62(1+el)ﬂ22W
1 +¢ (12)

eA cos (w*7).

— & ExkW — 26 - £xfy W =

In the same way, the same transformations can be made
for Egs. (10) and (11). Equations (10) and (11) can be
rewritten as follows:

V+eu+ (sl + (1 +51)2ﬂ12)v+s-Zl}t+g- (le+2(1 +sl)ﬂlg1)\>

—£~52(1 +el)ﬂ§w—e~52k2w3 —2e-g,p5w =0,

13)
w—gu—£-£1(1+ (1 +61)ﬂ12)v
+ (1 +51)(1 +£2)ﬁ§w+e . (1 +52)k2w3 —&e-Zit (14)
—6-51(Z+2ﬂ1g1)\'}+2£ . (1 +62)ﬁ2g2v'v =0.

Next, apply the multiscale method. Let:

”=x11(To’T1) +5x12(T07T1)’ (15)
v=x21(T0,T1) +5x22(T0,T1), (16)
w = x4, (T0. 1)) + x5, (T T} ). a7

u= (DO + fDl) (xll + £x12) = Doxll + £(D0x12 +D1x11),

(18)
V= (DO + eDl) (x21 + 6)(22) = Dyx,, + S(D0x22 + Dlle),
(19)
W= (DO +¢eD, ) (x3, + £x32) = Dyx3; + £(D0x32 + D x5 )
(20)

Substituting the Eqgs. (15-20) into (12)—(14) yields
Eq. 21)—(23):
Dgxll + s(Dgxu + 2DOD1x11) + (xll + sxu)
£ (x21 + exzz) + Z(Dox11 + e(D0x12 + D1x11))
+£IZ(D0x21 + e(Dox22 + D xy, ))
—52(1 + el)ﬁg (x31 + £x32) — &5k, (x31 + £x31)3
26,56, (D0x31 + £(D0x32 + D1x31))

1+¢ .
= R eA cos (0™ 7),

ey
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Dgxm + E(Déxzz + 2D0D1x21) + <£1+(l + 81)2ﬁ12> (x21 + £x22)
(x“ + exlz) + Z(Dox“ + e(DOxlz + Dlx“))+
(512 + 2(1 + sl)ﬂlgl)(D0x21 + s(DOx22 + D1x21)) B
—82(] + 61)ﬂ22(X31 + ex21) — £2k2(x31 + ex32)3
=2¢,$,6, (Doxsl +&(Dyxy, + D1x31))
(22)
D(z)x3] +£(D(2)x32 +2DUD|x3]) + (l +£])(l +£2)ﬁ22(x3| +6X32)

—(xy +exp) —e (14 (1+&)87) (3 +€x)
.. +(1+65)k; (x5, +ex35)” = Z(Dyxyy +€(Dyxy + Dyxy,)) e
—£,(Z+2p,6,) (Dyxy; + &(Dyxy, + Dyx3,))
+2(1 + &,) Br65 (Dox3; + &(Dyxzy + Dyx3,))
(23)

Considered the Eq. (21), let wfo = 1 and equating the
coefficients of £, we have:

80 . Dgxn + a)?(]‘xll = O’ (24)

€l :Dgx12 +2DyD x| + a)foxlz + €1Xy; + ZDyxy; + €,ZDyx5,

+ & .
Acos (w* 7).

(25)

Considered the Eq. (22), let @2, = (¢, + (1 + &,)")p2
and equating the coefficients of €, we have:

3 2 !
— &k, — 52(1 +€ )ﬂ2X31 —2,$,6,Dpx3; =

80 . D3x21 +0)§0x21 = Oa (26)

sl:DngZ +2DyD x5 + a);xn + X1, +ZDyx
—&,(14£)B3x31 — 26,,6,Dpx3; = 0.

Considered the Eq. (23), let 0% = (1+¢,) (1 +¢&,)5?
and equating the coefficients of €, we have:

60 . D(Z)X31 + wgox:;] = O, (28)

£1D§x32 +2DyD x5 + a)foxn — X3 — ZDyxy,
—e(1+ (1+€)p7)x —&(Z+2816,)Doxsy (29)
+ (1 + 52)k2x§1 + 2(1 + 82)ﬂ2g2D0x31 =0.

According to (24), (26), and (28), we can get (30):

X, = A1 (Tl )eiwloTo + Zl (Tl )e—imeo’

Xy = Ay (T, )"0 +Zz(T1)6’_iw2°T°a (30)
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X3 = A3 (Tl )eia’SoTo + Z3 (Tl )e—imeO‘

Substituting Eq. (30) into Egs. (25), (27), and (29), we
get Egs. (31), (32), and (33), as follows:

2 2. _ - iy T, A i iy T,
Dyx, + @ Xy = —2(w10D1Alze 1050 — @ DA e 0 0)
—£ (Azem’ono +A23_’w20T0)
- Z(a)loAlie""l“T" - a)loAlie_""mT")
—-€Z (a)z()AzieinOTU - wz()Azie_iw20T°>
+&(1+¢ )/322 <A3e’“’3°T° + Aje~ @l )
e = o\
+ &5k, (A3e’“’30 0 4 Aze'0 0)
+ iy T A i~y T,
+ Zezﬁzgz(a)30A3le 3050 — 30A51e” "0 0)
I+¢e ..
+LA6W To’
2R
€29
D(z)x22 + colznx22 = —Z(wZODlAzieinOTO - a)ZODIZZie_i"’ZOTO)
— (A]eiwIOTU +Zl e_i")lUTO)
- Z(a),oA1 ie'®nTo — co]OZ1 ie_i‘”'0T0>

—(e1Z+2(1+¢,)pi5y)

(a)zoiAZEi‘”z“T“ - sziAze’iw2°T°>

+&, (1 +¢€ )ﬁ22 <A3e"”30T0 + AyemonTo )
. - 3

+ &5k, <A3e’“"“T° + Ajem@To )

; iw30 T, A i T
+2€,$,6, (w301A3e 3070 — @3giA5e7'"0 0),

(32)

Dix;, + wfox32 = —2<w30D (Asic@nTo — g DIZ3ie‘i“’3<JT\1>
+ (Alei“’IOTO + Zle’iw10T0>
e (14 (146)7) (AgeTo 4 Ayemiolo
- (1 + 52)k2 <A3ei“’3()T<) + Z3e—imeu )3
+ Z<w10A1 ie'@wlo — wlOZI ie—ime0>
+é (Z + 26 gl) (wzoiA2einl‘TfJ - a)zoixze""”onO)

- 2(1 + 52)ﬂ2g2 (w3OiA3ei“’30T° - w30i23e_i“’30T0 )

(33)

In the following, we discuss the primary resonance with
the frequency of external excitation approaches the main

component, in other words, @* = w,, + €0, where o is the
nonlinear detuning parameter.

Case 1: when w,, and w; are far from w,,, substituting
o* = o,y + €0 into the Eqgs. (31-33) and eliminating the
secular terms, the following equations are obtained:

: . L+e, ieo T,
—2w,yD A i — ZwloAll+TAe 0 =0, (34)

—2w,0D\Ayi — (£,Z+2(1 + &) 16 )wyyiAy, =0, (35)

(36)
By assuming:
A= %al(Tl)eiwl(T‘),Zl = %al(Tl)e_i%(Tl)’ (37a)
A, = %az(Tl)ei‘”Z(T‘),Zz = %az(Tl)e_%(T'), (37b)
Ay = %aa(Tl)ei%(T')’K3 = %QS(Tl)e_i%(Tl)’ (37¢)
and substituting it into (34—36), we have the result:
' . 7 i(l + & )A
atajigp =—-——a; — ————
1 1oy 2 1 2RCU10 (383.)
(cos (6Ty — @) +isin (¢T) — @,)),
g§Z+2(1+¢)pic
ay + ayip, = - ( 2 1) - laz’ (38b)
3i(1 + &) kyay
as + azip; = —_ (1 + 52)ﬂ2g2a3. (38¢)

8aws

Let#, = 6T, — @, separating real and imaginary parts can
be obtain:

7 (14+¢)A
s RS Vs

a,=——a; + sin 6, (39a)

1 1 2Ry 1

. (I+¢,)A 0 39b

al(/’l—_TmeOS 15 (39b)
e Z+2(1+4+¢€)pic

i = 1 (2 1) 1 1(12’ (39¢)

a,p, =0, (39d)
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a3 = —(1 + &) fr6r03. (39%)
3 ( 1+ 52)k2a3

aypy = V20 (39%)

8ws

In order to obtain a steady state solution, let
a,=0,=a,=¢@,=a;=¢p; =0, we can obtained the
Eq. (40) as follow:

(1 +61)2A2 _ Z*a;

2 2
o = gt (40)
10

Substituting Egs. (34-36, 37) into Eqs. (31-33) and Egs.
(15-17), finally, the approximate solutions of the shock
absorbers X, y, z are obtained.

Case 2: when w,, = @, + €0, (0, is the nonlinear detun-
ing parameter) and wsq is far from w,,, substituting the
expressions of @* and @, into the Eqs. (31-33) and elimi-
nating the secular terms, one obtained:

. ieo, T, .
—2w,,D A i — £,A,e“°0 — Zaw A i

te, 41
£1Aez£o'T0 — O, ( )
R

- igo, T, 1
— €, Zw,pAyie 71 0+
— 2w,,D,Ayi — Aje T — Zp (A ie™ 01 To "
) (42)
230D Azi = 3(1 + £,)kyA2A5 — 2(1 + £,) fr6,05iA3 = 0.
(43)
Substituting (37) into (41-43), we have:

i€, a, <cos (02— + 01T1)+> Z
2 1

ay +aip, = o
! ! ! 20)10 1S1n ((pz - q’l + UITI)

3 €1 Zwyya, [ €Os ((p2 —@ + o-lT])+
20 isin ((p2 — @, +0 Tl)

_ (1 +61)Ai<COS (oT, — (pl)+>

2Rw, isin (6T1 - (p,)
(44a)

by + ayip, = ia, [ cos(p,— @, +0,T))-
2 2 2602() isin((pz—(p1+0'1T1)

_ Zwyga, ( cos (92— @ +0,T))~ (44b)
2w \ isin (@, — @, +0,T))

e, Z+2(1 +el)ﬂ1g1a
2 z
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3i(1 + sz)kzag

(44¢)
8wy

a3 + a3i(p3 = - (1 + 52)ﬂ2g2a3.

Let 0, = ¢, — @, + 0,71, the calculation process is as in

case 1, the frequency response equation of the steady-state
solutions is obtained:

< - >2 <Zw10 >2
+ a,
2wy 2wy

2
Z+2(1+
=<el ( 51)ﬂ1€1a2) +a§(a_61)2.

(45)

2

Case 3: when w3, = | + €0, (0, is the nonlinear detun-
ing parameter) and w,, is far from w,,, substituting the
expressions of @* and w5, into the Eqs. (31-33) and elimi-
nating the secular terms, we have the result:

— 204D\ A i — Zw A i + &5 (1 + €]) f2 A5 T043€,k,A2A 02 To

. 1+¢
+ 2£2ﬂ2€2w30A3ie"“”2Tﬂ+—2R Lae=eTo = 0,

(46)

— 26030D1A3i +A1e—i50'2Tu _ 3(1 + 82)k2A§XS + Za)loAll-e—isa'zTU
= 2(1 + &) hr630iA3 = 0.
(48)
Substituting (37) into (46-438), we have:
' i ies (1+¢,)p3a; ( cos (93 — @y + 0,7, )+
ay +aip, = Za, — ——— 237
2 2w isin (¢35 — @, + 0,T})

i352k2a§ (cos ((p3 -+ 62T1)+>

8w isin ((p3 - @ +0'2T1)
+ &,P,6,030a3 [ €OS (qa3 -+ 62T1)+
Wy isin (p3 — @, +0,T))

(1 +£])Ai<cos (oT, —(p])+>

2Rw, isin (O'Tl - gol)

(49a)

EIZ+2(1 +51)ﬂ1g1a

> . (49b)

ay + ayipy =



Journal of Vibration Engineering & Technologies (2023) 11:3029-3038 3035
. . iay ( cos (@3~ +0,T;)- , X
a3+a3l(p3=—2— o 0. 06 I
W3 \ Isin ((p3 -@ + 0'2T1) -
0. 04 1
B3(1+&,)kya’ ﬂ m
8w (49c¢) § 0. 021
3 \
N Zo,ga; [ cos (o3 — @, +0,T))— 2 0.00] L(Q
—0. 021
— (1 +£2)ﬁ2g2a3. U
.. =0. 041
Let 0; = @3 — @, + 0,7, similarly, the frequency V
response equation of the steady-state solutions is obtained: ~0. 06 i i X
0 20 40 60

a 2+ Zayg 2_ 1+ 2

205 205 aq | = (( 52)ﬂ2€2“3)
3(1+6,)kyd ?

+<M+a3(a_%)> |

(50
8ws

Repeat the same procedures for case 2 and 3, then, the
approximate solutions of the shock absorbers X, y, 7 are
obtained.

Results and Discussion

In this section, numerical simulations are used to study
the nonlinear vibration of electrostatically excited minia-
ture shock absorbers based on 3 degrees of freedom model.
The tank is made of an aluminum sheet with a thickness
t, =1 mm and mass density p = 2700 kg/m3. In addi-
tion, the non-dimensionless parameter values are taken as
Z=3.7x10"%and k, = 1[37]. In the following, the non-
dimensionless parameter values are £, = 0.17, ¢, = 0.01,

0.10 1

ol AR

0.00 NN TN TN

i

-0.10 1

————
I
NI X

J i

Amplitude

0 10 20 30 40 50 60
time

Fig.2 Diagram of amplitude relationship among main component
and dampers for case 1

time

Fig.3 Diagram of amplitude relationship among main component
and dampers for case 2

py=p,=0.1,0 = 6,=0,=0.1, ;=0.1, ¢,=0.001 [37] when
they are not listed specifically.

The relations among the amplitudes of main component
and dampers are present in Figs. 2, 3 and 4 for case 1, case
2 and case 3 correspondingly. It can be observed that the
main component amplitude x is much smaller than those of
the dampers y and z. Obviously, the dampers absorb energy
of system, which makes the amplitude of main compo-
nent is reduced. From Fig. 3, It is clearly noted that when
0* = wy+ €0 and w,; = W,y + €0, the association of exter-
nal and internal resonances causes the energy of the external
excitation moves to the TMD, and the amplitude y improves.
From Fig. 4, we also get that the amplitude z improves.

To better show the damping effect of the dampers, the
amplitude diagram of the main component under different

0.3+
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-0.24

time

Fig.4 Diagram of amplitude relationship among main component
and dampers for case 3
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Fig.7 Time response of main component amplitude with different
TMD mass ratio for case 2
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Fig.8 Time response of main component amplitude with different
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Fig.9 Time response of main component amplitude with different
NES mass ratio for case 3

dampers for case 1 is shown in Fig. 5. Obviously, with a
damper, whether it is TMD or NES, the amplitude of the
main component will be deskilled. Moreover, a combina-
tion of both can make a largely reduction. This indicates
that TMD and /or NES play an important role in the shock
absorption system.

Moreover, comparisons of the TMD mass ratio on the
amplitude of the main component for case 2 and case 3 in
Figs. 6 and 7 show that as the mass ratio increases, time
response of main component amplitude is remarkably
decreased. This indicates that the effect of TMD mass ratio
on the amplitude of the main component is significant.
Therefore, adjusting the mass ratio of the TMD can be used
to reliably control the vibration characteristics of the system.
The results in this paper accord well with those in Ref. [38].
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We now turn our attention to the influence of the TMD
damping ratio on the system amplitude as shown in Fig. 8.
Studies have shown that as the damping ratio increases, the
amplitude of the system decreases mostly, and at some point,
the situation is just the opposite which is agreement with
Ref. [38].

To clear how the amplitude varies with the different
values of NES mass ratio, the case 3 are plotted in Fig. 9.
Clearly, the larger the mass ratio is, the lower amplitude of
the main component is, which is consistent with that of the
TMD.

In addition, Fig. 10 shows variation of main component
amplitude of system with different NES damping ratio. It is
clear from Fig. 10 that the component amplitude decreases
as the NES damping ratio coefficient increases, which is
consistent with that of the TMD.

Finally, the results in Figs. 2, 3,4, 5, 6,7, 8,9 and 10
reveal that the amplitudes of main component and dampers
may be in the same or the opposite direction as the parameter
values vary.

Conclusion

To study the dynamic characteristics of the miniature shock
absorber, the 3 DOF nonlinear forced vibration equations
are established by Hamiltonian variational principle. A
numerical approximate solution is obtained using a multi-
scale method. The main results of the study may be listed as:

e TMD and/or NES play an important role in the shock
absorption system which can kill the amplitude of the
main component magically.

e The vibration amplitude of the main components can be
largely decreased by increasing the mass ratio and damp-
ing ratio of TMD and NES.

e The association of external and internal resonances
causes the energy of the external excitation moves to the
TMD or NES, thus reducing the amplitude of main com-
ponent.

e The amplitudes of main component and dampers may be
in the same or opposite direction by adjusting the param-
eter values.

It is hoped that the nonlinear vibration presented herein
will be useful for research work on micro shock absorbers.
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