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ORIGINAL PAPER

Dynamic performance of a novel tuned vibration
absorber with nonlinear friction interfaces

Yongfeng Wang - Yanhong Ma - Hong,Wang -
Christian Maria Firrone - Jie Hong

Abstract A novel tuned vibration absorber with
frictional interfaces (FTVA) is proposed in this study,
combining advantages of the tuned absorber and the
nonlinear dry friction damping to dissipate the energy.
First, the influence of the mechanism of the nonlinear
dry friction damper is introduced using a simplified
model with 1-dof tuned mass absorber and the
hysteresis friction contact element. Second, a real
layout for the FTVA is proposed using a metal strip to
tune the vibration absorber, and introducing three
frictional contact interfaces with variable normal loads.
Both numerical and experimental studies have been
carried out which indicate the effectiveness of the novel
FTVA. For a well-tuned absorber with properly
designed frictional interfaces, the vibration amplitude
can be reduced more significantly, and the actual
frequency range where vibration amplitudes are limited
can be broadened with respect to a classical TVA. The
nonlinear contact element contributes to avoid the
additional peak vibration generated by the tuned
ordinary absorber since the friction damping will be
activated as the system response increases to a
threshold value. Effects of contact parameters, such as
the normal load of the interface, have been deeply
investigated as well, which can be optimized to
minimize the vibration amplitude. Basic performance
of the novel FTVA have been revealed, indicating the
potential to suppress vibrations of engineering
structures.
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1 Introduction

The Tuned Vibration Absorber (TVA) (also known
as tuned mass damper (TMD)) is a classical approach
to deal with excessive resonance vibrations of
structures, and it has been widely used to suppress
different vibrations in various fields, such as
oscillations of the helicopter rotor [1], rolling motions
in ships [2], chatter mitigation for machine tool [3, 4],
and seismic responses of buildings under earthquake
excitation [5, 6]. The effectiveness of TVA is based on
the energy transfer to different regions of the frequency
spectrum and the natural frequencies split that are
achieved through the tuning of the additional mass. The
split of the system natural frequencies shifts the
resonance of the primary structure away from the area
of interest, resulting in a lower amplitude response at
the original frequency region [7].

The typical TVA was first studied by Hermann [8],
and the natural frequency is tuned with respect to the
concerned frequency range, considering also the
counteracted elastic force generated by the stiffness
link [9]. Viscous dampers are normally optimized to
minimize the peak around the natural frequency [10,11].
A properly designed TVA can optimally suppress the
vibration of the primary structure, but improvements
are still needed to broaden the effective frequency and
globally reduce the response. Plenty of improvements
have been carried out, such as multiple inertial
elements for different frequency regions [12], or the
tuned liquid damper for an improved seismic
performance [13], or novel semi-active elements like
shape-memory alloys [ 14 ], magneto- or electro-
rheological fluid [15,16], or even active devices such
as piezoelectric actuators [17,18].

For a vibrating mechanical system, the relative
motion between contact interfaces is common, which is
usually characterized by partial dry friction adhesion
leading to hysteresis energy dissipation due to micro-
slip. In recent years, friction dampers have been
introduced into the tuned vibration absorber (TVA)
system, known as FTVA or FTMD [19,20],to improve
the performance by the advantage of the nonlinear
energy dissipation, besides the direct advantage of
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simplifying the construction. In 1990s, Ricciardelli [21]
carried out the studies on the SDOF tuned mass damper
with linear stiffness and friction damping, and the basic
design criteria for the friction TVA systems was
presented. Gewei [22] obtained the periodic response
of the structure with FTVA under a harmonic base
excitation, by using the harmonic balance method, and
the effects of the friction coefficient on the structural
response were described. Also, Brezeski [23] proved
that the proper friction setup can dramatically limit the
resonance peak.

A rich scientific literature is available to better
understand and model the friction phenomenon caused
by alternating motion and the corresponding
quantification of energy dissipation and damping
introduced in the system. Early studies focused on the
stick-slip phenomenon [24] and hysteretic behaviors
[25,26] in the case of relatively small vibrations. The
hysteresis spring friction element, or Jenkins contact
element, consists of a spring in series with a Coulomb
friction element, it is often used to model the macro slip
behavior of the contact which occurs when the contact
status is characterized, during a vibration period, to a
local elastic deformation and a full slip of the two
surfaces [ 27 ]. New types of nonlinear damper-
hysteretic friction tuning inertia damper (HFTID) were
also proposed [28], which can significantly improve the
performance of the TMD for machining chatter
suppression [29,30]. Furthermore, Laxalde [31,32]
investigated the complex nonlinear modal features of a
2-DOFs system with grounded dry friction, and the
simulation results showed that the modal damping was
dependent on the modal amplitude. Zhang [ 33 ]
presented an integrated analytical and experimental
study on the vibration absorber with nonlinear
frictional interfaces, and the modelling and tuning
technique was provided.

Plenty of studies on the tuned vibration absorber
have been done in previous studies, which proved that
the dry friction may improve the performance in
reducing the vibrations. However, the mechanism of
the energy transmission and dissipation in FTVA
haven’t been clearly revealed, though the basic
dynamical characteristics have been investigated by
simulation or experiments. While most studies are
dedicated to model the phenomena using the simplified
lumped-spring model, new ideas about absorbers
suitable for practical engineering solutions are not
common. Thus, the design method of the FTVA for a
more complex flexible mechanical system still needs to
be developed.

In this paper, a novel tuned vibration absorber with
nonlinear friction interfaces is presented and studied.
The corrugated metal strip with tuned geometry and
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mass is chosen to form the absorber, which has been
tuned considering the dynamical features of the
primary structure. The absorber is purposely designed
to introduce the friction interfaces, considering the
normal contact load as a tunable parameter which can
be adjusted for optimal performance. Both numerical
and experimental studies have been carried out, which
confirm the effectiveness of the novel absorber for the
suppression of vibrations. The effects of the presented
device on energy transmission and dissipation indicate
the relevant potential in engineering applications.

2 Mechanism Study of the Novel FTVA

In this section, a 2-DOFs model with Frictional
Tuned Vibration Absorber (FTVA) is built, to show the
effect of friction on the system dynamics. The
dynamical response, as well as the energy transfer and
dissipation, are investigated and used as the theoretical
guideline for the design of the absorber.

2.1 Tuned vibration absorber with friction elements

The system to be investigated in this section is
presented in Fig. 1, consisting of a primary or target
mass m; and a secondary or absorber mass m,. The
primary mass is connected to the ground through a
linear spring k; and damper c;, and the primary mass
and absorber mass are connected by a linear spring k>
and damper c¢;, while a dry friction element, with
hysteretic friction force shown in Fig. 2, is inserted
between the two masses. The primary mass is subject
to a sinusoidal excitation g(?)=qgo*sinwt, leading to the
dynamical response of x; and x,, and the relative
movement of which is remarked as y= x;- x».

= m
g 2 X3
2,
g ki
kz (6] H Nr)
v Y=X-X;
g my [
) i
3| f]() X1
wn
‘?} ky Cy
e SRR TN RN

Fig. 1 Illustration of the absorber system with a dry
friction element

The widely used Jenkins model is chosen to model
the dry friction element, where ¢ and N are the friction
coefficient and normal load respectively, the contact
stiffness in tangential direction is k;. The friction force
f: varies under a periodic excitation load, leading to the
hysteresis energy dissipation [34], as shown in Fig. 2.
Due to the dry friction element, the system has two
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different states, the stick- and slip-state.

A
Js=HN,
1 %

A 2

4 3
Fig. 2 Illustration of the hysteretic friction force

The tangential friction force f; depends on the contact
state [35]. When the contact interfaces are in stick-state
at a low excitation or out of resonance, the relative
displacement is relatively small, and the friction force
can be expressed as

df, /dy=k. |f,|-uN,<0 (1)

The tangential force of the friction element will be
enlarged as the relative displacement y increases at a
larger excitation force or close to the resonances of the
system, until it reaches the critical sliding friction force
1Ny. In this case, the system will be in slip-state, and
the friction element begins to slide. The friction force
at the slip state can be expressed as

&, =sen(£)*(f-uNy).  |f]-aNy=0 @

Equation (1) and Equation (2) can be combined to
obtain the differential expression of tangential friction
force, by deriving which against the time:

fr = ()'62 _).Cl)[df, /dy
f, =k, (G, = 2)H (uN, =| ]) 3)
—sgn(f)H (| f|— uN (| f|- uN, )/ di

0,(0)<0
-0 “4)

1.(J)

Where, ft is the first derivative of the tangential
friction force against time, while X, and 1,
represent the first derivative of displacements with
respect to time, or the velocity response in other word.

Based on the above formulas, the friction force,
relative displacement and relative velocity can be
obtained at a specific time instant, by integrating the
known velocity and friction force expressed in a
differential form.

Based on the expressed friction force f, , the
dynamic equation for the 2-DOFs system with dry

H(I])={

friction element, as shown in Fig. 1, can be obtained:

mx, +cx +kx —c,(%, — %)=k, (x, —x)

+fi =q®) (6))

myiX, + ¢, (%, —X)+k,(x, —x)—f, =0

The system shown in Fig. 1 is a nonlinear system in
nature, with hysteresis friction force at local contact
point. Based on the harmonic balance theory in Ref.
[36], the nonlinear friction force f, can be expressed
in the form of equivalent stiffness and equivalent
damping for simplification, which is

fr(xlsxz’jcl»).cz)z
] o S
_keq keq x2 _ceq Ceq ).CZ

k,, 1s the equivalent stiffness, and ¢, is the

equivalent damping, which can be expressed as:

ke :& COS_I I_M
"z kY
2uN.
—lsin 2cost| 1-2H 20
2 kY

_ 4uN, (Y — ycr)
mwY?

(7

®)

eq

Where Y =|)cl —x2| is the amplitude of the relative
movement y between the primary mass and the
absorber, and Y, = 4N, /k, is the critical value for
the sliding displacement.

The parameters used in simulation works are listed
in Table 1. The initial amplitude of the excitation force
q(t) applied on the primary mass is 10kN, while the
initial friction coefficient x and normal load N, for the
dry friction element is SkN, which is variable for the
effect on dynamics.

Table 1 Parameters of the model used in simulation

Physical Quantity Value Unit
mi, ma 10, 0.5 kg
ki, ko 1E6, 5SE4 N/m
Cl, C2 0.1 . 0.1
ke SE4 N/m
u 0.5

2.2 Dynamical characteristics at harmonic excitation

The frequency response function curves (FRFs) of
the primary mass, as well as the absorber, are shown in
Fig. 3, based on the harmonic balance method and the
parameters listed in Table 1. The dynamical response
of the system with Frictional Tuned Vibration Absorber
(FTVA) are compared with the system without
absorber (black-dotted line), and the response of the
system with the tuned absorber but without friction

@ Springer



Y. Wang et al.

element (red-solid line).
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Fig. 3 Frequency responses of (a) the primary mass,
and (b) the absorber

The system without absorber (black-dotted line)
resonates at about 50.3Hz, causing the vibration
response peak. Absorbers can effectively reduce the
vibration response at resonance point, by the reaction
force derived from the inertia of the absorber mass.
Theoretically, the vibration of the well-tuned system
can be strongly reduced thanks to the anti-resonance,
but it only works at a narrow frequency band closed to
the tuned frequency. The vibration amplitude will
increase rapidly once the frequency deviates, and there
will be additional resonance peak at both sides of the
tuned frequency, which can be the same magnitude as
the original peak if the damping for energy dissipation
is insufficient [37].

The simulation results in Fig. 3 (a) show that, the

10 T T

additional resonance peak can be efficiently eliminated,
the maximum reduction close to 98%, as the
appropriate dry friction is implemented. Meanwhile,
the frequency range for vibration attenuation can also
be broadened by over two times for the simulated
system. In fact, that of the FTVA system increased from
[46.4Hz, 56.3 Hz] to [47.6Hz, 69.3Hz]. Although the
amplitude reduction of the system with FTVA is not as
remarkable as that with ordinary absorber at the tuned
frequency, it is still two orders of magnitude lower than
the single resonance of the primary system.

The mechanism for the vibration attenuation of
FTVA system can be explained by the special nonlinear
lock-up state of the friction element, besides the energy
dissipation at the slip-state. When the vibration is low
at the frequency lower than the resonance point, the
friction element will be in lock-up state, since the
breakaway force of the friction element is larger than
the induced tangential force. In this state, the relative
displacement between absorber and the primary can be
ignored, and it can be treated as one larger mass system.
Thus, the additional resonance peak caused by the
inertia of absorber mass can be eliminated.

The response of the system increases as the
excitation frequency gets close to the resonance
frequency of the primary system, which will finally
break the lock-up state as the breakaway force of the
friction element is overcome. Then, the slip-state will
be the main feature of the system, and the sliding dry
friction is able to dissipate the vibration energy
efficiently. The dry friction element can be tuned, so
that the breakaway force can be overcome only in a
certain frequency range.

The breakaway force of the friction element mainly
depends on the friction coefficient u and the normal
load Ny, which will influence the lock-up or slip state
under certain excitation force. Fig. 4 shows the
frequency responses of the system with FTVA with
different normal load M.

T T 1-DDF Without Absorber
Absorber without Friction |
1 * Absorber with Friction (FTVA)
3 1kN o ' NO - 1kN 1
— i NO = 3kN
% =L H NO -~ 4kN
£ 0.1 - P AR J 1000kN ~ it NO = SKN
4kN F NO - 10kN
= JA SN | . NO = S0kN 1
< 0.01 5 SKN- 7 % 100kN “a NO = 100kN
2 e =3 e S0kN * NO = 1000kN
= e 10KN A i
E 0.001 5 \ / WM&W@%
|
é 1E-4 5 F{ \ 4
[ |
| Firequency Range of A
1E-5 3 vibration attenuation | |
T T T T
30 40 50 80 90 100

60 70
Frequency (Hz)

Fig. 4 Frequency responses of the system with FTVA in different normal load N,
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For the friction element in slip-state, the friction
force (f=uNy) depends on the normal load Ny, which
has a great influence on the dynamical response of the
system. As shown in Fig. 4, the lowest response
achieved by an optimal normal force (Ny=5kN), which
causes ideal alternation between sticking and slipping,
in a similar fashion as in Ref. [38]. For the optimal
value, the system is in the stick phase up until the point
at which the system close to resonance, where the
masses inertia in vibration initiate a breakaway, and
lead to the energy transmission and dissipation. The
vibration decreases at a rate faster than the square of
the frequency away from the resonance, such the slip-
state is not initiated again after certain frequency point.
Since the system is nonlinear, the considered curves are
only valid for the considered excitation.

At small normal load, the slip-state will appear at
low vibration away from the resonance frequency with
a tiny the friction force, which ¢ has very limited
influence on the vibration response. Thus, the FTVA
acts more like an ordinary absorber, such as the curve
when Ny=1kN shown in Fig. 4.

The excessive load may also break the expected
condition, which can be described by the example with
Ny=1000kN. The friction element is still in stick-state
around the resonance point, since the breakaway force
is too large to be overcome by the mass’s inertia in
vibration. Thus, the energy consumption due to the
sliding will not appear, and the dynamical response of
the system mainly affected by the absorber mass and
the tangential contact stiffness of the friction element.

2.3 Energy transmission and dissipation

The energy dissipation rate 745, expressed by the
ratio of dissipated energy and the total input energy of
the system as equation (9), is used to assess the
absorber efficiency [39]. The amplitude of the system
response is time-dependent, and the average energies
over period of time by at least an order of magnitude is
used [40].

E, E
My =25 X 100% = [1 —A‘]x 100% )

total

total

Where E,, is the total energy input to the vibration
system; E is the energy dissipated by the damper;
E,, represent the energy stored in the system in the
form of kinetic energy and potential energy, or that
transferred to the other adjacent system.

For the vibration system given in Fig. 1, the
dissipated energy E; . not only comes from the linear
damper of primary system c;, or the linear damper of
absorber c», but also generated by the sliding of the
friction element. The energy dissipation at the time
period [#;,¢2] can be expressed as

Ediss =%rimmy,linear (t) + Wdamper,linear (t) + WFriclion (t )
= ["ei ()de+ [ e, [ (1) -5, () Tdr  (10)
[P e, [5 ()= ()]

Where ¢, is the equivalent damping of the friction
element, which is given in eq.(7).

The energy L, consists of all the energy stored in
the primary system and absorber, mainly in the form of
kinetic energy or potential energy, which can be
expressed as

Euut :Eﬁmary (t) + Vprimary (t) + 7:.lamper (t) + Vdamper (t)
=m; (1) 2+kx (1)1 2+m,%; (1)/2 (11)

thy [, (1) -5 ()] 12

Where Tprimary and Tgamper are the kinetic energy of the
primary system and the absorber; Vprimary and Viamper
represent the potential energy of the primary system
and the absorber.

in order to show the energy dissipation in a complex
broadband vibration and avoid the effect of energy
input characteristics, the initial vibration energy was
applied in the form of a half sine pulse for a limited
time interval. The total energy input to the vibration
system ( E,,, ) is shown in Fig. 5, which is

Etotal =J.: F(t)l *'x] (t)dt (12)

The force peak amplitude is 10 kN. The time
duration of the pulse force is the half vibration period
of the resonance frequency of the primary system,
which can be expressed as t;= T,/2=n/w,~ 0.06s.

OkN i
]“_I]k

—— Impact Foree , F1
===~ Input Energy. £,

Impact Force , FI (kN)
Input Energy , E,

0+=— T T T T
0.007; 0.02 0.04 .06 0.08 0.10

Time (s)

Fig. 5 The excitation and the total energy input

The Newmark method is used to solve the dynamic
problem of the system under pulse excitation in time
domain, and the responses of the system with or
without dry friction elements are shown in Fig. 6. The
energy dissipated by different parts is calculated based
on equation (10), and the energy dissipation rate
(equation (9)) for the system is shown in Fig. 7.

@ Springer



Y. Wang et al.

0.025

friction coefficient u is positively correlated with the
energy dissipation, since larger friction force can be
acquired in slip-state when u is larger. But the energy
dissipation tends to be steady, as the friction coefficient
reaches a threshold value large enough.

1-DOF Without Absorber
j=== Absorber without Friction
0.020 |- fem Absorber with Friction (FTVA)
L0.0159
0.015 \__“~ 0.0147
BRI R T T iy o
EING 32 LR L T T T et |
g 0.010 EN AUNILE
=2 0.0092
3 0.005 E
E] N 0.0008]
= 0.000 iR
<2 -0.005 ]
-0.010 | g
-0.015 + B
0.381s
-0.020
0.0 0.5 1.5 2.0

1.0
Time (s)

Fig. 6 Vibration amplitude for different system
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e
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Energy Dissipation Rate (1,,.)
\
1
1
AY

i
1
A

Lo
Time (s)

0.0 B o
0.0 0.381s 0.5

Fig. 7 Energy dissipation rate of the system

For the system without absorber, the vibration
energy is mainly dissipated by the linear damping c;,
which is small for most engineer structure, leading to a
little energy dissipation rate. Thus, vibration response
of 1-DOF system without absorber decreases quite
slow, as shown in Fig. 6 and Fig. 7, and the amplitude
only decreases by about 5% (0.0157mm to 0.0149mm)
in 2 seconds.

The vibration energy input to the primary system can
be partly transferred by the absorber, and dissipated by
the damping. For the absorber without friction, the
transferred energy is dissipated by the linear damping
c2, and the vibration amplitude decreases almost
linearly by about 42% in 2s, which is about eight times
more than that without damper.

As the dry friction is introduced into the system, over
99% of the input energy can be dissipated in only
0.381s, as the blue curves in Fig. 6 and Fig. 7. The
energy dissipation rate is nearly 60 times higher than
that of absorber without friction, leading to a faster
decrease of the vibration amplitude, which is nonlinear
due to the nonlinear stiffness and damping of the
friction element. As the amplitude decrease to a small
value, the breakaway friction force cannot be overcome,
which lead to the stick-state. Then, the energy will be
mainly consumed by the linear damping of the system.

Effects of the friction coefficient u on the energy
dissipation is shown in Fig. 8, with a constant normal
force (Ny=50kN). Simulation results show that the
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Fig. 8 Influence of the friction coefficient p on the,
(a)vibration amplitude, (b)energy dissipation

The normal load Ny has a much more complex effect
on the energy dissipation, as shown in Fig. 9.

When the normal load is small, Ny =IN for example,
the friction element is mainly in slip-state, and the
dynamic response of the system is much like that
without friction. Due to the limited friction force at
friction interfaces, the energy dissipation is not as fast
as that with a larger Ny. The vibration attenuation and
the energy dissipation will be accelerated, as the normal
load Ny increases. But it only works in slip-state, when
the increased friction force at larger normal load is
beneficial to the energy dissipation.

If the normal load is too large, Ny =500N for example,
the lock-up state of the friction element will affect the
energy dissipation. The slip-state only exists for a short
time under large excitation, as the beginning part of the
green curves. The breakaway force can be too large to
be overcame as the vibration amplitude decrease,
leading to the stick-state with lower energy dissipation.
In fact, there is an optimal normal load that lead to the
best energy dissipation.
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Fig. 9 Influence of the normal load Ny, (a) vibration
amplitude, (b)energy dissipation

3 Mechanical Design and Optimization

Mechanical design has been carried out in this
section for the novel absorber with friction (FTVA),
which can be used in engineering structures. Strategies
to form the adjustable friction interfaces was
investigated, and the key parameters of the mechanical
system were optimized for a better performance.

3.1 Typical features of the novel damper

The proposed novel FTVA is shown in Fig. 10, the
natural vibration modes of which can be tuned by the
curved sheet with the mass attached at the top end.
Contact interfaces are introduced for dry friction using
the specially designed support bracket, and the normal
contact load can be adjusted through the support bolt.

Bolts Support Bracket ~ Absorber Mass
: - Primary Structure (Cantilever Beam)

Fixed

Fixed /‘;I \ - 7\7,; [‘/777*
T

Fig. 10 Diagram of the novel absorber with frictional
contact interfaces (FTVA)

- ‘\
4 Fnctlonal interfaces

The possibility to vary the pre-set values of the

contact interfaces helps to tune the dynamical behavior
of the metal strip. The primary structure in this study is
a cantilever beam (300mmx30mmx>2mm), and the
typical modes of which are shown in Fig. 11. The
curved sheet absorber is tuned, aiming at the 2nd
bending of the primary beam, that will lead to the
coupling vibration modes. As shown in Fig. 12(a), the
absorber vibrates at the tuned frequency, causing the
relative motion and friction.

(@)

Fig. 11 Typical vibration modes of the primary beam,
(a) 1% bending, 16.3Hz, (b)2™ bending, 102.2Hz,
(c)3" bending, 286.4Hz

Besides the curved sheet absorber, the support
bracket can also be specially tuned as a friction damper.
In fact, the support bracket and the curved sheet can be
designed for different vibration modes of the primary
cantilever beam, to reduce the vibration in a wider
frequency range. The bracket is tuned for the 3™
bending vibration of the beam in this paper, and the
coupling vibration is shown in Fig. 12(b).

(b)
Fig. 12 Coupling vibration modes, (a) 2" bending of
the primary beam and the absorber, (b) 3™ bending of
the primary beam and the support bracket

3.2 Methodology for nonlinear responses

The dynamical model with nonlinear contact
interfaces is shown in Fig. 13, used for the response of
the FTVA system. 20 node brick elements are used to
build the finite element model, with a total 33,441
DOFs. The FEA model has uncoupled but conforming
(i.e. with nodes at the same geometrical location)
meshes at the contact interface, so that node-to-node
contact element can be inserted for the nonlinear
contact forces. The material properties were chosen
according to the standard values for steel: Young’s
modulus E = 210 GPa, Poisson’s ratio v = 0.33 and
density p= 7800 kg/m?.
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Contact elements

Fig. 13 Dynamic model of the system with FTVA

The governing equations of the dynamic system with
friction interfaces can be expressed as:

Mi(1) + Cx(r) + Kx(1) = F, (1) + Fy, (x,%,1) (13)

Where the vector F(f) represents the time-varying
external forces, and the vector Fy is the nonlinear
force vector produced at the contact interfaces,
consisting of the normal force N(¢) and the friction
force 7(t) in tangential direction.

The widely used node-to-node contact elements
were applied at the interface for the contact force, and
the application is available in the technical literature
about dampers with friction, such as under-platform
dampers [41] and the ring dampers [42]. A schematic
representation of the contact model is given in Fig. 13,
with periodic relative displacements in the tangential
x(#) and normal direction y(¢). The normal force N(¢)
depends on the static preload N, and the relative normal
displacement y(#) by the following relation:

N (r)=max[N, +k,y(7),0] (14)

Lift-off can occur for a large negative y(f), and no
tangential forces are allowed, and a negative Ny may be
used to model an initial separation between coupled
nodes.

The tangential contact forces depend on the contact
state, which is expressed as:

k,[[x(t) - w(t)]
T(t)=4 uIN()sgn(Ww) slip state (15)
0 lift-off state

stick state

where w(?) is the amount of slip displacement of the
slider at each time, which can be accordingly computed
as follow:

w(t - At) stick state
w(t) =u(t)—uN (t)sgn(T (t))/k,  slip state (16)
u(r) lift-off state

where A7 is the time step in the numerical study [43].

Stick, slip, and lift-off may alternate each other
during a cycle of oscillation, which will lead to
different hysteresis cycles, and an example is shown in
Fig. 14 when the relative tangential and normal
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displacements are in-phase single harmonics. The slip
state occurs as the tangential force exceeds the coulomb
limit x-N(f), and the lift-off state appears if the normal
force N(?) is zero.

fi 1

forward sl
Rl

T,=uNit) T=uN(t)

Xi X . X (~§
i backward slip
{4 - “‘-I—‘_, backward s\m\
Ti—-uN(t) Tr=-uN(t)

B
(a) (b)

Fig. 14 Typical hysteresis cycles at contact nodes for
different states, (a)no lift-off, (b)partial lift-off

The coupling between the normal and tangential
directions ensures that the variation can be captured,
and the key point is the evaluation of the contact
parameters. The parameters used here were based on
the data published in Ref. [44], a friction coefficient
#=0.5 is used, and the tangential and normal contacts
stiffness are normalized over the contact area k; = k,
=3x10* N/mm>. The values of the normal loads (or the
gap parameters) are different which were based on the
nonlinear static contact analysis (assembly simulation).

The forced responses of the system were numerically
calculated following the alternating frequency/time
method (AFT) [45], as shown in Fig.15, using a
MATLAB in-house developed software. The multi-
harmonic balance method (MHBM) was used to
calculate the steady-state forced response of the system,
while the nonlinear contact forces are computed in the
time domain.

Frequency
s A X
Do Initial value X

Harmonie coefficients of [Xm‘ :
displacement 1 |
e ot b ey

¥
— wsigr i i i
Coefficients of Relative {ﬁﬂrl}ki‘ ‘ Relative displacement{x (1)} ||
1 o) at ¢ 1 I
displacement at contact ‘ i ¥ :
- '
1 I ¥
Harmonic coefficients L prr ! - H
i . |i
of contact force {" N I} % : Contact force_Fy (1)

Balanced equation

[SRERERT]

[=(eY' ™ thorC + K |} = [} ()

Dynamieal

N Yes ) L .

sammeny bl S 1))
|

Fig. 15 Flow chart of the forced response calculation

The periodical excitation forces Fe, contact forces
Fnw, as well as the nonlinear displacements x(#) can be
approximated with a Fourier series:
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NII .
x(t)= X" + m(z X(h)e”"”’j

h=1

h=1

Ny )
F,(1)=F" + ‘R(z FE(h)e”'“”] (17)

Ny .
FNL ([) = F]\(jg) + m[z F]f[z)ethth

h=1

where Ny is the number of retained harmonics, w is
the fundamental frequency of the excitation force, and
the generic harmonic coefficients X, Fr™, and Fy,®
are complex quantities.

By substituting Eqn.(17), the equation of motion in
the frequency domain can be expressed as:

[ -(ho) M+inoC+K [{ x| ={F L+ {F)} (18)

with =0, 1, ---, Ng. The reduced nonlinear equation
of motion can be written in the frequency domain if the
reduced matrices and vectors are used instead of the
full ones. It must be noticed that, the balance Eqn. (18)
are coupled to each other, since the harmonic
coefficients Fi," of the contact force depends on all
the harmonic components of the displacement X™.

The nonlinear differential equations were solved by
the Newton-Raphson Method with finite differences.
And the contact forces were obtained in time domain,
based on the contact model shown in Fig. 13. Inverse
Fast Fourier Transform (IFFT) was used for the
periodical relative displacements, based on which the
nonlinear contact forces Fni(t) can be acquired by time
domain contact model. At each time step, the computed
contact force will be transformed into Fourier
coefficients Fy,® using Fast Fourier Transform (FFT)
method. The vector of Fourier coefficients will be
assembled in balanced equation for the dynamical
responses, and the iteration will continue until the
convergence condition is met.

3.3 Simulation results and discussions

Fig. 16 shows the typical frequency responses of the
system with FTVA, at the monitoring point marked in
Fig. 13. The applied excitation force is 10N, with the
same initial normal forces Ny =25N and friction
coefficient #=0.5 for contact elements.

As the results shown in Fig. 16, the well-tuned FTVA
reduce the vibration rapidly around the design
frequency. In fact, the peak value of the 2™ order
response reduced by nearly 86%, which decreases from
147.3mm/s?/N to less than 15.5mm/s*/N, while that at
the 3™ order decrease from 399.5 mm/s*N to about
41.6 mm/s?/N.

—— Without Absarber
=== Absarber & Non-Friction
1650 == Absorber with Fnunm(Fr\'-\L
- 3rd order
1 2nd order £ 282 1H2399.5
100,9Hz,1473 g%
2 i 2346021342 I
TOHeTSS 4 Y, ; fy
S 100 ! 7
E Nl 14 8HzA g ¢ i
= il L o i Ul o
E 14t ; g /PN 3
o
=)
2 104
=
g
<
[
e
£
3
]
0.1

T T T T T T T
0 50 100 150 200 250 300 350 400
Frequency (Hz)

Fig. 16 Typical frequency responses of the system
with the tuned absorber FTVA

The friction plays an excellent role in the vibration
suppression. For the system using the absorber but
without friction (contact elements are deleted in
simulation), the vibration only can be reduced at a
narrow frequency range (85Hz~115Hz) around tuned
frequency, which will increase rapidly once the
frequency is deviated. The specially designed frictional
contact interfaces not only eliminate the peak response,
but also broaden the effective frequency range to
[91.6Hz, 155HzZ].

Hysteresis curves of tangential force were derived
from the contact element, as shown in Fig. 17, to
investigate the energy dissipation at frictional
interfaces. The results prove that, the contact interface
is mainly in stick state at the frequency far from
resonance, as shown in Fig. 17(b), since the energy
dissipation is slight at a small induced tangential force.
But as the responses increase around the resonance
frequency, significant hysteresis energy consumption
will occur due to the significant friction at larger
tangential force, especially for that around tuned
frequency of the support bracket aiming at the 3™ order
bending mode.

15 T T T T

—I"r:‘qucncy ~16.3 Hz|
=== Frequency = 100.9 Hz
10 - ----Frequency -~ 288 4 Hz | -
= ¥ 1
Z
=i
5 st ~
o
2
S
= 0 B
=
g
- |
=
=10 5
15 L . 1 L L
-1.5 -1.0 -0.5 0.0 0.5 1.0 L5
(a) Relative displacement, u (mim)
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Fig. 17 Hysteresis curves of tangential force versus
the relative displacement, (a) around the resonance
frequency, (b) far from resonance

Effects of the normal load N, are shown in Fig. 18,
which are consistent with the results of mechanism
studies in section 1. There is an optimal normal
pressing force that maximum the energy consumption
and minimum the vibration response, while the sliding
area and friction force reach the best match.

1000 P T 1 1 — T
3st order

282.1 Ii/.f\‘)‘li

2nd order y
1009Hz,147.3 Iy NN N=100N
N=100N Non-Friction e f\

y I

Nﬂn-T'iicli_un‘l f o

< N=ON | | aeas

i \ ') [| 2N

v |l \H‘ ' [F348iz41
VR

i}

100 | n

[——Without Absorber
Absorber & Non-Friction

FRF Amplitude (mm/s*/N)
T

s =50 N
4 =100N

1 1 L 1 1
0 30 100 150 200 250 300 350 400

Frequency (Hz)

Fig. 18 Effects of the normal load Nyon the FRFs
amplitude of the system with FTVA

A well-chosen normal load Nj is of vital importance,
which may vary for different excitation force. The
contact interfaces are always in slip-state, or even lift-
off, at small normal force (i.e. Ny=0.1N, the green line
in Fig. 18), with a natural frequency similar to that
without friction. The amplitude can be reduced by the
sliding interfaces, but it’s insignificant due to the small
energy dissipation under small force. In contrast, the
interfaces may always in stick-state under a large
normal load (i.e. Ny =100N), which will change the
tuned frequency of absorption and cut down the energy
consumption. Above all, for the well-tuned system, it
can be in stick phase at low vibration to avoid the
additional peak of absorber. While, it can initiate the
energy absorption and dissipation under larger
vibration force, taking advantages of the inertia of
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absorber masses.

The dynamical response around 1% resonance is
shown in Fig. 19, under varied excitation force. The
response can’t be reduced by the absorber, since it
wasn’t tuned for that mode. But the frictional contact
interfaces may still dissipate the energy, acting as a
damper. The damping induced is influenced by the
normal forces, and there is an optimal normal force that
maximize the friction energy dissipation for a given
excitation condition. When the normal force is small,
the damping induced is limited, since the sliding
friction force can’t be large. On the other hand, if the
normal force is so large that can hardly be overcome by
the excitation force, the contact interface may remain
stick and there may be less energy dissipation.

30F  F=I0N

Istorder | | Wthou Absorber
] ~-=-= Absorber & Non-Friction H
N =100N |* Absorber with Friction (FTVA)
0 ——N, =0.IN
N,=1 N
A Np=5 N
'; N, =10 N
] ] b—N, =25 N
20+ E / N, =50 N 1
3 —— N, “100N

Non-Friction

Without absorber._ 2

N;=25N

15 16.4Hz,140.4

FRF Amplitude (mm/s*/N)

0
(a) 13 14 15 16 17 18 19 20
Frequency (Hz)
4 T T r —— Without Absorber
30 Na: 25N I1st order -~ Absorber & Non-Friction
2 *Absorber with Friction (FTVA)
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= _— ——F,=5 N
Non-Friction .} | F=0.IN |—F =10N
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(b) Frequency (Hz)

Fig. 19 Dynamical response at the 1% order resonance
frequency (untuned), (a)with different normal loads,
(b)under different excitation forces

4 Experimental Verification

The novel absorber with friction interfaces shown in
Fig. 10 was processed and tested, and the typical results
discussed in this section to verify the effectiveness in
application.

4.1 Experimental setup

The experimental setup, including the actuator and
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sensor, is presented in Fig. 20, which was built based
on the working principle in Fig. 10. The cantilever
beam used as the primary structure adopts the same size
(300mmx*30mmx2mm) in simulation, which is
mounted at one end on a fixed frame. And the FTVA
consists of the curved metal strip absorber and the
support bracket, same as that in section 2.

Shaker

[ Test-bed |

Fig. 20 Experimental system for dynamical testing

The contact status between the curved metal strip
absorber and the primary beam are adjusted by the
support bolts, as shown in Fig. 21. The curved sheet
acts as an ordinary absorber, when the interfaces are
separated as shown in Fig. 21(a). While, several
frictional contact interfaces can be formed, and the
normal force can be adjusted by tightening the bolts,
like that in Fig. 21(b).

Curved sheet
absorber

"

Fixe Mount Support Bracket

Cantilever
Beam

Septation
Support Bolt

()

o Curved sheet Ak
F|§’e Mount absorber T\;”Suppo/rl Bracket

Cantilever
Beam

Ny
™, ‘/ :
Support Bolt | Frictional contact

(b)
Fig. 21 Absorber in different conditions, (a)septation
without friction, (b) frictional contact

As shown in Fig. 20 and Fig. 22, the dynamical
excitation was applied by an electromagnetic shaker
fixed on the test-bench and is measured by a force
transducer, the frequency and magnitude of which are
controlled by the signal generator and the amplifier.
Vibration responses are tested by the accelerometer
glued at the cantilever end of the beam, which are
processed by the data acquisition system Coinv DASP
11.0, based on which the frequency response functions
(FRFs) are calculated.

Experimental setup Excitation system measurement system

Amplifier H Signal Generator [€—Input

Force Transducer

paxty

‘ - Cantilever Beam
I Absorber i.\ccclcmmmcr .
Dynamical Response

FRF
Outpul"_‘l Computer H Data Acquisition System

Fig. 22 Schematic view of the experimental system
for dynamical response

010 uonNeIdXy

4.2 Experimental results and discussions

The beam is excited in a frequency range containing
the bending vibration mode, and the frequency
response are shown in Fig. 23. The experimental results
are coincident with simulations, and the relative error
is no more than 10% for the calculated resonance
frequency, which ensures that the absorber have been
well tuned. The error of response amplitude at the
higher frequency is much larger, since the vibration is
much more sensitive to the miscalculated structural
damping.
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] perimenta
= 2nd order 263.4Hz 399.5 E
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Fig. 23 Comparison of simulation and experimental
results at monitoring point

Frequency responses of the system are tested, as
shown in Fig. 24, which verify the effectiveness of the
FTVA for vibration reduction. The peak amplitudes of
the primary beam have been significantly suppressed
as the FTVA is applied, though the tested reduction for
2" order resonance (about 80%) is not as great as the
simulated one (about 86%). The reasons for the
difference come from both the deviation of processed
structure, and the damping from extra interfaces in the
frame and test-bed.

The effects of the frictional interface are proved by
experimental results as well, by comparing that with or
without frictional interfaces. Additional peaks are
obvious for the absorber without friction, as the blue
curve in Fig. 24, which can be reduced from 74.6
mm/s?/N to 23.9 mm/s2/N as the frictional interfaces
are introduced, decreased by over 68%. The effective
frequency range can be broadened as well, and the
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vibration can be suppressed at more condition as that
discussed in the previous chapter.
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Fig. 24 Testing results of the system with FTVA

Effects of the normal contact load are presented in
Fig. 25. The normal force between the shaped sheet and
the beam was constant with same tightening torque
(TNy=0.15N*m), while the normal loads between the
support bracket and the sheet was adjusted by the bolt
(TN,,= 0.05~0.3N*m).

For all the tested conditions, the absorber with
friction (FTVA) reduce the vibration effectively, and
has a better damping effect compared to that without
friction. The effects of the normal force (or tightening
torque) is similar to the simulation results, though the
stick-state or nearly open state under tiny normal force
are not easy to be acquired by experiments. There is an
optimal normal load that can minimize the vibration
amplitude of the system, when the expected energy
dissipation can be the best.

For the vibration around the 1% order resonance
frequency, the shaped sheet and the support bracket act
as a frictional damper, as long as there is relative
motion at the contact interfaces. The friction force at
the contact interface is larger as the normal force
increase, leading to more energy dissipation.

TN=0.15 N*m —— Without Absorber

===~ Absorber & Non-Friction
with Friction(FI'VA)
=005 N*m

— 3rd order (I
Z It order Without Absorber "
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Frequency (Hz)

Fig. 25 Influence of the normal contact load on the
FRFs amplitude of the system

All in all, experimental results consistent well with
the mechanism studies and the simulation results of the
novel FTVA, which confirm its effectiveness in
vibration suppression. Meanwhile, the effects of the
nonlinear friction at contact interface has been proved,
and there is an optimal normal force that minimize the
response and can maximum the energy dissipation.
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5 Conclusions

This paper focuses on a novel tuned vibration
absorber with frictional interfaces (FTVA), which
combine advantages of the absorber and the friction
damper. 2-DOFs system with tuned mass and the
hysteresis friction element was proposed, which is used
for mechanism study of the system. Based on which,
mechanical design and dynamical optimization work
for a real layout of the FTVA were carried out, using a
developed nonlinear model. Finally, experimental
setups were processed and tested, and the effectiveness
of the novel absorber was confirmed. Through the
experimental and simulation results, following
conclusions could be drawn:

1) The nonlinear behavior of the friction creates the
special lock-up state, which helps to eliminate the
additional resonance peak. The lock-up state is broken
under large excitation close to resonance, when the dry
friction of the sliding interfaces dissipates the energy
efficiently. In fact, the peak value of the response can
be reduced by over 80%.

2) The vibration energy input to the primary system
can be transferred by the absorber, and dissipated by
the damping. The dry friction introduced into the
system improved the energy dissipation rate greatly,
which can be 60 times better than that of absorber
without friction.

The nonlinear friction for vibration suppression
depends on the contact parameters of the interface, i.e.
the friction coefficient x and the normal load Ny, which
can be optimized to dissipate the energy more
efficiently and minimize the vibration amplitude.

3) A real layout for the FTVA is proposed using a
metal strip to tune the vibration absorber, and
introducing three frictional contact interfaces with
variable loads. Both
experimental studies have been carried out which
indicate the effectiveness of the novel FTVA. The
absorber modified by the dry friction not only reduce
the vibration amplitude more effectively, but also
broaden actual frequency range by over 100%.

4) Experimental investigations of the novel FTVA
consistent well with the mechanism and simulation
results, which confirm the effectiveness in vibration
suppression. Contributions of nonlinear friction at
interfaces have been proved, indicating t potential to
suppress vibrations of engineering structures.
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