Vibration mitigation using an inerter-based isolation system
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ABSTRACT: Extreme dynamic environments can result in the failure of structures and equipment. To mitigate these
effects, isolation systems can be used. In recent years, inerters have been studied as a part of different structural control
methods. The inerter is attractive for many structural control methods because it can produce large mass effects despite
having a small physical mass through the transformation of translational motion to the rotational motion of a flywheel.
While inerters have been considered in structural control, experimental studies of isolation systems featuring inerters has
been limited. This project seeks to study the ability of the addition of an inerter to improve the dynamic performance of
isolation systems when considering a random vibration environment. The results of this study demonstrate that the inerter
can have a large impact on the dynamic properties of an isolated system, including shifting the isolation mode frequency
lower while reducing its amplitude. High frequency noise did result from the inclusion of the inerter but may not be of
significant concern depending on the frequency range of interest. The strong performance of the inerter in a simplified

isolation system observed during this work motivates future studies of inerters in isolation systems.

1 INTRODUCTION

High vibration environments can result in damage to or
loss of functionality of structures and equipment. Struc-
tural control techniques, including isolation, can be uti-
lized to lessen the effects of these environments. Inerters
have been researched as part of many structural control
techniques as they can produce considerable mass effects
despite potentially having little physical mass. Inerters
produce these mass effects by converting linear motion to
the rotational motion of a flywheel.

The inerter was introduced by Smith (Smith 2002) as
an element that could generate a force proportional to the
relative acceleration between its nodes. The initial physi-
cal use of the inerter was in Formula 1 racing car suspen-
sion systems, where it was referred to as the J damper
(Chen et al. 2009). Investigations have been done to show
the influence of inerters on the natural frequencies of a sin-
gle-degree-of-freedom (SDOF) and multi-degree-of-free-
dom (MDOF) vibration systems and verified the effi-
ciency of inerters in reducing the dominant natural
frequency (Chen et al. 2014).

Inerter-based structural control devices have been stud-
ied in which an inerter is used in conjunction with a sig-
nificant supplemental physical mass. Typically, these sys-
tems can be described as inerter-based tuned mass
dampers. Examples of these include the rotational inertial
double tuned mass damper (Javidialesaadi & Wierschem,
2018), which features an inerter between the TMD mass
and the main structure, and the tuned mass damper inerter
(Marian & Giaralis, 2014), which features an inerter be-
tween the TMD mass and the ground.

Additionally, inerter-based structural control devices
that are not used in conjunction with a large supplemental
mass have been studied. An example of this is the tuned
viscous mass damper, which was studied by Ikago et al.

(Tkago et al. 2012). The inerter in this device was imple-
mented experimentally using a ball-screw mechanism.
This work serves to demonstrate the large mass amplifica-
tion that is possible with an inerter as the device produces
an effective mass of 350kg by using a flywheel that
weighed only 2kg.

Using inerters in base isolation systems as a solution
for vibration mitigation in buildings has been recently pro-
posed (Wang et al. 2007 & 2009). A comparison of the
isolated and non-isolated structure's frequency response
curves has revealed a significant drop in the transmissibil-
ity coefficient throughout a wide frequency range (Salva-
tore et al. 2020).

Although numerical investigations have been done to
examine the effectiveness of the inerter-based isolation in
buildings, experimental studies and studies considering
the effectiveness of inerters for equipment isolation are
lacking.

This paper features the experimental investigation of an
inerter-base isolation system. Section 2 introduces the
equations of motion for a simplified model of the system
to be experimentally studied. Section 3 describes the phys-
ical realization of the system with inerter-based isolation
that is considered. Section 4 describes the tests performed
on this system and examines the resulting dynamic behav-
ior. Finally, conclusions based on this work are discussed
in Section 5.

2 ANALYTICAL MODEL OF INERTER-BASED
ISOLATION SYSTEM

A diagram of the two-degree-of-freedom system consid-
ered is provided in Figure 1. The inerter in this system is
placed between the ground and the base mass, and is as-
sumed to be realized with a lead screw that is connected to



a flywheel. The effective mass coefficient, inertance, pro-
vided by the inerter is represented by b.

The rotational velocity of the inerter's flywheel, w, can
be calculated as the product of the time derivative of the
relative displacement of the terminals at the two ends of
the device, 1,,, and a coefficient related to the mechanism's
physics, a (Hwang et al. 2007, Ikago et al. 2012).

w = a(lp) D)
a=2m/p )

where p is the lead-screw lead.
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Figure 1. Diagram of system with isolation featuring a rotational
inertial damper

The kinetic energy of the inerter will be related to the
contribution of the inerter to the system's equations of mo-
tion. Because of the small physical mass assumed to be
used for the inerter, the kinetic energy related to the trans-
lation of the inerter's mass is neglected and the inerter's
kinetic energy can be written as:

T=2Jjw? (3)
The flywheel used in the experiments in this work has

been fabricated as a ring with attached screws; thus, the
mass moment of inertia (J) is calculated as:

J=U1+t]2+]3) (4)

where J;: is the mass moment of inertia from the screws, J,
is the mass moment of inertia of the ring, and J; is the mass
moment of inertia of the lead screw. Ji can be easily
changed with different size screws to make the flywheel
have a bigger or smaller moment of inertia. By substituting
Eqg. (1) into Eqg. (3), the kinetic energy becomes:

T = 2ja?(iy)? (5)

The effective inertial contribution to the system from
the inerter will be:
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All parameters before ii;, are considered as the effective
mass coefficient, inertance, resulting from the inerter and

is referred to as b = Ja?. In this study, a smaller and big-
ger flywheel will be considered with inertance values of
2.32 kg and 28.41 kg, respectively.

Depending on the parameters of the flywheel and lead
screw, b can be realized by utilizing a small physical mass;
thus, the effective mass can be amplified. The resulting
equations of motion for the structure are:

mgis + Cs(us - ub) + ks(us - ub) = _msug )
(mb + b)ub + Cs(ub - us) + Cbub + ks(ub - us) +
kpyu, = —myiiy(t) (7)

Where m; is the primary system mass, my is the base mass,
b is the effective rotational mass, cs and ks are the main
structure damping and stiffness, ¢, and k;, are the base iso-
lation damping and stiffness, respectively. u,, Us, and iiq
are the primary system displacement relative to the
ground, base displacement relative to the ground and,
ground acceleration, respectively.

3 EXPERIMENTAL REALIZATION

The schematic configuration of the experimentally
considered system is provided in Figure 2. This figure
shows beam springs have been used to realize the stiffness
elements in the system. This includes the isolation's low-
stiffness connection with the base of the system. Further-
more, a single centralized flywheel connected to the equip-
ment with a lead-screw mechanism provides the isolator's
inertance. Guide rods in the setup are used to limit unde-
sired non-vertical motion in the system; however, it should
be noted that some horizontal and torsional motion in the
system still persist and can be seen in the analysis of its
dynamic response. The physical realization of this experi-
mental system is presented in Figure 3.
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Figure 2. System configuration including isolator configuration
with concentrated rotational mechanism paired with beam
spring isolators

This system is connected to a shake table. This shake
table was used to provide a broadband vertical excitation
that was design to be passbanded from 2 to 200 Hz and
have a duration of 300 seconds. Tests have been done
without the inerter and with two different flywheel sizes
(two b values). Values of the system parameters are pro-
vided in Table 1.



Table 1. System properties

System Parameters Value unit
ms 3.13 kg
mb 2.13 kg
ks 870890 N/m
kb 114210 N/m
b (bigger flywheel) 28.41 kg
b (smaller flywheel) 2.32 kg

The structure was instrumented with accelerometers on
the shake table and two vertical accelerometers attached to
each mass plate.

The results of one accelerometer on the top floor are
presented in this study to analyze and show the influence
of different isolation configurations on the isolated sys-
tem's response. The experimental transfer functions pre-
sented are calculated considering this accelerometer and
the measured ground excitation.

Figure 3. Experimental test setup

4 EXPERIMENTAL RESULTS

The data collected from the tests of the isolated system
were processed and evaluated. Some factors can be con-
sidered in the analysis to show the effects of using the in-
erter as a vibration mitigation device. One of the most im-
portant is monitoring the transfer function results of
different configurations, considering the ground accelera-
tion as the input and the top mass acceleration as the out-
put.

Considering the transfer function results shown in Fig-
ure 4, it can be seen that the isolation mode (the first natu-
ral frequency) has shifted from 13 Hz with the system with
no flywheel, to around 5 Hz using a bigger flywheel and

to 10 Hz using the smaller flywheel. In addition to reduc-
ing the isolation frequency, it can be seen that the presence
of the inerter greatly reduces the peak of the isolation
mode with this reduction more with the bigger flywheel.
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Figure 4. Ground acceleration to top mass acceleration transfer

function for different configurations of the inerter

While the inerter greatly reduces the isolation mode,
some of the other modes may be made more prominent by
the inerter (see Figure 4) and more high frequency noise
can result (see Figure 5).
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Figure 5. Ground acceleration to top mass acceleration transfer
function for different configurations of the inerter shown over a
larger frequency range.

The RMS (root mean square) of the acceleration re-
sponse is examined in Figure 6 and the maximum absolute
acceleration is examined in Figure 7. To understand
wherein the frequency range where noise in the signal is
coming from, lowpass filtering is imposed on the time-his-
tory of the results shown in these figures to see how the
behavior of the configurations changes during the range by
ignoring the higher frequencies. Due to the data acquisi-
tion settings, the highest frequency resulted is 5120 Hz.
Ten lowpass filter frequencies of 60, 100, 150, 300, 500,
1000, 2000, 3000, 4000, and 4500 Hz were considered.

Examining these figures shows that the noise nega-
tively impacts the performance of the isolation system



with the inerter; however, the impact is primarily occur-
ring at higher frequencies. Consequently, if the system
considered is not sensitive to higher frequencies, the ben-
efits in isolation mode reduction from the inerter may be
worth the tradeoff of some increased noise.
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Figure 6. RMS results after considering different passband filter
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Figure 7. Maximum absolute acceleration considering various

filter passband

5 CONCLUSION

The inerter is a device that converts translational motion
to rotational motion and in doing so can create large mass
effects with only a small amount of physical mass. Inerters
have been considered in a variety of structural control
methodologies where added mass effects are desired, but
the addition of physical mass is not practical. In this paper,
the inerter was experimentally considered as part of a base
isolation system that is excited by a broadband vertical
ground motion. The results of the experimental investiga-
tion show that, as expected from analytical models, the ef-
fect of the inerter is to reduce the isolation mode fre-
guency. Furthermore, the amplitude of the isolation mode
was shown to be significantly reduced. This reduction in
isolation mode frequency and amplitude without a reduc-
tion in stiffness is ideal for scenarios where a lower isola-
tion frequency is required, but the static deflection or dy-
namic response of the isolation mode should not be

increased. A drawback of using an inerter in the isolation
layer was observed when considering the RMS and peak
value of the acceleration response due to increased high-
frequency response with the inerter. However, as demon-
strated by examining the low-pass filtered results, more
comparable peak and RMS acceleration results are ob-
served for the systems with and without the inerter given
lower cut off frequencies. Consequently, this drawback is
significantly less important for systems not sensitive to
high frequency response. The results of this work experi-
mentally demonstrate the potential of isolation systems
with inerters and encourage their further study.
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