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numerous numerical studies to have superior vibration mitigation performance compared to
conventional devices, such as Tuned Mass Dampers. One possible way to produce this inertance
effect is by means of a moving fluid. In this study, the dynamic performance of such a fluid
inerter is analyzed experimentally. The considered small-scale prototype consists of a hydraulic
cylinder, and the inertance is generated by the flow of the working fluid in an external channel
attached to the cylinder itself. In a first step, the dry configuration, i.e. without fluid, is
investigated, revealing a nonlinear dissipation force. In a corresponding mechanical model, this
force is represented by a variant of the well-known Stribeck effect. Subsequent experiments
on the complete configuration, i.e. with fluid, reveal a further nonlinear effect. This effect is
attributed to the compressibility of the working fluid as well as air trapped in the channel.
Once the parameters of the mechanical model are retrieved, comparative studies are carried
out. These show a remarkable agreement between numerical and experimental outcomes, thus
enabling the mechanical model to be used in dynamic vibration control devices, as stated above.

1. Introduction

Natural disasters such as earthquakes and strong wind, or simply human activity, are sources of vibrations that might cause
human discomfort or even damage to structural elements. At the same time, the evolution of computational mechanics and material
sciences in civil engineering is leading to increasingly slender structures that are more prone to vibrations. The need to take into
account architectural features while solving structural issues leads to so-called structural vibration control, i.e. the prevention and
mitigation of vibrations [1]. Therefore, the development of innovative devices that can reduce and control large vibration amplitudes
has been a flourishing research area in civil and mechanical engineering in recent years [2].

Control devices can be classified into four main categories according to their operation: passive, active, semi-active and
hybrid [3]. Among them, passive vibration control systems are commonly used in construction due to their robustness. This type
of device does not rely on an external power source and is usually cheaper and easier to maintain [4]. One example is Tuned Mass
Dampers (TMDs), which have received considerable attention and recognition in the context of passive vibration control. TMDs
reduce the displacement and/or acceleration demand of the vibration-prone structure by means of a viscously damped spring-mass
system tuned to one natural frequency of the structure to which the device is attached [5]. Hence, tuned absorbers are widely used
for structural control due to their simplicity and effectiveness. Nevertheless, it is important to note that the performance of the TMD
strongly depends on its design [6]. One of the most important parameters to control is the mass itself. With increasing TMD mass,
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the efficiency also increases, but on the other hand, there is an undesirable additional weight for the structure. For this reason, the
TMD mass is generally taken to be no larger than 5% of the mass of the main structure.

With this in mind, an auxiliary device that can increase this mass without interfering with the design process of the structure
would result in a more desirable scenario. The so-called inerter is particularly suitable for this purpose. Inerters were first introduced
in 2002 by Smith [7] and have since then been widely used in suspension systems for Formula 1 cars. Nowadays, however, they
are also employed in other fields, such as suspension of railway vehicle, passive walking of bipedal robots, steering oscillations of
motorcycles, and, in general, vibration control devices [8]. The inerter fictitiously increases the mass of the structure to which it is
connected, allowing a mass amplification effect without adding any physical mass to the system. The generated apparent mass may
be very large and can be used in combination with springs and dashpot dampers (referred to as Tuned Inerter Dampers, TIDs) [9]
or exploited to improve the performance of various mass-dependent control devices. In this regard, Tuned Mass Damper Inerters
(TMDIs) outclasses the traditional TMD performance controlling structural vibration with an increased mass, which at the same
time does not address physical load to the main structure [10]. Another interesting alternative relies in the so-called Tuned Liquid
Column Damper Inerter (TLCDI), where a tank hosting fluid (usually water) is capable of translational motion on sliding support
while being connected to the structure through a spring and a dashpot and to the ground through the inerter. In this case the
vibrations mitigation is due to the combination of both the effect of the vertical motion of the liquid inside the container and its
horizontal translational motion [11]. Furthermore, other energy dissipation devices have been discussed in literature [12,13]. In
these cases, the apparent mass-amplification effect is achieved by an inerter placed in parallel with a viscous damper. Inertial mass
dampers have also been studied in combination with base isolation systems to prevent seismic risk [14,15].

So far, among all the different built and prototyped inerters, the most common types are rack and pinion inerters [16], ball-
screw inerters [17], and fluid inerters [18]. The first two types are mechanical inerters that need a flywheel to achieve the inertia
effect. Instead, fluid inerters usually consist of hydraulic systems without a flywheel [19]. Here, the inerter effect is achieved by a
flow of fluids through some external channels [20]. While mechanical inerters have been widely analyzed experimentally [21-24],
application and experimental verification of fluid inerters are scarce. However, the latter offer some advantages over mechanical
devices. Fluid inerters are easier to design and develop and can be adapted to implement several damper arrangements [25],
especially for larger civil structures. Further, parasitic effects such as backlash and ratcheting are less pronounced than with
mechanical devices [26]. Thus, fluid-based inerters can mitigate the aforementioned drawbacks with a fairly simple design and
very low maintenance requirements.

For these reasons, the present study aims at characterizing the dynamic properties of a fluid inerter. In particular, an accurate
mechanical model of the device and its parameters is determined, which provides more realistic numerical predictions than a
common linear model. It should be mentioned that previous studies with similar objective can be found in the literature. In [27],
the nonlinear mechanical model of a fluid inerter is derived based on a hydraulic model. The model is verified by an experimental
campaign, but presented only for certain frequencies. Unlike [27], the mechanical properties of the fluid inerter model are directly
addressed in the present study. As will be demonstrated in Section 4, this leads to a more accurate definition of the dissipation force
and nonlinearity due to the compressibility of fluid and air. Furthermore, sine sweep tests are performed in the present study to
compare the experimental and numerical outcomes continuously in a frequency range from 1 to 10 Hz.

This paper is organized as follows: In Section 2, the working principle of fluid inerters and the origin of the inertance is outlined
briefly. In Section 3, the experimental setup is described and results of the tests are presented. Appropriate mechanical models for
the two considered states (without and with water) are developed in Section 4, while the parameters of these models are identified
in Section 5 based on the experimental data.

2. Working principle of fluid inerters

In a lumped model, an inerter can be treated as a two-terminal device analogously to springs and dampers in which the internal
force F, is proportional to the relative acceleration between the two terminals [7],

Fr(0) = b(%,(1) — %, (1) 1)

The constant of proportionality is called inertance and denoted by the letter 5, and %, and %, are the total accelerations of the
terminals 1 and 2, respectively. The most common configuration of a fluid inerter is illustrated in Fig. 1. Such a layout includes a
piston with a through rod that slides in a cylinder filled with a hydraulic fluid (usually water or oil) and equipped with a helical tube
connecting the two terminals of the piston. The flow of the fluid through the cylinder and the helical pipe is due to the movement
of the piston relative to the cylinder itself. The inertance b has the dimension of a mass (kilogram) and depends on the way the
inerter is designed. It can be derived as follows [28],
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where A; and A, denote the cross-sectional area of the main cylinder minus the rod and the helical tube, respectively, h represents
the pitch of the helical channel, and r), is its helix radius. Due to the inertia effect, the mass of the fluid m,,, is expected to
be significantly smaller than the inertance b. In particular, it has been observed that the magnification scale can be as large as

10,000 [29].
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Fig. 1. A two-terminal mechanical network in a free-body diagram of a fluid inerter [18].
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Fig. 2. Test setup of the small-scale prototype of the fluid inerter.

3. Experimental setup
3.1. Prototype design

Fig. 2 shows the experimental setup for the small-scale prototype of a fluid inerter developed at the Unit of Applied Mechanics,
University of Innsbruck. The prototype consists of a cylinder barrel in which a piston, connected to a piston rod, moves back and
forth. The barrel is closed at one end by the cylinder bottom and rigidly connected to an IPE steel profile that serves as a clamping.
The other terminal is the cylinder head, which is connected to an electro-dynamic shaker that provides the input force. The piston
divides the inside of the cylinder into two chambers and is equipped with sliding rings and rubber seals to prevent flow between the
chambers. Water was chosen as the working medium due to its properties and ease of use and availability. The inertia effect therefore
results from the flow in the external channel, which is attached to the cylinder by means of two watertight valves. For practical
reasons, the pipe is not wrapped around the main cylinder, as it is usually shown in the literature (Fig. 1), but is arranged as a ring
directly above the hydraulic actuator. It has been observed that this arrangement does not impair the beneficial characteristics of
the inerter. The properties of the prototype described above are listed in Table 1 and graphically summarized in Fig. 3. Employing
Eq. (2), the inertance is predicted to be b = 163 kg, while the actual mass of the device including cylinder, piston, and external pipe
is approximately 2 kg and the mass of the working fluid is only about 50 g.

3.2. Considered configurations

Due to the physical nature of hydraulic systems, such as hydraulic cylinders, careful consideration must be given to the
nonlinearity introduced by friction [30]. With the aim of deriving an appropriate friction model for the system, the device was
first examined in dry conditions, i.e., without the presence of the working fluid, compare with Fig. 4. Once the tribological
characteristics of the device without water were known, the inertial properties of the complete system were studied, included the
fluid, as schematically depicted in Fig. 5.

3.3. Excitation and data acquisition

Both configurations of the system were dynamically excited by an APS 400 Electro-Seis long-stroke shaker from APS Dynamics,
Inc. and driven by an APS 145 power amplifier. In both configurations, the displacement of the piston was recorded by an optical
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Table 1
Parameters of the small-scale prototype.
Parameter Symbol Value
Stroke length [mm] L. 200
Cylinder @ [mm] D, 50
Piston rod @ [mm] D, 20
Piston mass [kg] m, 1
Cross-sectional area of the cylinder minus the rod [m?] A, 1.64%x107°
External pipe @ [mm] D, 6
External pipe length [m] 1, 1.7
Cross-sectional area of external pipe [m?] A, 0.028x10~°
Working fluid density [kg m—3] p 995.6
Working fluid mass [kg] m, 0.048
Inertance [kg] b 163

Cylinder barrel material
Cylinder heads material
Piston material

Seals material

Anodized aluminum
Die-cast aluminum
Chromed steel
Nitrile rubber

Piston

External pipe
; N

" Cylinder

—A,

Fig. 3. Sketch of the side and front view of the small-scale prototype of the hydraulic inerter.

L Cylinder @ 50 mm

optoNCDT 1320-100
laser sensor

F APS400 shaker

Fig. 4. Dry configuration scheme.

laser sensor of type optoNCDT 1320-100 from Micro-Epsilon Messtechnik GmbH, and the force was measured by a load cell of type
KM26z from ME-Mef3systeme. A National Instruments CompactDAQ (NI cDAQ) system controlled by a MATLAB script was used for
signal generation and data acquisition. A linear sweep (chirp) in the frequency range from 0.5 to 12 Hz in a time period of 60 s with
increasing input voltage amplitude served as excitation signal to the power amplifier. As an example, Fig. 6 shows the input voltage
signal linearly increasing from 0.35 V to 0.55 V. By changing the magnitude of the voltage input, different excitation amplitudes
were considered to reveal nonlinear effects.
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Fig. 5. Complete configuration scheme.
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Fig. 6. Sine sweep input signal with increasing voltage amplitude.
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Fig. 7. Experimental results in terms of receptance (left) and PSD (right) for different excitation signal amplitudes in the dry configuration.

3.4. Experimental outcomes

As a result of the experiments, Fig. 7 shows for the dry configuration the receptance magnitude |H(w)| (i.e., the ratio of
displacement over input force) and the power spectral density (PSD) G,, of the displacement for different ranges of the input
voltage signal. As can be seen, with increasing amplitude of the input voltage signals, the amplitudes of both |H(w)| and G,,
increase, indicating a nonlinear effect due friction between the piston rod and cylinder.

This nonlinearity is less pronounced in the complete configuration, as will be shown in Section 5. However, a strong influence
of a static preload of the system was observed. To this end, the sine sweep excitation was preceded by a constant input voltage
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Fig. 8. Experimental results in terms of receptance (left) and PSD (right) for different preload magnitudes in the complete configuration.

signal to prestress the system. In Fig. 8 experimental outcomes are shown for two different preload amplitudes as well as for the
case without prestress. An anti-resonance is observed which shifts to higher frequencies with increasing preload magnitude. This
suggests that the piston mass and the fictitious mass due to the flowing fluid do not oscillate as one mass, but that there is a relative
displacement between the two masses. Hence, two mechanical degrees of freedom are used in the next section to model this effect.

4. Mechanical models

In order to numerically reproduce the experimental results and to perform a parametric study in further research, mechanical
models of the two configurations considered were developed. Based on preliminary tests, it was found that the friction force depends
on both the position of the piston and the direction of movement. However, this also affects the recorded input force, leading to an
asymmetrical curve due to the aforementioned irregularities of the friction force. With the aim of considering the simplest possible
(deterministic) inerter model, the simulations were not performed on a purely mechanical model subjected to force input. Instead,
the vibration exciter was included in the simulation model, resulting in an electro-mechanical system whose input signal is the same
voltage signal as in the experimental studies.

4.1. Vibration exciter

Following the study presented in [31], the electro-dynamic shaker is modeled as a two degree-of-freedom (DOF) system, with
shaker displacement x,(7) and electrical current i(r) as DOFs. The force provided by the exciter is proportional to the magnetic flux
passing through a coil, to the current flowing through the coil, and to the length of wire within the flux field [31]. Generally, it
can be assumed that the mechanical part of the vibration exciter consists of the coil and the table structure, jointly referred to as
armature assembly and modeled as a lumped armature mass m,. This mass is connected to the ground via a Kelvin-Voigt element
with spring stiffness k and damping coefficient c¢. On the other hand, the electrical model of the shaker must account for the presence
of resistance R and inductance L featured in the coil. The interaction between the electrical and mechanical domains consists in
the movement of the coil in the magnetic field, which generates a voltage on the coil itself. Therefore, the mechanical system
is excited by a force F proportional to the current through the constant «;, while the electrical circuit is excited by an internal
voltage proportional to the velocity through the constant «,. Dropping the elements m, and f;,, in Fig. 9, this figure shows then
the electromechanical model of the vibration exciter, where u(7) is the input voltage. The equations of motion of the vibration exciter
with 2-DOF system read as [31]

Mx+Cx+Kx=f 3)

where a dot over a variable stands for derivation with respect to time. The matrices M, C, K and the vectors x and f are
m 0 c 0 k -«
M=|° , C= , K= H,
I R M R

_ x(1) _ 0
"‘{ i<r>}’ f‘{um} @

Based on values provided in the shaker and power amplifier datasheets [32], and by trial-and-error, the parameters in the
equations of motions were obtained as given in Table 2.

Fig. 10 compares the magnitude of the shaker transfer function, i.e., the ratio of the acceleration of the armature mass %, to the
input voltage u, from an experiment and from an analysis with the system of Egs. (3). As observed, both curves are in excellent
agreement. In the underlying experiment, the acceleration of the shaker armature was recorded with a piezoelectric accelerometer
of type 4508 from Bruel&Kjaer.
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Fig. 9. Electro-mechanical model of the shaker alone (mechanical part plotted in blue, electrical part plotted in red) and of the dry configuration plotted in
grayscale.

Table 2

Properties of the vibration exciter.

Parameter Symbol Value
DC Coil Resistance [Q] R 1.75
Inductance [H] L 0.022
Force-current ratio [N/A] a; 20
Voltage-velocity ratio [V/(m/s)] , 20
Gain voltage mode [V/V] G 19
Armature assembly mass [kg] m, 2.7
Stiffness [N/m] k 106.59
Damping coefficient [Ns/m] c 6.79

@
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Fig. 10. Shaker transfer function between input voltage and output acceleration, based on the numerical model and an experiment.

4.2. Dry configuration

In the dry configuration shown schematically in Fig. 4, the piston rod of the hydraulic cylinder is rigidly attached to the terminal
of the shaker. Hence, in the mechanical model in Fig. 9, the piston mass m,, is rigidly connected to the armature mass m,. To model
the friction between piston rod and cylinder, a dissipation force element f,,, is introduced, which is assumed to be a function of
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a) b)

Fig. 11. (a) Classical representation of the Stribeck effect [36]. (b) Alternative friction model proposed in [37].

the velocity x; [33]. Hence, no additional DOF is introduced, but the matrices M, C, K and the vectors x and f in Egs. (3) now read

mg+m 0 c 0 k —-a
M= ""p = K= 1
A R N R i

_ xl(t) _ _fdiss(xl(,))
X'{«w}’f‘{ u(t) } ©

Standard ODE solvers cannot be used to compute the response of this nonlinear system of equations, because the matrix M
contains zero elements on the main diagonal and thus the inverse M~! cannot be computed. To avoid poor computational efficiency
by using implicit ODE solvers, the electric charge ¢ is employed as electrical quantity instead of the current i. By applying the
relations [34]:

i0=i0 . §0="1 )

the matrices and vectors of Eq. (5) can be recast as

_ |mgtm, O e - |k 0
S A R M B

_Jxi® _ S L aiss(E1 (D)
X_{q(t)}’ f_{ u(t) } %)

Now the inverse M~! can be computed in such a way that the system of Egs. (3) can be reformulated as first-order system, which
can be solved, for instance, in MATLAB by the standard ode45 solver.

Contrary to the suggestions in [35], it was found that due to a pronounced stick-slip phenomenon that occurred during
experimental tests, a rather simple friction model, such as the Coulomb one, is not suitable to model the system behavior. In
particular, it was observed that friction at or near zero velocity v = x, is greater than friction at higher velocities. This phenomenon
is the so-called Stribeck effect, whose classical representation is illustrated in Fig. 11 (a) [36]. As can be seen, two different forces
are involved, commonly referred to as static friction (or stiction) f; and dynamic friction (or Coulombic friction) f,. Additionally,
friction also exhibits viscous characteristics at contacts between lubricated surfaces, such as the piston rod sliding back and forth
through the cylinder head, resulting in a viscous force that increases linearly with v. However, in analytical simulations, this model
may suffer from numerical instability due to the discontinuity of the friction force at zero velocity.

To overcome this numerical inconveniences, several alternatives have been proposed in the literature. In [30], it was found
that the Brown-McPhee approach [37] is numerically the most efficient model for describing the friction properties in the dynamic
simulation of hydraulic actuators. This model shown in Fig. 11 (b) is able to capture the effects of static, dynamic, and viscous
friction just discussed, employing a continuous and differentiable equation. In the graph of Fig. 11 (b), v, is the so-called Stribeck
velocity and corresponds to the velocity value occurring when the maximum static friction is experienced. Starting from this point,
the force decreases with increasing velocities until reaching f,. Subsequently, the viscous friction term begins to be predominant
and the dissipation force increases again with a linear trend. Based on [37], for the dissipation force the function

L | %1
fdiss(xl)_ fdtanh 41)_ +(fs_fd)

N

sgn(x;) + cg x| 8

is introduced in Egs. (7) with the four friction properties f;, f,, v, and ¢, to be identified.
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Fig. 12. Electro-mechanical model of the complete configuration.
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4.3. Complete configuration

Once equipped with the external pipe and filled with water, the electro-mechanical model of the complete configuration as
shown in Fig. 12 is considered. Compared to the arrangement of the dry configuration, an additional DOF is introduced to model
the effect of the inertial mass b due to the water flow in the external pipe. Based on the observations of the experimental campaign,
it is linked to the piston rod mass through a nonlinear spring-viscous damper (NSD) element, which models the fluid behavior,
and to the ground through another NSD element, which in this case models the behavior of the air inside the system. In total, the
model of the complete configuration consists of an electrical DOF ¢(r) and two mechanical DOFs x,(r) and x,(r), corresponding to
the relative displacement of the piston and the water mass with respect to the ground. Egs. (3) govern the response of the complete
configuration when the matrices M, C, K and the vectors x and f are modified as follows,

mgtm, 0 0 c+g —¢ —a, kK 0 O
M= 0 b 0], C=| - ¢+¢c, 0], K=]0 0 0],
0 0 L a 0 R 0 0 O
x1(0) = aiss(X1) = Ky (xp, x2)(x1 = x5)
X=3x0)p , £=19—ki(x1,x)(x5 —x1) — ky(x2)x, ©
q(®) u(t)

While the fluid is an integral part of the system, the air trapped in the external is an undesired, but in the experience of the
authors, unavoidable effect. Moreover, it was found that the volume of the air in the pipe increases with increasing preload and
excitation intensity. This effect can be explained with the cavitation phenomena [20], i.e., the formation and growth of bubbles when
the absolute pressure in the fluid is close to that of saturated vapor for the temperature of water. With this in mind, the parameters
for modeling the air NSD element need to be updated according to the different conditions of the system. To characterize the
nonlinear air spring stiffness, the following relationship is used [38],

2 Po O A
k,(xy) =7 AZVO . [1 - Foxz] (10)
which was originally introduced to model this effect in Tuned Liquid Column Dampers. In Eq. (10), p, is the atmospheric pressure,
V, is the volume of the air column, and y = 1.4 is the specific heat ratio. In order to model the increasing air volume, the length of
the air column was measured in each step, as shown in Fig. 13. Consequently, ¥}, in Eq. (10) is changed according to the different
geometry of the air column endured during the tests. The same applies to the air dashpot with parameter c,. That is, ¢, is small
and practically irrelevant when the device has not experienced any preload, but becomes larger and thus significant with increasing
preload.
For the fluid NSD element, an expression similar to Eq. (10) is adopted. With y = 1, the general form

ky(xysx0) = ko - [L =K (x5 = x1)]

is obtained where the initial stiffness k, and the slope k’ are the material properties to be identified. It should be emphasized that
this model copes with the problem encountered in previous studies [27] in which the fluid spring value is updated for each testing
amplitude without an underlying mechanical model.

Unlike the air dashpot parameter c,, the fluid dashpot parameter ¢, does not need to be updated as the preload values increase
because it does not undergo severe changes in its physical or geometrical properties that require modifications in the model. Hence,

= an
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16 mm

No preload 0.05 V preload 0.1V preload

Fig. 13. Increasing air column length with increasing preload values.

Table 3

Identified properties of the dissipation force model.

Parameter Symbol Value
Static friction force [N] [ 50
Dynamic friction force [N] fa 25
Stribeck velocity [m/s] v 0.013
Viscous friction parameter [Ns/m] ¢, 515

Table 4
Identified properties of NSD elements in the complete configurations.
Parameter Symbol Value
Initial fluid spring stiffness [N/m] ko 1.25x10°
Fluid spring slope [1/m] k' 43
Fluid damping coefficient [Ns/m] ¢ 950
Air damping coefficient, 0.05 V preload [Ns/m] ¢, 300
Air damping coefficient, 0.1 V preload [Ns/m] ¢, 700

a constant value of ¢, is employed for each preload step. Specifically, the total fluid damping force is meant to model the viscous
shear friction that arises in the external channel due to the fluid flow as well as its pressure drop and the port losses [20].

5. Numerical simulations

In this section, the yet unknown parameters of the two considered configurations are derived by numerical simulations and
optimization with respect to the experimental outcomes presented in Section 3.4. The GlobalSearch function implemented in MATLAB
was used, employing the fmincon optimization algorithm. Both the sum of the squared errors of the receptances and the PSDs serve
as objective function. Note that it is not sufficient to consider solely the receptance in the comparisons for this nonlinear system, as
other objective function minima may then be found where both the displacement and force are incorrect, but the errors cancel out
when the receptance is computed.

5.1. Dry configuration

Table 3 lists the parameters for the model of the dissipation force according to Eq. (8) obtained by numerical optimization, while
Figs. 14 and 15 compare the receptance magnitudes and PSDs, respectively, for all four input voltage amplitude ranges considered.
Solid black lines refer the experimental results and solid blue lines with markers indicate the numerical ones. The comparison
demonstrates that results of experiment and simulation match almost perfectly, especially for larger amplitude ranges.

In addition to these comparisons in frequency domain, in Fig. 16 segments of 10 s duration are shown in time domain. From this
figure it is seen also the phase of the experimental and numerical outcomes show excellent correlation for all amplitudes considered.

5.2. Complete configuration

For the complete configuration, it is assumed that the friction model does not change, i.e., f;;,,, according to the parameters
given in Table 3, hold. The remaining parameters of the fluid and air NSD elements obtained by numerical optimization are given
in Table 4.

Figs. 17 and 18 compare the receptance magnitudes and PSDs for the three considered preload levels, where the solid black lines
represent the experimental results and solid blue lines with markers the analytical ones. The agreement is very close, particularly
with respect to the location of the anti-resonance frequency. Minor deviations in the frequency range below 3 Hz in the case of zero
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and 0.05 V preload are observed. These deviations are also apparent in the time domain, Fig. 19, where the displacements over a
period of 10 s are shown. Apart from this, both amplitude and phase of the responses match very well.

As mentioned in Section 3, increasing the amplitude of the input voltage signal for the complete configuration does not result in
a significant change in the receptance for a given preload level. For a prestress of 0.05 V and input voltage ranges 0.40-0.60 V and
0.50-0.70 V, respectively, this is shown in Fig. 20 by the solid black and dashed red lines. This behavior is accurately reproduced
by the derived mechanical model, as shown by the corresponding lines with markers in Fig. 20. Note that although the receptances
are practically unaffected by the change in input voltage amplitudes, the displacement amplitudes in terms of the PSD increase
clearly as the input voltage level increases. This comparison shows that the distinct amplitude dependence that occurs in the dry
configuration due to the non-linearity related to the dissipation force (Fig. 7) is not so pronounced when the device is filled with
water. Moreover, the equally remarkable agreement at a different amplitude range can be considered as an additional evidence of
the goodness of the model of the system and identified parameters.

6. Conclusions

In this paper, an innovative passive vibration control device composed of a fluid inerter was studied experimentally. The
realized fluid inerter consists of a piston-cylinder equipped with an external tube where a working fluid is conveyed. Based on the
experimental outcomes, mechanical models of this control device were developed whose parameters were obtained by numerical
optimization. The system was investigated in a frequency range between 0.5 and 12 Hz, performing sine-sweep excitations with
various input excitation levels and preload levels. In a first step, the system without working liquid was considered, revealing
the nonlinearity due to friction of the piston. A friction model based on the Stribeck effect was successfully employed to capture
the dissipation force caused by friction, while simplified models such as Coulomb friction without velocity-dependence of the
friction force failed to reproduce the experimental data. Secondly, the complete system with working fluid was investigated and a
nonlinearity due to different preload levels was discovered. This was modeled by nonlinear springs representing the compressibility
of the fluid and the air trapped in the system. The derived mechanical models were able to reproduce the experimental results in
both frequency and time domain.

The following aspects are relevant to a practical implementation of the fluid inerter:

+ Although the nonlinearity with respect to the input excitation amplitude appears to be small compared to the system without
water, any nonlinearity complicates the design process.
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+ The anti-resonance observed in the complete configuration limits the practical applicability of the inerter to a frequency range
below the anti-resonance frequency. In this respect, preloading the system seems to have a beneficial effect by extending the
working frequency range.

» The formation of air bubbles was observed in the experiments, most likely due to cavitation effects.

» Although the influence of this trapped air was successfully modeled and identified as insignificant compared to the preload
effect, questions arise in this regard about the long-term stability of the fluid inerter.

« It was possible to generate a fictitious mass (inertance) of about 160 kg with only 50 g of flowing fluid. This underlines the
large potential of fluid inerters when applied to vibration control in civil structures.

Future developments might involve the exploitation of the fluid inerter in a large-scale experimental model finalized to analyze
possible scaling effects. It is reasonable to assume that nonlinearities as well as cavitation issues and formation of air bubbles
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may still occur, however not necessarily proportional to the size of the test rig setup. Moreover, in further studies, the nonlinear
mechanical model of a fluid inerter developed in this work will be implemented in the models of passive control devices (Tuned
Inerter Dampers, Tuned Mass Damper Inerter, etc.) for more realistic numerical studies. Simulations that are close to reality can
indeed minimize the need for experimental tests, which, as seen above, are very costly and time consuming.
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