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Abstract: This paper focuses on the theoretical and analytical modeling of a novel seismic
isolator termed the Passive Friction Mechanical Metamaterial Seismic Isolator (PFSMBI)
system, which is designed for seismic hazard mitigation in multi-story buildings. The
PFSMBI system consists of a lattice structure composed of a series of identical small cells
interconnected by layers made of viscoelastic materials. The main function of the lattice is to
shift the fundamental natural frequency of the building away from the dominant frequency
of earthquake excitations by creating low-frequency bandgaps (FBGs) below 20 Hz. In
this configuration, each unit cell contains an inner resonator that slides over a friction
surface while it is tuned to vibrate at the fundamental natural frequency of the building.
This resonance enhances the energy dissipation capacity of the PESMBI system. After
deriving the governing equations for four selected lattice configurations (i.e., Cases 1-4), a
parametric study is performed to optimize the PFSMBI system for a wide range of harmonic
ground motion frequencies. In this study, we examine how key parameters, such as the
mass ratios of the cells and resonators, tuning frequency ratios, the number of cells, and
the coefficient of friction, affect the system’s performance. The PFSMBI system is then
incorporated into the dynamic model of a six-story base-isolated building to evaluate its
effectiveness in reducing the floor acceleration and inter-story drift under actual earthquake
ground motion records. This dynamic model is used to investigate the effect of stick—slip
motion (SSM) on the energy dissipation performance of a PESMBI system by employing
the LuGre friction model. The numerical results show that the optimized PFSMBI system,
through its lattice structure and frictional resonators, effectively reduces floor acceleration
and inter-story drift by leveraging FBGs and frictional energy dissipation, particularly
when SSM effects are properly accounted for. Finally, a small-scale prototype of the PFSMBI
system with two cells is developed to verify the effect of SSM. This experimental validation
highlights that neglecting SSM can lead to an overestimation of the energy dissipation
performance of PFSMBI systems.

Keywords: mechanical metamaterials; frequency bandgap; seismic isolation; passive control;
friction; energy dissipation; Coulomb friction model; LuGre friction model; stick—slip motion

1. Introduction

Seismic base isolation (SBI) is an effective passive structural control method for reduc-
ing seismic demands on both load-bearing structural members and non-structural elements
of multi-story buildings [1]. For this reason, it plays a key role in modern performance-
based seismic design for such structures. This control method involves placing a layer of
bearings made from flexible materials between the building’s base floor and the ground [2],
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where the low lateral stiffness of these bearings helps decouple the building from the
ground during an earthquake, effectively shifting the building’s natural frequency beyond
the predominant frequency of the earthquake. This frequency shift prevents the building
from resonating with the earthquake [3,4]. Studies have shown that SBI can simultaneously
reduce both floor acceleration and inter-story drift in buildings [3,5], resulting in maintain-
ing the structural integrity of the building while also ensuring the safety and functionality
of non-structural elements. Among various types of base isolators, curved surface sliders,
commonly referred to as friction pendulum systems (FPSs), are particularly noteworthy due
to their ability to combine friction damping with a restoring force mechanism, effectively
enhancing the seismic performance of buildings [6,7].

However, implementing an SBI system creates a trade-off between the decrease in the
acceleration and inter-story drift of the upper floors and the increase in the displacement of
the base floor. More specifically, the amplified deformation of the SBI system can increase
the risk of collisions of the building with surrounding moat walls or adjacent buildings, as
investigated by Polycarpou and Komodromos (2010) [8]. To address this issue, the energy
dissipation capacity of the SBI system can be improved in two ways. One method involves
incorporating energy-dissipative materials into the bearings, such as high-damping rub-
ber [9] and lead cores [10]. Another method is the installation of supplemental passive or
semi-active dampers, such as viscous dampers [11] and friction dampers [3], in parallel
with the bearings. Although effective, these methods can be costly due to the large number
of components required and the associated maintenance demands.

More recently, mechanical metamaterials have emerged as a promising alternative for
enhancing the frequency-shifting and energy dissipation capabilities of dynamical systems.
These materials possess unique dynamic properties, such as negative stiffness [12-15], nega-
tive mass [16], and a frequency bandgap (FBG) [17,18], which make them quite effective for
vibration control in civil structures [19,20]. Among these properties, the FBG [21] is particu-
larly advantageous for SBI, as it can significantly reduce or entirely block the transmission
of seismic waves within a specific frequency range [22,23]. Most research in this area has
focused on the development of periodic foundations (PFs) [24,25], which leverage FBGs
in mechanical metamaterials through the integration of local resonators [26-30]. These
PFs are installed beneath buildings and are designed to be rigid enough to support the
weight of the structure vertically while isolating it from ground motion horizontally. Up
to now, a wide range of PFs have been proposed and studied using both numerical and
experimental methods, including PFs with a concrete matrix containing rubber-coated cells
around a steel core [24,25,27,29], PFs with alternating layers of rubber (or polyurethane)
and concrete [28,30], and PFs with horizontally arranged rotational resonators [26].

Despite the numerous benefits that PFs and mechanical metamaterials in general offer
for SBI, they suffer from some design issues, particularly in providing sufficient viscous
damping for both the resonators and the overall dynamical system. In this case, friction is a
viable alternative that can be integrated into the design of mechanical metamaterials. This
energy dissipation mechanism offers a more cost-effective and low-maintenance solution
compared to viscous damping that has traditionally been used in these materials. The
key advantage of a friction-based energy dissipation mechanism is its solid-based configu-
ration, which simplifies its implementation by avoiding common issues in a fluid-based
mechanism, such as leaks and sealing problems [31]. Furthermore, a friction-based mech-
anism has a relatively higher energy dissipation capacity under given cyclic loads such
as those imposed by earthquakes [3,32]. For this reason, in recent years, there has been
growing interest in incorporating friction into both the analysis and design of mechani-
cal metamaterials for vibration control [33-36]. These studies, however, provide limited
insight into the effects of stick—slip motion (SSM) on the behavior of frictional metama-
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terials. SSM is a nonlinear phenomenon in which the two sliding surfaces alternately
stick to each other and then slip in a repetitive cycle which causes an unwanted high-
frequency jerky motion [3,37]. More specifically, during the sticking phase, the frictional
metamaterial stops dissipating energy as the two sliding surfaces are locked. Therefore, by
neglecting SSM, we may overestimate the performance and effectiveness of frictional meta-
materials in vibration isolation, highlighting a gap in the current literature that needs to
be addressed.

In this paper, a new seismic metamaterial is presented for the base isolation of multi-
story buildings in which the damping of the local resonators within the cells is provided
by friction. This SBI system, which is termed the Passive Friction Seismic Metamaterial
Base Isolator (PFSMBI), consists of a series of interconnected cells, which are attached to
each other through inner layers of viscoelastic materials. These layers, which are modeled
by linear springs and viscous dampers, can be designed to shift the fundamental natural
frequency of the building away from the dominant frequency of earthquake excitations.
The proposed PFSMBI has a fully solid-based energy dissipation mechanism and offers
a simple configuration that can be easily designed and tuned for a wide range of input
excitation frequencies.

The rest of the paper is organized as follows: Section 2 describes the dynamic model
of the PFSMBI system, which will be used to characterize its nonlinear hysteretic behavior
using the Coulomb friction model (CFM). Section 3 presents a parametric study examining
the performance of the PFSMBI system under harmonic excitations by varying the key
parameters identified in Section 2. In Section 4, the LuGre friction model (LFM) [38] will
be introduced to the dynamic model to account for the effects of SSM on local resonators
and evaluate the efficiency of the PESMBI system in reducing floor accelerations and inter-
story drifts of a multi-story building under real earthquake records. Section 5 employs
a finite element simulation to investigate the formation of FBGs for two distinct unit cell
configurations, and Section 6 presents an experimental study on a small-scale prototype
of the seismic metamaterial with two cells to demonstrate that SSM can downgrade the
energy dissipation capability.

2. Dynamic Model
2.1. Configuration of the PFSMBI System

Figure 1 illustrates the analytical model of the PESMBI system installed on a two-
story base-isolated building subjected to a horizontal ground motion along the x-axis,
characterized by the ground acceleration iig(t). In this model, Ms, Cs, and Ks denote the
mass, damping, and stiffness of the superstructure, respectively, while M}, denotes the mass
of the base floor.

As can be seen, the PFSMBI system is composed of a lattice with a periodic structure
that consists of identically configured cells. These cells are interconnected through a series
of viscoelastic coupling elements characterized by the stiffness and damping coefficients
ke and ¢, respectively. These elements represent the elastic and damping properties of
the materials used to (1) connect the unit cells to each other and (2) attach the lattice
structure to both the base floor and the base floor. The primary reason for using the same
material is to simplify and improve the practicality of the design. This approach has been
widely adopted in the design and fabrication of metamaterials developed for vibration
isolation (see references [39,40]). In such applications, the unit cells are rigid and typically
constructed from steel, with rubber serving as the connecting material between them. Here,
rubber is commonly chosen due to its flexibility, durability, and ease of implementation.
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Figure 1. Dynamic model of a two-story base-isolated building equipped with the PFSMBI system
under a harmonic ground motion.

As shown in Figure 1, each unit cell, with a mass m., contains an inner mass m'¢
(i.e., the cell resonator) that can slide over a friction surface with the sliding and sticking
friction coefficients 1 and g, respectively. The normal force acting on this surface is
constant, assuming it to be equal to the weight of the cell resonator, which can be expressed
as Ny = m’. g. The lattice can deform along the x-axis while remaining rigid along the y-axis
to support the building’s weight. As shown in the figure, the lattice is connected to the
building through an elastic layer that transfers the force Fis, to the base floor to control the
motion of the building along the x-axis. A similar elastic layer is also used to connect the
lattice to the ground. Finally, it is assumed that the dimensions of the lattice are smaller
than the input seismic wavelength, ensuring that all cells respond simultaneously to the
ground motion.

In the design of the proposed PFSMBI system, we aim to achieve three key objectives:
(I) reduce the absolute acceleration of the superstructure, (II) minimize the inter-story
drift of the floors, and (III) enhance the energy dissipation capacity to limit the increased
displacement at the base floor. The PFSMBI system has a versatile configuration, with
components that can be designed for multi-objective seismic applications. Firstly, the
combined stiffness of the two elastic layers and the springs between interconnected cells (i.e.,
the lattice flexibility in general) can be optimized to shift the building’s natural frequency
away from the dominant frequency of earthquake excitations. This frequency shift is
essential for reducing the risk of resonance, particularly at higher frequencies, thereby
mitigating potential damage to the building. As a result, both the absolute acceleration
and inter-story drift of the floors can be reduced simultaneously [3,5,41,42], addressing two
key objectives (Objectives I and II) in the design of the PFSMBI system. Secondly, the cell
resonators within the lattice can be tuned to resonate at the building’s natural frequency.
This tuning enhances the energy dissipation capacity of the PFSMBI system, aligning with
Objective III of the design. In this configuration, the cell resonators act similarly to tuned
mass dampers, replicating their energy dissipation mechanism by effectively absorbing
and dissipating the vibrational energy of the lattice [43—45].

A key aspect of the PFSMBI system design is the role of friction in controlling the
motion of cell resonators. To achieve optimal performance, the friction within these cells
must be precisely calibrated. If friction is too low, the resonators may behave erratically,
reducing their energy dissipation capabilities. Conversely, excessive friction can result
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in SSM. More specifically, during the sticking phase, the resonators lock onto the friction
surface, halting their relative motion and thus suspending the energy dissipation process.
In addition, when the friction surface remains locked, it introduces stiffness into the system,
which can lead to high-frequency responses that undermine the PESMBI system’s overall
energy dissipation efficiency. Consequently, carefully adjusting the friction is essential for
maintaining smooth, controlled resonator motion.

2.2. Equation of Motion

In this section, we derive the equation of motion for the dynamic model of a two-story
base-isolated building equipped with the PFSMBI system in its most basic configuration,
which includes only a single cell (i.e., Case 1 with N = 1). Figure 2 shows this dynamic
model. In subsequent sections, additional configurations involving multiple cells (i.e.,
Case 2—4) will be studied to provide a comprehensive analysis of the dynamic behavior of

the PESMBI system.
@ -
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Figure 2. Dynamic model of the two-story base-isolated building equipped with a PFSMBI system
with a single cell (N¢ = 1).

The equations of motion for the masses of the superstructure and base floor can be
written as follows:

Msus + Csus — Csup, + Ksus — Kgup, = —Msug (1a)

My, + (Cg 4 ¢c) tp — Cstis — cclic+ (K + ke)up — Ksus — ketier = —Mplig (1b)
mliigy + keuly — kluer + Fy = —mliig (1o)

mcUc + (2¢c)uy — et + (2ke + 1<é)uCl —keup — keuly — Fy = —mclig (1d)

where Fy; is the friction force in Cell 1. Equations (1a)—(1d) can be written in the following
matrix form:
MU(t) + CU(t) + KU(t) + A¢F¢(t) = —Migug(t) (2a)
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Mg O 0 0 Cs -Cs 0 0
M _ O Mb 0 0 /C _ _CS Cs + CC 0 _CC ,
0 0 m 0 0 0o 0 0
0 0 0 m, 0 —C 0 2c
C C C (2b)
Ks -Ki 0 0
and K = XK Ktk 0, _kf
0 0o kK K
0  —ke -k 2k +K

where U(t) = {us, Up, uél, Ul }T is the displacement vector, U(t) and U(t) are the relative
velocity and acceleration vectors, g = {1,1,1, 1}T is the earthquake influence vector,
A¢ = {0,0,1,—1}" is the friction force influence vector, and F¢(t) is the friction force
developed over the friction surface within the cell. The friction force can be computed
using the Coulomb friction model [46] defined below.

Fg = pgNgsgn (Ug) (3)

where uy is the relative velocity between the cell resonator and the cell wall, and sgn(.)
denotes the sign function. In this study, friction has been selected as the energy dissipation
mechanism over traditional viscous damping due to the unique characteristics of meta-
materials, particularly their compact dimensions. Implementing viscous damping in such
systems poses challenges especially in a small space inside the cells, as it often requires
specialized materials or fluids that may not align well with the compact and modular
design of metamaterials. In contrast, friction offers a practical and straightforward solution
by leveraging solid topology and easily achievable features such as joint connections. This
friction model does not account for SSM. In Section 5, a more complex friction model will
be explored, addressing the nonlinear behavior of SSM and its effects on the motion of
the cell resonators as well as the amount of energy that they can dissipate to control the
deformation of lattice [38,47-49].

2.3. Model Parameters

To evaluate the performance of the proposed PFSMBI system, the following key
parameters, which control the deformation of the lattice and its energy dissipation capability,
are defined. In addition, these parameters control the absolute acceleration and inter-story
drift of the superstructure floor, which are critical in assessing the risk of damage to
load-bearing structural members and non-structural elements.

The natural frequency and critical damping ratio of the superstructure without the
PESMBI system are defined as follows, respectively:

K
Ws = ﬁss (4a)
b= e (4b)

Similarly, the natural frequency and critical damping ratio for the cell (or lattice) are defined
as follows, respectively:
ke

_— 5a
—— (5a)

[ S— (5b)

2(me + m/)w,
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It is assumed that all the cells are identical, with the same mass and a linear spring-
damper system connecting them. The natural frequency of the cell resonator is also defined

as follows:
K
we =4[ — (6)

Accordingly, for the parametric study in Section 4, the following dimensionless parameters
are defined. First, the mass ratio of the lattice is given by the following:

m
= 1 ) P 7
He Nc( +HC)Mb+Ms )

in which ué is the ratio of the cell resonator’s mass to the cell’s mass, defined as follows:

He = — (8)

me

Second, the frequency ratios of the lattice and the cell resonator to the frequency of the
non-isolated building (i.e., superstructure) are defined as follows:

Be = —< (9a)
Ws
’ wé
Pe= e (9b)

Finally, the ratio of the input frequency to the frequency of the non-isolated building is
expressed as follows:
g
B = (10)

Ws

2.4. Lattice with Four Cell Configurations

To accurately capture the nonlinear effects of friction within the cells on the response
of the base-isolated building, a sufficiently small time-step size is used for the numerical
integration (i.e., At < 0.001 s). The effectiveness of the PESMBI system is assessed for four
different cell configurations, and each will be optimized for its respective set of parameters,
introduced in the previous section. These cell configurations, shown in Figure 3, are defined
as follows:

(i) Case 1 with N = 1: In this case, a single cell is positioned between the base floor of
the building and the ground. This case represents the most basic form of the proposed
PFMSBI system, which includes only a single cell with a resonator.

(if) Case 2 with N, = 2: This case includes two vertically aligned cells connecting the base
floor to the ground. This case shows the influence of the vertical extension of cells in
which the cells are acting in parallel. The cells have a layered configuration, which is
like the soil layers beneath a building.

(iii) Case 3 with N, = 2: In this case, two horizontally aligned cells are used to connect the
base floor to the ground. This case shows the influence of the horizontal extension of
cells in which the cells are acting in series.

(iv) Case 4 with N = 4: This case consists of four cells arranged in a 2 x 2 configuration,
which is a combination of Case 2 and Case 3. This case is a combination of Cases 2 and
3 showing the influence of the extension of cells in both the vertical and horizontal
directions.

It should be noted that the total mass of the cells remains the same in these cases.
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Figure 3. Lattice with four cell configurations: (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.

3. Response to Harmonic Excitations
3.1. Two-Story Base-Isolated Building

To evaluate the effectiveness of the proposed PFSMBI system, it is implemented on a
two-story base-isolated building model under a harmonic ground motion with a wide range
of excitation frequency (see Figure 1). The two-story base-isolated building model adopted
for this numerical study was originally developed by Ramallo et al. (2002) to investigate
smart base isolation systems [41]. This model is a simplified dynamic representation of the
six-story base-isolated building studied in Section 5 for seismic analysis. This simplification
is justified as the superstructure effectively behaves as a rigid body due to the flexibility of
the isolation system [2]. Table 1 lists the parameters of this model and their values.

Table 1. Parameters of the two-story base-isolated building model [41].

Floor Number M, (kg) W, (rad/s) & (%)
Base 6800.0 It depends on ., defined by Equation (9b). 5.0

Floor Number ms (kg) ws (rad/s) Es (%)
1st 29,485.0 20.1 2.0

The harmonic ground motion is characterized by the acceleration iig(t) = Agsin(wgt),
where Ag and wg are the amplitude and frequency of the ground acceleration, respectively.
It is assumed that Ag = 1.0 g. For friction simulation, the sliding friction coefficient is set
to be g = 0.25. The equation of motion of the building model with the PFSMBI system
is implemented in MATLAB (R2023a) and is numerically solved by using the 4-th order
Runge-Kutta method (i.e., ode45) in Simulink (R2023a) [50]. To accurately capture the
nonlinear effects of friction within the cells on the response of the base-isolated building,
a sufficiently small time-step size is used for the numerical integration (i.e., At < 0.001 s).
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The performance of the two-story base-isolated building in these configurations will be
compared to the baseline case without the PESMBI system (N, = 0). It is important to note
that the total mass of the cells, in all four cases, is assumed to be equal.

3.2. Natural Frequencies and Modes

The natural frequency of the two-story base-isolated building is determined by solving
the following equation:
K —Mw?| =0 (11)

where wy, is the natural frequency of n-th mode, and the matrices K and M for Case 1 are
defined by Equation (2b). The corresponding matrices for Cases 2, 3, and 4 are provided in
Appendix A for brevity.

Fundamentally, only the first two modes of a base-isolated building model are significant.
The first mode (n = 1) represents the rigid body motion of the building, which occurs due to
the flexibility of the lattice, while the second mode (n = 2) captures the deformation within the
lattice, as illustrated in Figure 4. Figure 4a—d shows the variation in the natural frequencies
of these two modes for Cases 1-4, with respect to B for u. = 0.1, 0.5, 1.0, and 2.0. It is also
assumed that . = 1.0 and B/, = 1.0. It should be noted that B. governs the flexibility of the
lattice and, consequently, the performance of the PESMBI system. By adjusting this parameter,
the building’s natural frequencies can be shifted to lower ranges, thereby mitigating the
risk of resonance at higher frequencies. As shown in Figure 4, for small values of 3. (e.g.,
Bc <1.0) in all cases, the natural frequencies of Modes 1 and 2 are well separated, indicating
the effectiveness of the PFSMBI system. A similar effect is observed when . is increased,
though the influence is not substantial. However, as (3. increases, the ratio wy/ws for both
modes tends to approach 1.0, which indicates a reduction in the effectiveness of the PESMBI
system, regardless of the value of n.. Another notable observation from the figure is that
the values of the natural frequencies for Modes 1 and 2 are similar between Cases 1 and
3, as well as between Cases 2 and 4. However, the lattice in the latter two cases is more
flexible (having a lower wy, / ws ratio), indicating their superiority over Cases 1 and 3. A more
detailed comparative study will be conducted in Section 5.

=1.0
1.5—Pe I ‘
| 1e=0.1 1e=1.0
| n=2 = i
- - =.He=05 . _.pi=2.0
s .| ! / c He
,f g = N
{,‘/I v\ (\ / M
7 n=1 (a) Case 1 ~
05 | 1 1 1 1 L
e
T T T T \
1.5 : (\ ) M,
| i
3 1+ : 5
3" = ( Lattice Mass
4 /, \r
gl : : ‘ 1 j (b) Case 2 7 Mode 1
1.5 : T T T T
|
% | Mg
L4
»f {I;
7
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0.5 f : ; : '
15 ! : : : : -
: ( ) Lattice Mass
3 !
= 1r |~ Mode 2
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05 | L L L L
0 2 4 6 8 10

Figure 4. Natural frequencies of Mode 1 and Mode 2 for the base-isolated building equipped with
the PFSMBI system in (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.
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3.3. Parametric Study

A parametric study is conducted to evaluate the effectiveness of the PSFMSI system in
Cases 1-4 under the variation in model parameters defined in Section 2. This effectiveness
is measured by defining and calculating the following performance indices:

1.  The peak displacement of the base floor normalized to the peak displacement of the
superstructure without the PESMBI system (N = 0).

= max(|ub(t)|)N21, (12a)

max ([us ()] )no

2. The peak inter-story drift of the superstructure normalized to the peak displacement
of the superstructure without the PESMBI system.

max(|us(t) — up(t))n>1
max(|us(t)|)n—g

0 =

(12b)

3. The peak absolute acceleration of the superstructure normalized to the same response
of the building without the PESMBI system.

max ( |ts(t) +ﬁg(t)|)N21
max ( |Us(t) +1”1g(t)|)N70

Iz =

(12¢)

In this parametric study, smaller values of these indices generally indicate better perfor-
mance of the PFSMBI system.

3.3.1. Influence of Tuning Frequency Ratios: 3. and B/,

The tuning frequency ratios . and B control the flexibility and sensitivity of the
lattice and the cell resonators to the ground motion, respectively. To assess the influence
of these parameters on the effectiveness of the PESMBI system, they are varied from 0 to
5 for the four cell configurations shown in Figure 3 (i.e., Case 1-4). For this analysis, we
assume . = p. = 1.0 and fg = 1.0. Here, B, = 1.0 implies the critical case in which the
superstructure is in resonance with the ground motion, and p. = 1.0 implies that the lattice
has a mass equivalent to that of the building, making it a practical design consideration, as
it is sufficiently heavy to support the building under the ground motion.

Figure 5a—d shows the colormap plots of J1, J», and J3 with respect to . and B for
Cases 14, respectively. The vertical color bars in these plots range from 0 to 1. From these
plots, it is observed that both ], (i.e., the superstructure inter-story drift) and J; (i.e., the
superstructure absolute acceleration) show similar trends as 3. and B/ are varied. On the
other hand, J; (i.e., the lattice deformation) follows an opposite trend, increasing when J,
and J; decrease. In addition, J, and J5 remain largely unaffected by changes in B except for
a narrow region around Bé = 1, where a resonance FBG is established. This occurs when the
cell resonators are tuned to the ground motion frequency. This phenomenon is particularly
advantageous when 3. is large, as the resonance of the cell resonators effectively mitigates
the seismic response of the superstructure.

In all four cases, as 3. increases (i.e., the lattice becomes stiffer), both ], and J3 increase,
which means the overall performance of the PFSMBI system decreases. However, this
increase in stiffness also decreases J1, meaning there is less deformation in the lattice. This
trade-off suggests that while a stiffer lattice limits the deformation within the PEFSMBI
system, it reduces its ability to control inter-story drift and absolute acceleration in the
superstructure. The best performance of the PESMBI system for Cases 1 and 3 occurs when
0.25 < B, < 2.5. However, for Cases 2 and 4, the optimal performance is achieved within
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the broader range 0.5 < 3, < 4.0. This indicates that the PFSMBI system in Cases 2 and
4 outperforms the other configurations, providing better action in controlling the seismic
response of the superstructure.

Case 1:B,=1.0and p = i’ = 1.0
(a) Case 1: ANk Freq Bandgap
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Figure 5. Performance indices J1, ], and J; plotted versus . and j3. for (a) Case 1, (b) Case 2, (c) Case 3,
and (d) Case 4.

3.3.2. Influence of Mass Ratios: ., 1.

In the previous section, it was shown that the PFSMBI system with a cell configuration
similar to that in Case 2 exhibits the best performance. Therefore, this configuration is
selected to further investigate the influence of the mass ratios of the cells and resonators
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on the PFSMBI system performance at two key points, A and B, as indicated in the plots
shown in Figure 5b. At these two points, the cell resonators are in resonance with the
superstructure (i.e., [32 = 1), but at point A, 3. = 1 (softer lattice), and at point B, . = 4
(stiffer lattice). To assess the influence of . and p. on the effectiveness of the PFSMBI
system, they are varied from 0 to 2, and it is assumed that , = 1.

Figure 6a shows the variations in the performance indices J;, J», and J3 with respect to
the mass ratios at Point A. It can be observed that for small values of ., the indices J, and
J3 remain relatively unchanged with respect to 1, indicating that they are insensitive to p.
at low values of .. However, as . increases, improved performance (i.e., reductions in J,
and J3) is achieved when p. is increased. This suggests that, for a softer lattice (i.e., when
Bc = 1), enhancing the performance requires a larger w. Figure 6b plots the performance
indices Ji, J», and J3 with respect to the mass ratios at Point B, where the lattice is stiffer.
Here, it is evident that the performance indices J, and J3 are generally insensitive to .
regardless of the value of p.. Similar to the results observed for the softer lattice in Figure 6a,
it is shown that for a stiffer lattice, as in Figure 6b, decreasing . improves the performance
of the PFSMBI system. However, it is important to note that, from a practical standpoint,
achieving a lattice with a p. value less than 1 may be challenging.

(a) Case 2: Point A with 8, = B, = 1.0
0.8

0.6

04

(b) Case 2: Point B with B, = 4.0 and B, = 1.0

04, 0.8

03
J1
0.2
01,
2 /

J2
15 15 2
1os 05 !
sy s
e e

0.6
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0.2

Figure 6. Performance indices J;, J», and J3 plotted versus p. and p, for Case 2 corresponding to
(a) Point A (B, = 1.0) and (b) Point B (3. = 4.0).

3.3.3. Influence of Input Frequency Ratio: B4

In the previous two sections, we assumed that the superstructure was in resonance
with the ground motion (i.e., Bg = 1), which represents an extreme but uncommon loading
scenario. The dominant frequency range of natural earthquakes typically spans from 0.1 Hz
to 10 Hz [51]. For this reason, to provide a more comprehensive analysis of the PFSMBI
system performance under a broader range of excitation frequency values, this section
studies the influence of the input frequency ratio on the response of the base-isolated
building. Here, the superstructure behavior is specifically analyzed at two points, A (softer
lattice) and B (stiffer lattice), as discussed in Section 4.2. For this analysis, 3 is varied from
0 to 3, while p/ ranges from 0 to 2, with p. set to 1.0.



Materials 2025, 18, 363

13 of 29

From Figure 7a, it is evident that, for a softer lattice, the PESMBI system demonstrates
optimal performance for 0.90 < 35 < 1.75 when all three performance indices, J;, J>, and
J3, remain well below 1.0. However, the system’s performance decreases significantly for
Bg < 0.75, with J; increasing substantially due to the high frequency of the input excitation.
The influence of p. (i.e., the mass damping of the cell resonators) on J; is minimal; however,
it can be noted that an increase in p. enhances the performance of the PESMBI system,
particularly when (¢ = 1.0. For a stiffer lattice, Figure 7b indicates that the PFSMBI system
achieves optimal performance when 5 > 0.90 and . > 1.0, with Jy, J, and J3 less than 1.0.
Overall, it is observed that improved performance is correlated with an increase in p..

(a) Case 2: Point A with B=p'=1.0 and p. = 1.0

3

25

2

Figure 7. Performance indices J, ], and J3 plotted versus [Sg and .. for Case 2 corresponding to
(a) Point A (B, = 1.0) and (b) Point B (3. = 4.0).

3.3.4. Influence of the Number of Cells: N.

The number of cells, denoted by N, is a critical parameter that affects the lattice’s FBG
and its energy dissipation capabilities through friction and vibration. To evaluate how N
influences the effectiveness of the PFSMBI system in Case 2, the performance indices J;,
J», and J3 are plotted with respect to N, which is varied from 1 to 10. Figure 8 shows the
resulting plots for four different values of the mass ratio of the cell resonator, including
p. = 0.1, 0.5, 1.0, and 2.0. In addition, it is assumed that Bg = 1.0, B. = . = 1.0, and
t. = 1.0. The results indicate that both J, and J; decrease as Nc increases; however, the
rate of decrease diminishes for N, values greater than 8. These reductions in the inter-story
drifts (J,) and absolute accelerations (J3) of the superstructure come at the expense of an
increase in J;, which indicates a greater deformation in the lattice as N, increases. The
figure also demonstrates that increasing .. does not affect J1 but does lead to further
reductions in J, and J3, which is due to the transfer of input kinetic energy to the resonators.
It should be noted that despite this trade-off, the PESMBI system still shows a satisfactory
performance. For example, at N. = 8, we obtain J; = 0.65, ], = 0.025, and J3 = 0.025,
which correspond to reductions of 35%, 97.5%, and 97.5% in the base floor displacement,
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superstructure inter-story drift, and absolute acceleration of the two-story base-isolated
building, respectively.

e =01 —e p=10 02
o W=0.5 o =20
08} o5l
06f
Ji J, 0.1F
04}
o2t i
%2 4 6 & 10 %
N,

Figure 8. Performance indices J;, J, and J3 plotted versus N for Case 2 with . = Bl = 1.0 and
pe = 1.0.

4. Response to Earthquake Excitations
4.1. Six-Story Base-Isolated Building Model

The seismic performance of the PFSMBI system, with its lattice cells configured accord-
ing to Case 2 (N = 10), is further analyzed by implementing it in the dynamic model of a
multi-story base-isolated building subjected to real ground motion records, as illustrated in
Figure 9. This seismic analysis enables us to assess the effectiveness of the PEFSMBI system
for a broader range of input frequencies and varying levels of ground acceleration intensity.
The base-isolated model of a five-story building originally introduced by Kelly et al. (1987)
is selected for this seismic analysis [52]. Table 2 lists the dynamic parameters of the base-
isolated model of this building, including the mass, damping coefficients, and stiffness
coefficients of each floor, as well as the dimensionless parameters of the PFSMBI system.

s — U
ks and cgs
Mgy
kg, and ¢,
M3
kg and cgy
m,, —>uy
k, and ¢,
mg, — Uy
k,;, and ¢
M, —u,
ke Fio
CC
Lattice in Case 2
with N cells
kC

—"W/"_ ﬂg(t)

Figure 9. Dynamic model of a six-story base-isolated building model equipped with the PFSMBI
system in Case 2.
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Table 2. Parameters of the six-story base-isolated building model [52].

Floor Number

M, (kg) He e Be ¢ sl

Base

Floor Number

Ist
2nd
3rd
4th
5th

6800 1.0 Var. Var. 1.0 0.25
ms (kg) ¢s (kN.s/m) ks (kN/m)
5897.0 67.0 33,732.0
5897.0 58.0 29,093.0
5897.0 57.0 28,621.0
5897.0 50.0 24,954.0
5897.0 38.0 19,059.0

The equation of motion of the dynamic model of the multi-story base-isolated building
equipped with the proposed PFSMBI system, with N = 10 (Case 2), is given by the following:
KSS Ksm

Us Us Us
.. + . + + Fy(t
{Um} {Um} Kms  Kmm {Um} )
_ Mss  Msm {lsg }u (t)
g
lmg

B Mms Mmm
where Mg (6 X 6) is the mass submatrix corresponding to the base-isolated building, including
both the superstructure and the base floor; Mmm (2 Ne X 2 N¢) is the mass submatrix cor-
responding to the lattice; and Mgm = MrTns are the mass submatrices linking the degrees of

CSS Csm

Cms Cmm

MSS Msm
Mms Mmm

(13)

freedom of the base-isolated building to those of the cells and their resonators. In this case, these
submatrices are equal to Ogxon, - The corresponding damping and stiffness submatrices can be
defined in a similar manner using the damping and stiffness matrices presented in Appendix A.
Furthermore, in Equation (13), Us (6 x 1) and U, (2 N x 1) are the displacement vectors of
the floors and the lattice (i.e., both cells and their resonators), respectively; s and ung are the
earthquake influence vectors of the floors and the lattice; and Fi(t) is the friction force vector.

The system performance is evaluated by conducting a response history analysis
(RHA) on the base-isolated building model under three selected far-field ground motion
records collected in the 1979 Imperial Valley, 1987 Superstition Hills, and 1989 Loma Prieta
earthquakes. These records, sourced from the Pacific Earthquake Engineering Research
Center (PEER)’s strong motion database, are detailed in Table 3 [53]. To ensure consistency
in the intensity levels of the ground motion records, they are scaled to match the ASCE 7-10
Maximum Considered Earthquake (MCER) design spectrum, which corresponds to a return
period of approximately 2475 years. This spectrum represents the seismicity of a site in
California with Site Class B, a critical damping ratio of 5%, and a peak ground acceleration
(PGA) of 0.876 g. The scaling process was performed for the period range Tp, = 0.05-5 s.
Figure 10 illustrates the time histories of these records, along with their scaled and unscaled
acceleration spectra, plotted for a critical damping ratio of ¢ = 5%.

Table 3. Ground motion acceleration records used for the response history analysis.

SN ?

Name

- PGA (g)
Magnitude Station Component ;

™) Unscaled Scaled

Year

0169

0728

0757

Imperial Valley
Superstition Hills

Loma Prieta

(IV.EQ)
(SH. EQ)

(LP. EQ)

1979 6.5 Delta DLT352 0.350 0.384

1987 6.5 Westmorland WSM180 0211 0.408
Fire Station

Dumbarton
1989 6.9 Bridge West End DUMB267 0.127 0.427

2 RSN: Record sequence number in the PEER’s next generation attenuation (NGA) ground motion database.
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Figure 10. Three far-field ground acceleration records and their (a) unscaled and (b) scaled accelera-
tion spectra for plotted ¢ = 5%.

4.2. LuGre Friction Model (LFM)

The friction model represented by Equation (3), commonly referred to as the CFM,
does not account for SSM—a nonlinear phenomenon that naturally and inevitably arises in
many dynamical systems with friction. Disregarding SSM in the analysis of the proposed
PSEMSI system could lead to an overestimation of its performance under earthquake
excitations [32,54]. When the resonators stick, they become locked, halting the process of
energy dissipation within the PFMSFI system. This simultaneously introduces an additional
stiffness into the system, which may trigger an undesirable high-frequency response in the
PFSMBI system. In this section, the LFM, which effectively accounts for SSM, is used to
model the friction between each cell resonator and the cell wall [38]. The friction force in
the i-th cell is defined as follows:

Fﬁ(t) = 00zi + 01z (14a)

where 0 is the stiffness coefficient, o is the damping coefficient, and z; is the internal state
variable, which is given by solving the following differential equation:

Z = ug — 09 os] (14b)
g (uﬁ)
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In this equation, ug; is the relative velocity, and g(.) is a function that represents the transition
from the sticking phase to the sliding phase, capturing the Stribeck effect, which is defined

as follows: ,

. (g
g (1) = Frg + (Feep — Feg)e ) (140)

where Fry = g Ny and Fey = pgNg, with pgy = 1.251, are the sliding and sticking
friction forces, respectively, and v¢ = 0.025 m/s is the Stribeck velocity. This small value is
chosen to ensure that Stribeck effects occur at low velocities [55-57].

4.3. Energy Dissipation Performance

To assess the impact of SSM on the performance of the proposed PFSMI system, a new
performance index is defined as the ratio of the area under the time-history curve of the
dissipated energy due to friction to that of the input energy, as follows:

t,
_ Jo® Epe(t)dt

I JoF Ere(t)dt

(15a)

where Eg¢(t) represents the total dissipated energy due to friction within the cells and is
defined as follows:

Epg(t) = g_: Uot Ffi(T)ﬁfi(T)dT] (15b)

Furthermore, in Equation (15a), Ej,(t) denotes the relative input energy of the base-isolated
building during the earthquake, defined by the following:

Ep(t) = — /0 (1) L MU (1)de (150)

The performance index J4 can accurately describe the influence of SSM on the per-
formance of the PFSMBI system as the cell resonators stop dissipating energy during the
stick phase. A higher value of J; indicates a greater amount of energy dissipated by the
cell resonators, which may be overestimated if SSM is not considered in modeling the
friction. This can be demonstrated by calculating J4 using the LFM and comparing it to the
corresponding values from the CEM.

Table 4 presents the values of J; for f. = 1.0 and 4.0, with p. = 0.1, 0.5, 1.0, and
2.0, assuming B, = 1.0, and p, = 1.0. Here, the frequency ratios . and B. have been
normalized to the frequency of the first mode of the non-isolated building. It is observed
that, for all three scaled ground motion records, the values of J; calculated using the
CEFM are almost higher than those obtained with the LFM, indicating an overestimation of
energy dissipation in the cells when SSM is disregarded by CFM. This discrepancy is more
pronounced when the lattice is softer, i.e., when 3. = 1.0.

Table 4. Values of the performance index J4 calculated using the LFM and CFM.

c = 1.0 (Soft Lattice)

Friction Model with SSM (LuGre) w/0 SSM (Coulomb)
T 0.1 0.5 1 2 0.1 0.5 1 2
Imperial Valley 0.0293 0.0657 0.0756 0.0827 0.0342 0.0785 0.1014 0.1128
Superstition Hills 0.0321 0.0731 0.0863 0.0943 0.0335 0.0834 0.1073 0.1144

Loma Prieta

0.0157 0.0342 0.0408 0.0444 0.0170 0.0433 0.0555 0.0575
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Table 4. Cont.
Bc = 4.0 (Stiff Lattice)
Friction Model with SSM (LuGre) w/0 SSM (Coulomb)
T 0.1 0.5 1 2 0.1 0.5 1 2
Imperial Valley 0.1005 0.2886 0.3691 0.4269 0.0992 0.2890 0.3740 0.4361
Superstition Hills 0.0572 0.1944 0.2688 0.3285 0.0563 0.1928 0.2679 0.3301

Loma Prieta

0.0768 0.2425 0.3215 0.3792 0.0731 0.2386 0.3221 0.3867

For further clarification, Figure 11a,b illustrates the time histories of the total energy
dissipated due to friction within the cells of the PEFSMBI system and the relative input energy
of the base-isolated building, respectively, assuming 3. = 1.0. These figures compare the
energy dissipation performance of the PESMBI system for the Imperial Valley earthquake
when the LFM and CFM friction models are used. A noticeable difference in energy
dissipation behavior is observed between the two friction models. For the LFM, the
dissipated energy evolves in a stepwise manner, remaining constant during sticking phases,
when the resonators stick and stop dissipating energy. In contrast, under the CFM, the
dissipated energy increases continuously during sliding phases. For instance, Figure 11a
shows that the PFSMBI system undergoes two major sticking phases: one between 17
and 27 s and another between 38 and 100 s. During these intervals, the low intensity of
the ground motion fails to overcome the breakaway friction force, keeping the resonators
stationary and preventing energy dissipation. This behavior is not captured by the CFM,
where the resonators persist in sliding phases with continuous energy dissipation. Despite
these differences, Figure 11b indicates that the total input energy remains consistent for
both friction models.

Furthermore, Figure 11c,d presents the time histories of the relative displacements
of resonators within Cells 1 and 2, highlighting further differences between the LFM
and CFM friction models in the PFSMBI system. Under the LFEM, the resonators exhibit
sticking behavior, with their relative displacements remaining constant except for minor
micromotions. On the other hand, under the CFM, the resonators experience continuous
oscillations around the origin, reflecting their persistent sliding phases.

Having proved that the LFM can accurately simulate friction within the cells, we now
employ this model to investigate the performance of the PFSMBI system in controlling the
floor’s inter-story drifts and absolute accelerations under the three ground motion records.
Figure 12 shows the maximum values of these two responses plotted versus (3. These
values are compared to the average (over the floors) values computed for the uncontrolled
case (i.e., without the PFSMBI system). The results indicate that, overall, as 3. increases,
both responses also increase. Notably, resonance occurs at specific values of 3, resulting
in peak response values. For example, during the Imperial Valley earthquake, resonance
occurs at 3¢ = 2.3, resulting in increases in both responses beyond the uncontrolled case:
0.65 cm for the inter-story drift and 0.97 g for the absolute acceleration. Furthermore, the
best performance of the PFSMBI system across all three ground motion records is achieved
when (. < 1. This is also valid under harmonic ground motion as demonstrated in Section 4.

Similarly, Figure 13 shows the maximum floor inter-story drift and absolute accel-
eration plotted against the sliding friction coefficient (1)) for the three ground motion
records, assuming B. = 1 (soft lattice). The results indicate that both responses increase as
Lt rises from 0 to 0.6. However, for i > 0.6, these responses remain unchanged due to the
increased friction force causing stick-slip behavior. In this regime, the resonators become
completely stuck, effectively eliminating their oscillatory contribution to the dynamics of
the system.
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Figure 11. Influence of SSM on (a,b) the total dissipated energy and the total input energy within
the PFSMBI system and (c,d) the relative displacement of resonators in Cells 1 and 2 for the Imperial

Valley earthquake.
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Figure 12. Influence of the frequency ratio of the lattice on the maximum (a) floor inter-story drift
and (b) floor absolute acceleration for the three ground motion records.
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Figure 13. Influence of the friction coefficient on the maximum (a) floor inter-story drift and (b) floor
absolute acceleration for the three ground motion records.

4.4. Hysteretic Behavior

The passive control force of the PESMBI system transferred to the base floor is given
by the following:

Fiso (t) = ke1[up (t) — ua1 (t)] + ca [Up (t) — Uerr ()] (16)

where u1(t) and uq1 (t) are, respectively, the displacement and velocity of the upper cell (i.e.,
cell #1) connected to the base floor. This force will be utilized to characterize the hysteretic
behavior of the PEFSMBI system and illustrate its hysteretic loops for a range of values of
. and other key parameters described in Table 2. As an example, Figure 14a,b shows the
force—displacement and force—velocity hysteretic loops of the proposed PESMBI system,
respectively, under the Imperial Valley earthquake. The hysteretic loops are compared for
two cases: ¢ = 1.0 (soft lattice) and . = 4.0 (stiff lattice). It can be observed that as (.
increases, indicating a stiffer lattice, the force-displacement hysteresis curve becomes more
linear. In contrast, when . decreases and the lattice becomes softer, the curve exhibits
greater nonlinearity. Furthermore, the force—velocity relationship of the PESMBI system
takes on an elliptical shape due to the inertial effects of the cells and their resonator masses.
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Figure 14. Hysteresis behavior of the proposed PFSMBI system under the Imperial Valley earthquake
for B = 1.0 (red) and 4.0 (black): (a) force-displacement and (b) force—velocity curves.
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5. Frequency Bandgap Analysis

In this section, the FBG properties of the proposed PFSMBI system are analyzed. The
analysis is performed using the finite element method (FEM) to simulate the free vibration
response of the PFSMBI system. A real-size geometry for the cells is adopted to ensure an
accurate representation of the PESMBI system performance and its bandgap characteristics.
The unit cell consists of periodic square-shaped steel boxes with an outer dimension of L,
and thickness t., along with four rubber pads on each outer side of the cell, with length
L; and thickness t;. These rubber pads are used to connect the steel boxes together and
provide the restoring force between the cells. Two configurations of the unit cell are studied:
(I) the traditional configuration without a cell resonator, as studied in [39] and shown in
Figure 15a, and (II) the proposed configuration with a cell resonator, composed of a steel
mass connected to the top of the cell wall through a thin steel sheet, as shown in Figure 15b.
The thickness of the cells in the z-direction is assumed to be 25 cm. The geometrical and
material properties of the cells are given in Tables 5 and 6, respectively.

[ (a) No cell resoantor (Traditional configuration) (b) With cell resonator (Proposed PFSMI system)
X

v -

/" Rubber pad —>
L. \I

Steel cell\

|
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Figure 15. Two cell configurations: (a) Traditional cell configuration with no cell resonator where
periodic steel cells are connected by rubber pads. (b) Proposed cell configuration featuring a steel
resonator at the center of each unit cell (red: Periodic Boundary Condition).

Table 5. Geometry parameters of a unit cell.

L. (cm) L; (cm) W¢ (cm) h¢ (cm) t; (cm) t; (cm) tp (cm)
150 25 12.5 25 3 10 1.25

Table 6. Material parameters of unit cell.

Material Density (kg/m®)  Young Modulus (Pa) Poisson’s Ratio

Steel 7850 2.01 x 1011 0.30
Rubber 1400 1.08 x 10° 0.45
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The FE models for both cell configurations, as shown in Figure 15, are developed in
COMSOL Multiphysics 6.2 [58] and meshed accordingly, as illustrated in Figure 16. A
Floquet periodic boundary condition is applied to the outer surfaces of the top and bottom
rubber pads along the y-axis, where seismic waves propagate from the lower to upper
layers. This boundary condition is defined by the wave number ky =k (ky = k; = 0). To
account for the lateral continuity of motion in the cells of the PFSMBI system, as expected
for the optimal cell configuration in Case 2, a continuity periodic boundary condition is
imposed on the outer surfaces of the left and right rubber pads along the x-axis. In this
simulation, friction is not taken into account, as this section merely focuses on the free
vibration response of the cells.

(a) No cell resoantor (Traditional configuration) (b) With cell resonator (Proposed PFSMI system)
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Figure 16. FBGs and mode shapes of the two cell configurations: (a) Traditional cell configuration.
(b) Proposed cell configuration with a steel resonator.

The traditional cell configuration (type I) uses hollow steel cells with rubber pads to
generate bandgaps for seismic wave attenuation. In contrast, the PESMBI cell, with its inner
steel resonator (type II), enhances local resonance effects, leading to a broader bandgap
and more effective attenuation of low-frequency seismic waves (0-20 Hz). This improved
design offers better protection of the superstructure against earthquakes compared to the
traditional hollow cell. Figure 16a,b shows the FBGs of these two types of cell configurations,
respectively. The traditional hollow unit cell shows a bandgap between 14.128 Hz and
19.625 Hz (FBG11), with mode shapes at critical frequencies showing displacement patterns
within the hollow structure. In contrast, the PFSMBI unit cell exhibits a broader first
bandgap at lower frequencies due to its steel resonator, with the first bandgap (FBGy;)
between 10.942 Hz and 21.718 Hz. This FBG can be even lowered by increasing the size of
the cells. The mode shapes for the PFSMBI unit cell show more complex vibration patterns
due to the steel resonator, resulting in enhanced local resonance effects that improve
attenuation in the low-frequency range.
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6. Experimental Study

A small-scale prototype was fabricated using 3D printing for laboratory testing to
examine the influence of SSM on the energy dissipation capability of the proposed isolation
system and its effectiveness in controlling acceleration response, particularly during the
sticking phase. The configuration of this small-scale prototype is based on the design
outlined in Section 5, with adjustments to the size of the inner resonator masses and
variations in the materials used for fabrication. The prototype, shown in Figure 17, consists
of two cells (Cell 1 and Cell 2), each having the dimensions 100 x 100 x 25 mm. These
cells are connected by a flexible foam layer with dimensions of 25 x 100 x 25 mm, and
each one contains a resonator with the dimensions 25 x 25 x 30 mm with a mass of 23.25 g,
which is attached to the top wall of the cell via a thin column with the dimensions of
1 x 50 x 25 mm, as illustrated in Figure 17. The cells and resonators are fabricated using
Basic Polylactic Acid (PLA) through a 3D printing process.

Cell #2 Rigid Plate

Figure 17. Close view of a prototype of the proposed PFSMBI system with two cells.

Figure 18 illustrates the experimental setup where the fabricated prototype is mounted
on an Electrodynamic Shaker (Vibration Research: VR5600, 110 F-lb pk) through the
rigid plate. The system is subjected to a horizontal sweeping harmonic motion within a
frequency range of 5-15 Hz and a maximum acceleration of 0.15 g. The experimental setup
also includes an amplifier, a controller (Vibration Research: VR9500, 4 Channels, 24-bit
Resolution) for controlling the shaker and recording acceleration data in both frequency and
time domains, two accelerometers (PCB, 100 mV /g sensitivity, 50 g pk), and a computer
for processing the output signals. The accelerometers employed in the experiment are
designated as Accelerometer 1 and Accelerometer 2. The first accelerometer measures the
acceleration at the base, serving as the input response, while the second one captures the
vibration of the outer wall of Cell 1, which is referred to as the output response. As also
shown in Figure 18, a spring support mechanism is incorporated to model friction within
the cells. A flat thin plate is used to serve as the friction surface, which is secured to the cell
using adjustable screws. This allows for varying the normal force to modify the frictional
interaction as needed. In this study, two friction scenarios are analyzed: Case 1, with SSM,
and Case 2, without SSM. In Case 1, representing an extreme scenario, the normal force
(or friction force) is sufficiently increased to ensure that the resonators remain stuck to
the friction plate throughout the test. Figure 19a shows the transmissibility ratio (TR),
defined as the ratio of the output response to the input response, plotted against the input
frequency range of 5-15 Hz. This figure compares the results for the two cases: with and
without SSM. The results indicate that when the resonators remain in their sticking phases
(with SSM), the isolation system is unable to dissipate energy effectively. In this scenario,
the TR remains greater than 1, signifying an amplification of the input response rather
than its reduction. Conversely, when the resonators are allowed to slide freely, the TR
decreases, particularly around the frequencies where the resonators in Cells 1 and 2 resonate
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with the input frequency, specifically at f, = 12.1 Hz and f;, = 12.4 Hz, respectively. This
demonstrates the enhanced energy dissipation capability of the isolation system when SSM
is minimized. Figure 19b compares the output acceleration versus the input acceleration for

f, = 12.4 Hz.

Prototype

Foam

Resonator

Friction Surface

Spring Support

Controller & DAQ

Figure 18. Experimental setup for testing of a prototype of the proposed PFSMBI system with two
cells under a sine sweep motion.

20 (a) No SSM us (b)f,=12.4 Hz Input
with SSM — - — -

Output
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o
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Figure 19. Experimental study results considering effects of SSM: (a) transmissibility ratio and

(b) input vs. output acceleration for f,, = 12.4 Hz.

7. Conclusions

This paper studies a novel seismic isolator, the Passive Friction Mechanical Meta-
material Seismic Isolator (PFSMBI) system. This study is supported by comprehensive
theoretical and analytical modeling to mitigate seismic hazards in multi-story buildings.
Inspired by the principles of tuned mass dampers and mechanical metamaterials, the PF-
SMBI system employs friction as a primary mechanism for energy dissipation for the inner
resonators within the cells. A detailed parametric study revealed that the performance of
the PFSMBI system can be optimized by tuning critical parameters, including the mass
ratios, the frequency ratios, and the number of cells. Friction proved to be a reliable source
of energy dissipation, provided there is continuous sliding motion on the frictional surface.
To accurately capture the stick-slip motion (55M), the LuGre friction model (LFM) was
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adopted, offering a more realistic representation of frictional behavior compared to simpler
models like the Coulomb friction model (CEM). Finite element (FE) analysis further demon-
strated the capabilities of the PESMBI system through a specialized topology designed to
achieve low-frequency bandgaps. The analysis also highlighted the critical role of the inner
resonator mass in widening these bandgaps within the low-frequency range (0-20 Hz),
which is vital for attenuating seismic excitations. Furthermore, a simple experimental study
was performed to demonstrate the limitations of the system due to stick-slip motion (S5SM).
These findings underscore the importance of optimally controlling friction to mitigate SSM
and ensure effective energy dissipation. In conclusion, the PFSMBI system provides a
robust and adaptable solution for enhancing multi-story buildings’ resilience against seis-
mic activity. By combining the principles of mechanical metamaterials and friction-based
damping, this innovative approach represents an innovation in seismic isolation technology.
This study emphasizes the potential of metamaterial-based seismic isolators to transform
traditional methods of earthquake resilience in civil engineering.
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Appendix A

In this section, we present the mass, stiffness, and damping matrices for the dynamic
models in Cases 2, 3, and 4 as shown in Figure 3.
Case 2: For Case 2 (N = 2), the matrices M and K are given by Equations (A1) and

(A2), respectively: i i
Mg 0 O 0 0 0
0O M, 0 0 0 0
!/
M — 0 0 mg 0 0 O (A1)
0 0 0 me O O
0 0 0 0 m. 0
(0 0 0 0 0 m
(K K¢ 0 0 0 0 ]
—-Ks Ks+ke 0 —ke 0 0
0 0 K —K! 0 0
K= c c (A2)
0 ke -kl 2ke+kl 0 —ke
0 0 0 0 k! k.
| 0 0 0 —ke  —ko 2ke + k¢ |
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The friction force influence vectors of Cells 1 and 2 are given as Agy; = {0,0,+1,—1,00}
and Agp = {0,0,0,0+ 1, —1}, respectively.
Case 3: For Case 3 (N = 2), the matrices M and K are given by Equations (A3) and

(A4), respectively: i i
M 0 0 0 0 0
0 M, 0 0 0 0
/
M_ |0 0 m¢ 0 0 0 (A3)
0 0 0 m¢ 0 O
0 0 0 0 m. 0
(0 0 0 0 0 m
[ K —K, 0 0 0 0 |
—Ks Ke+2ke 0 —ke 0 —ke
0 0 K! —K! 0 0
K= c c (A4)
0 ke -kl 3ke+kl 0 —ke
0 0 0 0 K. —K.
|0 —ke 0 ke —k{ Bke+k]

The friction force influence vectors of Cells 1 and 2 are given as Ay = {0,0,+1,—1,00}
and Ap = {0,0,0,0+ 1, —1}, respectively.
Case 4: For Case 4 (N = 4), the matrices M and K are given by Equations (A5) and (A6),

respectively:
™M 0 0 0 O O 0 0 0 0]
0 M, 0 0 O O 0 0 0 O
0 0 m., 0 0O O 0O 0 0 0O
0 0 0 m O O 0O 0O O O
Mo |0 0 0 0 m. 0 0 0O 0 0 (A5)
0 0 0 0 0 m 0 0 0 O
0O 0 0 0O O 0 m. 0 0 0O
0O 0 0 0 O 0 0 m 0 O
0O 0 0 0O O 0 0 0 m 0
|0 0 0 0 0 0 O 0 m|
[ K —Ks 0 0 0 0 0 0 0 0 ]
—Ks Ks+2ke 0 —ke 0 —ke 0 0 0 0
0 0 K. —K. 0 0 0 0 0 0
0 ~ke -kl 3ke+kl 0 —ke 0 —ke 0 0
! !/
K—| 0 0 0 0 kc/ K. / 0 0 0 0 (A6)
0 —ke 0 ~ke  —kL 3k.+k. 0 0 0 —ke
0 0 0 0 0 0 K. —Kk. 0 0
0 0 0 —ke 0 0 ~kl 3kc+kl 0 —ke
0 0 0 0 0 0 0 0 A —Kk.
| 0 0 0 0 0 —ke 0 ~ke -kl 3kc+K.]

The friction force influence vectors of Cells 1 and 2 are given as Ay = {0,0,+1,—1,00}
and Agp = {0,0,0,0+ 1, —1}, respectively.
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