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ABSTRACT

The nonlinear stiffened inertial amplifier tuned mass friction damper (NSIATMFD) is introduced in this paper
to address the limitations of the conventional tuned mass dampers such as narrow frequency ranges and
limited adaptability. In addition, three more novel dampers, such as nonlinear compound stiffened inertial
amplifier tuned mass friction dampers (NCSIATMFD), nonlinear nested stiffened inertial amplifier tuned mass
friction dampers (NNSIATMFD), and nonlinear levered stiffened inertial amplifier tuned mass friction dampers
(NLSIATMFD), are introduced by integrating stiffness and mass amplification mechanisms to increase their
vibration reduction capacities. These novel dampers are applied at the top of structures to control their dynamic
responses. Newton’s second law is followed to derive the governing equations of motion of the controlled
structures. H, and H_, optimisation strategies are utilised to derive the exact closed-form expressions for the
optimal design parameters of these dampers. The transfer function is developed to derive the frequency domain
responses by considering harmonic and random excitations. The frequency domain responses are further
validated through numerical studies conducted using the Newmark-beta method and near-field earthquake
records. Compared to the conventional tuned mass dampers (TMD), the proposed dampers achieve vibration
reduction improvements of 24.24 %, 24.64 %, 23.92 %, and 24.54 %, respectively. The integration of stiffness
elements significantly extends the frequency control range, while the frictional damping element enhances
energy dissipation capabilities. These results establish the novel designs as effective solutions for dynamic
environments, offering robust and adaptive vibration mitigation for structures exposed to diverse excitations,
including seismic loads. This research provides a significant advancement in TMD technology for modern

engineering applications.

1. Introduction

Vibration mitigation is an essential component of modern engi-
neering, applicable to civil structures [1], mechanical systems, and
precision equipment [2]. Tuned Mass Dampers (TMDs) are extensively
used to mitigate mechanical vibrations via the application of resonance
and damping principles [3]. A TMD generally comprises a mass, spring,
and damper arranged to resonate out of phase with the main structure,
thereby dissipating vibrational energy [4]. These systems have been
effectively used in buildings such as Taipei 101, bridges, and precision
instruments to mitigate vibrations induced by winds, earthquakes, and
operating stresses [5]. Nonetheless, despite their effectiveness, tradi-
tional TMDs face several limitations, including a narrow frequency
bandwidth, challenges in adapting to varying dynamic loads, and diffi-
culties in enhancing vibration mitigation capacity due to the increased
static mass of individual dampers or the cumulative weight of an array
of dampers [6].

Advances in TMD design focus on addressing these limitations
by incorporating innovative mechanisms and optimisation strategies.
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For instance, H, optimisation is utilised to determine the optimal
tuning frequency and damping ratios of TMDs [7] based on the mean-
square dynamic responses under random excitations [8]. Similarly,
H_, optimisation is employed to derive these parameters from the
dynamic responses [9] of TMD-controlled structures subjected to har-
monic excitations [10]. While these optimisation techniques enhance
TMD performance, challenges related to spatial constraints and weight
remain unresolved.

Inertial amplifiers offer a promising solution to these challenges
by leveraging mechanical leverage and resonance to amplify inertial
forces, thereby enhancing vibration isolation [11]. Conventional iner-
tial amplifiers are designed to increase the effective mass of a system
without a proportional increase in static mass [12]. These devices typi-
cally utilise geometric configurations, such as rhombus-shaped four-bar
linkages, to amplify inertial forces acting on the system [13]. In par-
ticular, inertial amplifier-tuned mass dampers (IA-TMDs) specialise in
mass amplification without significantly affecting stiffness [14]. This
amplification is achieved through mechanisms like vertical spring-mass
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systems, which enhance the system’s dynamic mass response [15].
However, IA-TMDs are limited to positive dynamic mass amplification,
making them effective within specific frequency ranges [16]. Their
inability to influence the system’s stiffness restricts their applicability to
broader frequency control or variable excitation conditions [17]. As a
result, their vibration mitigation capacity is best suited for predictable
dynamic systems where mass amplification alone suffices [18]. There-
fore, a new type of IA-TMDs needs to be developed with significant
effective stiffness amplification mechanisms [19]. In addition, the effec-
tive damping of the IA-TMDs needs to be enhanced significantly [20].
Therefore, a research gap has been identified.

To address the research gap, the nonlinear stiffened inertial ampli-
fier tuned mass friction dampers (NSIATMFD) are introduced in this
paper. These novel dampers incorporate both mass and stiffness ampli-
fication mechanisms. By adding stiffness components, they provide sig-
nificant control over dynamic stiffness. In addition, a frictional element
(i.e., Coulomb-friction characteristics) is induced inside the core of
the NSIATMFDs to provide significant effective damping amplification.
These novel dampers significantly outperform conventional IA-TMDs in
terms of frequency control, energy dissipation, and dynamic response
reduction, making them suitable for complex dynamic environments
such as seismic applications or structures exposed to broadband exci-
tations. The integration of stiffness elements into the amplifier design
is the key innovation that differentiates NSIA-TMDs from their conven-
tional counterparts. In addition, three novel dampers, such as nonlinear
compound stiffened inertial amplifier tuned mass friction dampers
(NCSIATMFD), nonlinear nested stiffened inertial amplifier tuned mass
friction dampers (NNSIATMFD), and nonlinear levered stiffened inertial
amplifier tuned mass friction dampers (NLSIATMFD), are introduced
along with the NSIATMFDs to provide more advance design for over-
coming most of the significant drawbacks of the conventional dampers.
The equations of motion are derived by following Newton’s second
law. Advanced optimisation methods, such as H, and H_, optimisa-
tion schemes are applied to achieve precise system parameter tuning,
ensuring robust performance under diverse conditions. The transfer
matrix function is developed using Laplace transformation to obtain
dynamic responses in the frequency domain. Further, the frequency
domain results are validated through numerical study, considering the
Newmark-beta method. The harmonic, random-white noise (Clough-
Penzien power spectrum), and Northridge earthquake (near-field with
pulses) are considered as loading functions. The vibration reduction
capacity of the novel damper is compared with the vibration reduction
capacity of the conventional dampers to find their superior vibration
reduction capacities.

2. Structural models and equations of motion

Four structures with the same system parameters are considered.
The structures are conceptualised as single degree of freedom (SDOF)
systems. The novel dampers such as NSIATMFD, NCSIATMFD, NNSI-
ATMFD, and NLSIATMFD are mounted at the top of the structures.
Each controlled structure is conceptualised as a two-degree-of-freedom
system and is shown in Fig. 1(a), Fig. 1(b), Fig. 1(c), and Fig. 1(d).
¢ defines the amplifier’s angle in NSIATMFD configuration. In NCSI-
ATMFD, ¢ and 6 define primary and secondary amplifier angles. ¢,
¢,, ¢3 define the primary, secondary, and tertiary amplifier angles in
NNSIATMFD. The length ratios (b,/a;) (b,/a,) are considered from
NLSIATMFD configuration. Newton’s second law has been applied to
derive the governing equations of motion of the controlled SDOF
systems subjected to base excitation and expressed as

mgig + ¢, + kgvg — fm,g sgn (Dd) —c,Ug — kv = —mgi

sYgr

(€H)
m,Uy +m,i; + fm,gsgn (l'}d) +c.0g + kovg = —m,U,.
vg = uy —u; and vy = u; — v, define the relative deflections of
each damper and SDOF system. () defines the time derivatives. m,,

¢, =2méw,, and k; = m;* define the mass, damping, and stiffness of
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Table 1
The exact closed-form expressions for effective mass and stiffness of novel dampers.

damper Effective mass (m,) Effective stiffness (k,)

NSIATMFD (m, + 2 (1 4 cot? ¢))
NCSIATMFD (1, + % cot® ¢ (1 + tan? 0) )
NNSIATMFD (md

(kg + k, cot? ¢)
( +k,cot’ ¢ tan® ‘9)
(14 cot? b5 ) cot? ¢, tan? ¢7) (kg + k, cot? ¢, (tan® ¢, cot® 5 ))

(sen(22))

NLSIATMFD  ( m, +m, 4 )

the main structures. m,, ¢, = 2m,£,;w,4, and k, define the effective mass,
damping, and stiffness of the novel damper. The exact closed-form
expressions for each damper’s effective mass and stiffness are listed in
Table 1. g defines the friction coefficient. g defines the acceleration of
gravity.

my and k, define the static mass and stiffness of the damper. m, and
k, define the amplifier’s mass and stiffness. The statistical linearisation
method [8] is applied to linearise each nonlinear element of Eq. (1) and
expressed as

. = E{ 9 (pm.g sgny) } _ [2pms -

v, T oy,

o,, defines the root mean square velocity of the damper. An error
may arise during the transition of the linearised term from the non-
linear damping factor via the statistical linearisation approach which
is quantified as

. 2 pm,g
€ = pm,gsgn(v,y) — \/j—e Og
T %y 3
——
Ceq

where c,, defines the equivalent damping of the damper.
()e% 5

= E{ (Bm,gsgn(v,) — c,p04)” p =0 @
0ceq

Therefore, no errors have been identified throughout the statistical lin-
earisation procedure. Eq. (2) is substituted in Eq. (1) and the governing
equations of motion of the controlled SDOF system have been written
as

mgi; +c 0y + kvg — (cL,q + ce) Oy — kg = —msiig,
—
r
) ) , ) (5)
m,U, +m,is + (ceq + ce) Vg + kg = —m,U,.

Cf
The non-dimensional form of each element in Table 1 has been listed
in Table 2.
The steady-state solutions for Eq. (5) have been considered as v, =
Ve, vy = Vyel', and i, = Ve, Accordingly, the transfer matrix has
been derived as

2q§xa)x+q2+w§ Alz]{ v }z_[ 1 ]V

Ya (Hrm+1) @ Ay Va Ya (U, +1) & ©
A =-2y, (m/m + l) w49 — ydwg (rcyk + l) N

Ay =y, (yym + 1) q2 + 2y, (yym + 1) w49 + yda)g (K]/k + l) .

The transfer function for the displacement of the SDOF system has been
derived as

X, (@] %
s @) lg=iw = T
Vg
—2H2GEGY gV APy — KUY Yk Ym®@ — YUGEY gV m®g — KY 4V o
—2HGE Y P = HYa¥m®] = KY@5 — @Y — 248474004

—2¢¢404 — de[zj -4’ - a)tzi
A

e
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Fig. 1. The structures are controlled by (a) NSIATMFD, (b) NCSIATMFD, (c) NNSIATMFD, and (d) NLSIATMFD subjected to base excitation.

The transfer function for the displacement of the damper has been
derived as

Vv —Wy Zqéx + 2N HYm + 1
X4 @ lgmio = 3 = ( y ) ) ®
g e

The denominator of Eq. (7) and Eq. (8) has been derived as

(urm+1)q*
+ < 2UPE Y g V204 + AUEGY gV m®@g + 2HE Y@y + 2HEY 0 ) P
+26 v 04 + 28,04 + 200,
4= ( KUY gY@ + HUEGE Y @y D + KV gY@ + HY gY@ ) 2 -
+Kyka)§ + yymwf + 48w 00 + yda)g + a)(zj + wf
+ (2K @[ 05 + 2UE gY@ 0] + 2840407 + 25,07 05) ¢
+Kykw§wf + wiwf

9
The symbols V;, V,, and V, represent the Laplace transforms of vy, v,

and 9, respectively [21]. g = i», where i = v/~1 defines the imaginary
number and o defines the excitation frequency. Eq. (7) and Eq. (9)

are further utilised to derive the standard deviation of the dynamic
response of the main structure.

2.1. H, optimisation

Considering a white-noise random excitation, the H, optimisation
scheme is employed to derive the optimal frequency and damping ratios
of the novel dampers in terms of closed-form expressions from that
standard deviation of the structure. The damping ratio of the main
structure is considered zero (¢, = 0) when applying the H, optimisation
scheme because this assumption simplifies the mathematical deriva-
tions and allows for closed-form analytical expressions for the optimal
tuning frequency and damping ratio of the dampers. By neglecting the
damping of the main structure, the focus shifts entirely to optimising
the performance of the damper itself, eliminating interference from the
structural damping effects. This approach isolates the contributions of
the damper to the overall vibration control and ensures that the derived
optimisation parameters are precise and effective. Therefore, & = 0 is
substituted in Eq. (7) and Eq. (9). Accordingly, the dynamic response
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Table 2
The non-dimensional form of effective mass and stiffness of novel dampers.
Damper Effective mass ratio Effective stiffness
(v, = m,/my) (k,/my)
NSI- va| 1+ 7, (1 +cot> p)/2 Ya@2 |1+ 7, cot” ¢
ATMFD —_— —
" N
N 2 2 5 tan® @
CSI- Ya |1+ 7, (cot? ¢ (1+tan®0)) /8 7a@} | 1+ 7, cot® p=——
ATMFD —_— %,_/
H K
NNSI- Ya |1+ 7, (14 cot? ¢3) cot® ¢, tan” ¢, /2 a®% | 1+ 7 cot® ¢, (tan® ¢, cot® ;)
ATMFD —
" N
by by by by \
NLSI- Ya 1+7m<—1—2> Ya@? 1+yk<—1—2>
ATMED o @ o @
u x

vq4 = my/m defines the mass ratio of the damper to the SDOF system.
Ym = m,/m, defines the mass ratio of amplifier to the damper.

7, has also been represented as y,, =7,/74.

7, = m,/m defines the mass ratio of amplifier to the SDOF system.

7« = ko/k, defines the stiffness ratio of amplifier stiffness to the damper.
u = Mass amplification factor of the dampers.

x = Stiffness amplification factor of the dampers.
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Fig. 2. Contours of the optimal frequency ratio of (a) NSIATMFD, (b) NCSIATMFD, (c) NNSIATMFD, and (d) NLSIATMFD. Eq. (16) has been applied to these graphs. The values
of other system parameters are considered: y, = 0.1 and y, = 0.01.
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of the main structure has been modified as

=242 qE Y gV = KUY ViY@ = YUGELY gY@y — KT gV, 0%
—2uq8, vy — ”}'dymwi - K}/kwi — H GV = 27484049
—2&,0,q — ydwi Y wi
A

e

(10$)
The denominator of Eq. (10) has been derived as

(urm+1)q*
+ (2.‘42547(173,0),1 + A& Y Y@y + 218 Y0y + 28,7 ,04 + 28,0, ) e

4, = + Kﬂ}/d}/k}/malg + Kydykwi + ﬂydymwﬁ + Kysz + ,uyma)f + yda)ﬁ )
q
+@? + w?

+ (2y§dymwdwf + 2§dwdcof) q+ K;/kwﬁa)z + a)ﬁmf

an
Therefore, utilising the above expressions, the standard deviation of the
dynamic response of the main structure has been derived as
(1 + (m/m + 1) }’d)4 (K}’k + l)zw‘;
(krm+ 1) (H &+ tore+ &+ 1) 74

Som HHE — B+ -3 a2)

OF (1w + 1) (14 (11, +1) 70) @2
+w;‘ (uym + 1)2

2w48, (MJ’m + 1>3 de?

Eq. (12) has been differentiated with respect to the damping ratio and
natural frequency of the dampers and the mathematical expressions are
derived as

do? 002
Y0 and —2 =, 13)
0&, 0wy

Eq. (12) has been substituted in the first expression of Eq. (13). The
exact closed-form expression for the damping ratio of the damper has
been derived as

(14 (urp +1) yd)4 (k7 + l)zwj
(=24 (urp + 1) vg) (urm+1) (1+ (pr, +1) yd)zaf; (k7 + l)wz

+o! (py,, + 1)2

40207 (1 + 1) (ravm +va+1)°

a4
Eq. (14) represents the closed-form expression of the damping ratio of
the novel dampers and this expression has been substituted in Eq. (12).
Accordingly, the modified standard deviation of the dynamic response
of the main structure has been derived as
4 2
(1 + (M}’m + 1) ?’d) (K}’k + 1) a)‘;
+ (=24 (urm + 1) 74) (urm +1)
2
(1 + (uym + l) yd) a)? (Kyk + l)a)ﬁ
2
+ot (py, +1)

PAYY 4

(1 + (m/m + l)yd)4 (K]/k + l)zw;‘,
(=24 (urm + 1) va) (Hrm +1)
(14 (v + 1) 74)" @02 (k7 + 1) 02
+wj (uym + 1)2

a)%wlzi (Mym+1)2(yyd}/m+yd+l)3

@y (1 +1)° yg0
(15)

Eq. (15) has been substituted in the second expression of the Eq. (13).
Accordingly, the optimal natural frequency of the damper has been
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derived and expressed as

(@q) \/2 (kv + 1) (2= K27q¥2 = 287 gV + 207 — Va) @
1) = .
4/ opt Z(Kyk+1)(ﬂydym+yd+l)

Eq. (16) has been substituted in Eq. (14) to derive the exact closed-form
expression for the optimal damping ratio of the damper and expressed
as

(16

(kD) (ura¥m+ra=4ra
(Ya¥m+ra=2)(1raym+ra+1) a7)

(fd )opl = 4

Further, Eq. (8), with & = 0 and Eq. (11) are utilised to derive
the standard deviation of the velocity response of novel dampers and
expressed as

+y;+1) Sy
2 _ (M}’m}’d Yd ) 0 ' 18)

2 (i + 1) Egramq

Eq. (16) is utilised to conduct a parametric study for the tuning ratio of
each novel damper. The contour plots in Fig. 2 illustrate the optimal fre-
quency ratio for various designs of inertial amplifier friction tuned mass
dampers under different configurations. In Fig. 2(a) and Fig. 2(b), the
NSIATMFD and NCSIATMFD reveal that increasing the amplifier angle
leads to higher optimal frequency ratios, indicating better performance.
Fig. 2(c), which represents the NNSIATMFD, shows that the angle of
the primary amplifier and the angle of the secondary influence signifi-
cantly the optimal frequency ratio. Fig. 2(d) highlights the NLSIATMFD,
where the amplification factor has a dominant influence on frequency
ratio, exhibiting an increasing trend as the factor grows. Across all
configurations, the damper mass ratio consistently impacts the optimal
frequency ratio, with higher mass ratios generally enhancing damping
performance. These results underscore the importance of tuning the
design parameters to achieve optimal vibration mitigation, with each
type of damper exhibiting unique sensitivities to the amplifier and
system parameters. The inertial amplification factor for NCSIATMFD
is derived as

Fc=&=1+y—m(cot2¢(l+tan29)). (19)
my 8

The inertial amplification factor for conventional amplifier [22] is

derived as

=2 o1+ (11 co2g). (20)
my 2

Eq. (20) and Eq. (19) have been compared. The condition for the

NCSIATMEFD to surpass the conventional amplifier can be expressed

as I, > I,. Substituting the respective expressions, this condition

becomes:

(cot2¢ (1 + tan? 0)) (14 cot? ¢)
8 2

From Eq. (21), the necessary condition for the secondary amplifier
angle of NCSIATMFD 6 has been derived as:

tan® 0 > (3 + 4 tan? ¢) . (22)

(2D

This condition is in addition to ¢ < 45°, which is required for inertial
amplification in the conventional amplifier, as the primary amplifier
angle is typically chosen to be small, tan® ¢ » 0. Hence, the base value
of 6 required for the NCSIATMFD to exceed the performance of the
conventional amplifier is:

tanf > V3 or 6> 60°. (23)

In Fig. 3, the inertial amplification factor of the compound amplifier
is analysed for various parameter values, focusing on the effect of
the secondary amplifier angle, 6. The results indicate that when 6 >
60°, the compound amplifier outperforms the conventional design in
terms of amplification. Additionally, the figure reveals a unique design
advantage: for a specific target inertial amplification, such as 30, there
exists a range of ¢ and § combinations capable of achieving the desired
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Fig. 3. Inertial amplification as a function of primary amplifier angle ¢ for the
NCSIATMFD across different combinations of 6. The mass factor y,, is valued at 0.1.
Eq. (19) is employed to achieve this graph.
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Fig. 4. Inertial amplification as a function of primary amplifier angle ¢, for the
NNSIATMFD across different combinations of ¢, and ¢;. The mass factor y,, is valued
at 0.1. Eq. (25) is employed to achieve this graph.

outcome. This design flexibility provides greater freedom in addressing
practical limitations while maintaining optimal performance.

The primary amplifier angle is often selected to be minimal, re-
sulting in tan® ¢, « 0 to achieve significant amplification from the
NNSIATMFD. Consequently, the values of ¢, and ¢5, necessary for the
nested amplifier to surpass the conventional amplifier, are

tang, >1 or ¢, >45 and cot¢h3>1 or ¢; <45°. 24)

In addition to the requirement ¢; < 45° for inertial amplification in
a conventional amplifier [22], these conditions must also be satisfied.
The inertial amplification factor of the NNSIATMFD has been derived

as
w=— =1+ 2 (1+cot® ¢3) cot® ¢, tan® b,. (25)
my 2
The inertial amplification factor of the NNSIATMFD is compared
for various parameter values in Fig. 4. Amplifications for three distinct
combinations of the angles ¢, and ¢5; are shown. The findings unequiv-
ocally demonstrate that when ¢, > 45° and ¢; < 45°, the amplification
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of the nested amplifier significantly exceeds that of its traditional
equivalent. The findings in Fig. 4 provide an intriguing alternative
that is unattainable with the standard amplifier. For a specified goal
inertial amplification of 30, many combinations of ¢, ¢,, and ¢; may
be chosen. This provides more potential for the design to meet any
practical limitations.

The contour plots in Fig. 5 illustrate the optimal damping ratio
for different types of inertial amplifier friction tuned mass dampers,
demonstrating the influence of design parameters on damping effi-
ciency. In Fig. 5(a), the NSIATMFD shows a significant increase in the
optimal damping ratio with larger amplifier angles and higher damper
mass ratios. Similarly, in Fig. 5(b), the NCSIATMFD reveals a similar
trend, with larger amplifier angles leading to higher damping ratios,
particularly for higher damper mass ratios. Fig. 5(c) highlights the
NNSIATMFD, where the primary amplifier angle is a critical parameter,
with the contours showing a steep gradient in optimal damping as
it increases. Lastly, in Fig. 5(d), the NLSIATMFD demonstrates that
increasing the amplification factor positively influences the damping
ratio, particularly at lower damper mass ratios. Overall, these results
emphasise the necessity of fine-tuning amplifier angles, mass ratios,
and amplification factors to achieve the desired damping performance
across various damper configurations. Each design presents unique
sensitivities, offering flexible options for vibration control.

2.2. H_, optimisation

Further, the exact closed-form expressions for the optimal design
parameters of the damper are derived using the H_ optimisation
method. It is considered that the controlled structure is subjected to
harmonic excitation. To perform that the transfer function in Eq. (6)
has been non-dimensionalised by dividing it by ? and expressed as

—-n*+1 A12]{ Vs }=_ 1 Ye
—va (Tmp+ 1)1 Ay vy Ya (Hrm+1) | @

N
Ay = =2iyy (p +1) Egngn — vars (rex + 1),
Ay ==y, (}’m[l + 1) nz +2iy, (lel+ 1) Eman + ydnﬁ ()/kl( + 1),

(26)

where n = w/w, defines the frequency ratio. The dynamic response of
the main structure has been derived as

V.
X, = <—S>a)§
Ve

MGKHYgYiYm + MGKYa ¥k + My HY gV = N BV + 13K

27)
+niya =t + ]
i (20ma 1P a7+ AN 1Y Y+ 200 g 1Y+ 20047 g + 211)
= 2
The dynamic response of the damper has been derived as
v, Ymb + 1
X, = (L)oo It (28)
Ve ,

The denominator of Eq. (27) and Eq. (28) has been derived as
N KHY Yk m + W3R aYie + N HY Y = 1 WY + PR T
4= Py =1t 0Py, =m0t =g 29
+iz, ( 2304131 a V2 + AP N g + 2050 17 )

203 0gvq + 2070y = 200 1Y — 2040

The resultant of Eq. (27) has been applied to derive constraints and
expressed as

2, £2p2

R+ &R

2, 2p2"

R+ &R,

X, = 30)
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Fig. 5. Contours of the optimal damping ratio of (a) NSIATMFD, (b) NCSIATMFD, (c) NNSIATMFD, and (d) NLSIATMFD. Eq. (17) has been applied for these graphs. The values

of other system parameters are considered: y, = 0.1 and y, = 0.01.

The closed-form expressions for R, to R, have been derived as

Ry = KUY gVi¥m + MoKV a¥ + MY gYm — T M + 13K + 15va — 0% + 03
Ry = 200 1274 v2 + ANH g Y gV + 200 1y + 20047 g + 2104,
KUY gV iV + WPIAKY g Vi + W0 MY Y = 1 1Y + PH3KY,

R; = s

3 AP 2yg = 0t + 0P 0Py, — Ky =
R 2T BY Aty ANy g+ 2 1Y

4= 2 230, — 2 -2 ’

T2 N0y Y g + 207Ny — 200g Uy, — 200y
31

Two constraints are derived as follows.
& = & nd & = & (32)
R R R R

2 4 4l 4y,

j j

Eqg. (31) has been substituted in the first constraint of Eq. (32). As a
result, an equation has been derived which contains the optimal natural
frequency of the dampers and expressed as

(2827472 + 47 gV + 2170 + 27y +2) '+
=203k WYY — AU Y2V Y — 2PV — AN KUY ViV
203K Y3k = R Y — MKV gV — MM Y — WP Yavs |1+ =0
=205k = 20573 = 05Ya = 2HYq¥m = 213 = 217, — Vg — 2
203KV g YiYm + 203KV g Yy + 205 HY gV + 25KY, + 20574 + 22

(33)

The summation of two roots from the Eq. (33) has been derived as

22 (ur 1) (kv + 1) 72
+ (U + 1) (rm+ 1+ (dkre +4)02) 1a
+2uy, +2+ (21<yk + 2) 11‘21

(34)
2(1+ (urm+ 1) 74) (ry +1)

4+, =

Eq. (31) has been substituted in the second constraint of Eq. (32) and
as a result, the summation of two roots is derived as

2, .2 2
PR g v+ 1

Eq. (34) and Eq. (35) are equated and the exact closed-form expression
for the optimal natural frequency of the damper has been derived
as

26 PRV + AKBY SV + 2K Y+ ARHY Vi + 2K V3T
My
AU AT Vi + AU Y+ 2K+ 270 + Ay +2
+ 1YY+ 2 Y = 2MY g =2 =0,

4= 26 WPV Vi YR = KUY gk — 2PV gV + AKUY Y
=2KY4Yk = MYV + AR+ AUV — 214

2(k7 + 1) (WVgVm+ 74 +1)

(”d)opt =

(36)
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Fig. 6. Contours of the optimal frequency ratio of (a) NSIATMFD, (b) NCSIATMFD, (c) NNSIATMFD, and (d) NLSIATMFD. Eq. (36) has been applied for these graphs. The values

of other system parameters are considered: y, = 0.1 and y, = 0.01.

The individual expression for each root, i.e. 1112 and r/;, has been derived
as

3k 13ranyd = 3k wY vt - iy

212K WYY YE = BTAK U YAV — 3TV

—43 KUY gk = 2 Ve = MK HY Y m
L+ py, = 22 2.2 2 2
—MK Y Yk — 3 Y Ym — 20K gk — 20374
—ANT WY Y = MK Yk = Mg MY = MY + 27
\ =+ 2p7,, + 1

HY a2 + 20 gV + MY +¥g + 1

2 _
M2 =
(37)

The closed-form expression for the optimal damping ratio of the damper
has been derived by formulating a mathematical expression and ex-
pressed as

52 + 52

=0 and (fd)op[ =) 42 (38)

2
2
M2

a|x,?
on?

Eq. (30) has been substituted in the first expression of Eq. (38) and the
closed-form expression for optimal damping ratio of the damper has
been derived as

Z\E+ ZyE2+ Z3 =0,

) —Zy+1\|Z2-42,7, (39

(fdl,d2),,i2 = 27,

The closed-form expressions for Z,, Z,, and Z; have been derived
and listed in Appendix. Fig. 6 illustrates the contours of the optimal
frequency ratio across four configurations of novel dampers: Fig. 6(a)
NSIATMFD, Fig. 6(b) NCSIATMFD, Fig. 6(c) NNSIATMFD, and Fig. 6(d)
NLSIATMFD. Each plot evaluates the interplay between the damper
mass ratio and design parameters such as the amplifier angle or am-
plification factor. The results reveal that higher damper mass ratios
generally lead to an increased optimal frequency ratio, improving
the system’s vibration mitigation capabilities. Specifically, the NSI-
ATMFD and NCSIATMFD configurations show smoother transitions in
frequency ratio contours, indicating a more robust performance over a
range of amplification parameters. In contrast, the NNSIATMFD con-
figuration demonstrates sharp gradients, suggesting greater sensitivity
to variations in the primary amplifier angle, especially when ¢, = 70°
and ¢; = 15°. The NLSIATMFD achieves the highest optimal frequency
ratio (~ 1) at high amplification factors, highlighting its superior tuning
capability for larger vibration amplitudes. Overall, these findings em-
phasise the critical role of system design parameters in optimising the
performance of novel dampers, providing a valuable guide for tailored
vibration control applications.

The contours in Fig. 7 present the optimal damping ratio for dif-
ferent configurations of novel dampers: Fig. 7(a) NSIATMFD, Fig. 7(b)
NCSIATMFD, Fig. 7(c) NNSIATMFD, and Fig. 7(d) NLSIATMFD. The
damping ratio contours are mapped as a function of the damper mass
ratio and system-specific parameters such as amplifier angle or ampli-
fication factor. Across all configurations, the damping ratio improves
with higher values of the damper mass ratio, confirming its crucial
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Fig. 7. Contours of the optimal damping ratio of (a) NSIATMFD, (b) NCSIATMFD, (c) NNSIATMFD, and (d) NLSIATMFD. Eq. (38) has been applied for these graphs. The values

of other system parameters are considered: y, = 0.1 and y, = 0.01.

role in energy dissipation. The NSIATMFD and NCSIATMFD show
smoother contour transitions, demonstrating consistent damping be-
haviour over wider ranges of amplifier angles, with the NCSIATMFD
achieving slightly better damping efficiency at specific amplifier angles
(6 = 64°). The NNSIATMFD configuration exhibits a sharp reduction
in damping efficiency outside certain critical primary amplifier an-
gles, making its performance highly sensitive to design variations. The
NLSIATMFD configuration highlights a nearly uniform improvement
in the damping ratio with increasing amplification factor, achieving
a maximum damping ratio of ~ 0.2 for high amplification factors.
These observations emphasise the design flexibility of NLSIATMFD for
effective damping in diverse structural applications.

3. Dynamic response evaluation

The efficiency of the optimal design parameters is investigated by
obtaining dynamic responses of the controlled structures where the
optimal tuning and damping ratios are applied inside the govern-
ing equations of motion. In addition, the damping ratio of the main
structure is considered as 0.01, i.e., & = 0.01 (see Table 3).

3.1. Frequency domain responses

First, harmonic excitation is applied at the base. The H, and H,
optimised conventional tuned mass dampers are considered in this
study to conduct a comparative study between the novel and conven-
tional dampers in terms of vibration reduction. The total static mass

Table 3
The structural parameter of the main structure.
Main structure Governing system parameter Value
&
SDOF system Damping ratio 0.01

of all dampers is maintained the same to make a fair comparison,
i.e., Conventional tuned mass damper one (TMD1): damper mass ratio
(74) = 0.09, Conventional tuned mass damper two (TMD2): damper
mass ratio (7;) = 0.09, NSIATMFD: damper mass ratio (y;) = 0.07, (y,)
= 0.01 ¢ = 40°; NCSIATMFD: 7, = 0.07, (y,) = 0.01, ¢ = 40°, 6 = 64%;
NNSIATMEFD: y, = 0.07, (y,) = 0.01, ¢, = 40°, ¢, = 45°, ¢, = 45°,
and NLSIATMFD: y, = 0.08, (y,) = 0.01, b,/a; = 1, by/a, = 1. These
values are substituted in Eq. (16) and Eq. (17) to obtain the optimal
frequency and damping ratios of the H, optimised novel dampers. To
obtain optimal design parameters for the conventional dampers, the
value of y, is substituted into the well-established closed-form expres-
sions derived by Warburton et al. [23], Zilletti [24], Iwata [25], and
Warburton et al. [23]. Accordingly, The governing system parameters
of the H, optimised tuned mass dampers are listed in Table 4.

Further, for H,, optimised dampers, the total static mass of all
dampers is maintained the same to make a fair comparison, i.e., Con-
ventional tuned mass damper one (TMD1): damper mass ratio (7,) =
0.09, Conventional tuned mass damper two (TMD2): damper mass ratio
(74) = 0.09, NSIATMFD: damper mass ratio (y,) = 0.07, (y,) = 0.01
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Table 4
H, optimised design parameters.

System Introduced by H, optimisation
Na &4

NSIATMFD Eq. (16) and Eq. (17) 0.917102 0.137348
NCSIATMFD Eq. (16) and Eq. (17) 0.901185 0.137912
NNSIATMFD Eq. (16) and Eq. (17) 0.926457 0.137253
NLSIATMFD Eq. (16) and Eq. (17) 0.924723 0.13489

R 1 Via
TMD1 Warburton et al [23],Zilletti [24] N E

1 2474 [ 7a(4+374)

TMD2 Iwata [25], Warburton et al [23] ey 3 )

Conventional tuned mass damper one (TMD1): damper mass ratio (7,) = 0.09, Con-
ventional tuned mass damper two (TMD2): damper mass ratio (7,) = 0.09, NSIATMFD:
damper mass ratio (y,) = 0.07, (y,) = 0.01 ¢ = 40°; NCSIATMFD: y, = 0.07, (y,) = 0.01,
¢ = 40°, 6 = 64°; NNSIATMFD: 7, = 0.07, (7,) = 0.01, ¢, = 40°, ¢, = 45°, ¢, = 45°, and
NLSIATMFD: 7, = 0.08, (7,) = 0.01, b,/a, = 1, by/a, = 1.

Table 5
H,, optimised design parameters.

System Introduced by H_, optimisation
Ny &4
NSIATMFD Eq. (36) and 0.679318 0.183966
Eq. (38)
NCSIATMFD Eq. (36) and 0.691957 0.186608
Eq. (38)
NNSIATMFD Eq. (36) and 0.742293 0.181565
Eq. (38)
NLSIATMFD Eq. (36) and 0.859795 0.144566
Eq. (38)
TMD1 Ormondroyd and = =71
+a 8(1+74)
Den Hartog [26]
Nishihara and
Asami [27]
L [T
TMD2 Krenk [28] T )

Conventional tuned mass damper one: damper mass ratio (7,) = 0.09, Conventional
tuned mass damper two: damper mass ratio (7,) = 0.09, NSIATMFD: damper mass
ratio (y,) = 0.07, (y,) = 0.01 ¢ = 10°; NCSIATMFD: y, = 0.07, (y,) = 0.01, ¢ = 10°,
0 = 64°; NNSIATMFD: y, = 0.07, (y,) = 0.01, ¢, = 10°, ¢, = 45°, ¢, = 45°, and
NLSIATMEFD: y, = 0.08, (y,) = 0.01, b,/a, =1, b,/a, =2.

¢ = 40° NCSIATMFD: 7, = 0.07, (y,) = 0.01, ¢ = 40°, 6 = 64%
NNSIATMFD: y, = 0.07, (y,) = 0.01, ¢, = 40°, ¢, = 45°, b, = 45°,
and NLSIATMFD: y, = 0.08, (y,) = 0.01, b,/a; = 1, by/a, = 1. These
values are substituted in Eq. (36) and Eq. (38) to obtain the optimal
frequency and damping ratios of the H_ optimised novel dampers.
To obtain optimal design parameters for the conventional dampers,
the value of 7, is substituted into the well-established closed-form
expressions derived by Ormondroyd and Den Hartog [26], Nishihara
and Asami [27], and Krenk [28]. Accordingly, the governing system
parameters of H_ optimised novel and conventional dampers are listed
in Table 5.

The frequency domain responses are obtained using the above-
mentioned design parameters and forming frequency response func-
tion. Accordingly, the dynamic responses of the structures controlled
by the H, and H,, optimised novel and conventional dampers are
shown in Fig. 8(a) and Fig. 8(b). The maximum displacement of
the uncontrolled structure has been derived as 50. In Fig. 8(a), the
maximum displacements of the main structures are controlled by
H, optimised TMD1, TMD2, NSIATMFD, NCSIATMFD, NNSIATMFD,
and NLSIATMFD have been determined as 6.8995, 6.3272, 5.3477,
5.4196, 5.2974, and 5.7782. Hence, H, optimised NSIATMFD, NC-
SIATMFD, NNSIATMFD, and NLSIATMFD are significantly 22.49%,
21.45%, 23.22%, and 16.25% superior to the H, optimised conven-
tional TMD. In addition, according to Fig. 8(b), the maximum displace-
ments of the main structures are controlled by H_, optimised TMD1,
TMD2, NSIATMFD, NCSIATMFD, NNSIATMFD, and NLSIATMFD have
been determined as 5.4249, 5.3939, 4.4027, 4.2034, 3.8777, and
5.2111. Hence, H_, optimised NSIATMFD, NCSIATMFD, NNSIATMFD,
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and NLSIATMFD are significantly 18.84%, 22.52%, 28.52%, and 3.94%
superior to the H_, optimised conventional TMD.

Now, Clough-Penzien power spectrum, which is a modified version
of the popular Kanai-Tajimi spectrum, is considered for the loading
function to represent the base excitation. This consideration is helping
to validate the performed methodology across a broader range of
seismic excitation scenarios.

4 2.2 2
o 5/.+4Cfefa) ot
vg—SO 5 5
2 _ .2 222 (.2 _ 2 2622
(sf w) +4Cfsfw (sg w) +4Cgsga)
4 _4p2.2 2 (40)
_s £y —LEra q*
=9

2 2
2 2\ _ar2:2,2 (202 —ar2.242
(£f+q ) 4{,’f£fq (5g+q ) 4Cg£gq

where S, and ¢ = iw define the power spectral density for random
noise. {; and ¢, define the damping capacity and natural frequency
of the soil layer. A second filter gives a limited power output for the
ground displacement by using the parameters ¢, and {,. Since the
second quotient £, < & reaches unity very soon, the second filter only
affects very low-range frequencies. The filter parameter values to study
locations with firm, medium, and soft soils are taken from [29]. Firm
soil is considered for this study.

The dynamic responses of the structures controlled by the H, and
H, optimised novel and conventional dampers subjected to random
excitation are shown in Fig. 9(a) and Fig. 9(b). In Fig. 9(a), the
maximum displacements of the main structures are controlled by H,
optimised TMD1, TMD2, NSIATMFD, NCSIATMFD, NNSIATMFD, and
NLSIATMFD have been determined as 1.0690 x 107 dB/Hz, 8.3528 x
10° dB/Hz, 5.8581 x 10° dB/Hz, 6.1718 x 105 dB/Hz, 6.5892 x 10° dB/Hz,
and 7.3794x10° dB/Hz. Hence, H, optimised NSTATMFD, NCSIATMFD,
NNSIATMFD, and NLSIATMFD are significantly 45.20%, 42.26%,
38.36%, and 30.96% superior to the H, optimised conventional TMD.
In addition, according to Fig. 9(b), the maximum displacements of
the main structures are controlled by H_ optimised TMD1, TMD2,
NSIATMFD, NCSIATMFD, NNSIATMFD, and NLSIATMFD have been de-
termined as 1.6444x 107 dB/Hz, 6.1116x 10° dB/Hz, 6.3325x 10° dB/Hz,
4.4208 x 10° dB/Hz, 3.9661 x 10° dB/Hz, and 3.3336 x 10° dB/Hz.
Hence, H, optimised NSIATMFD, NCSIATMFD, NNSIATMFD, and
NLSIATMEFD are significantly 27.66%, 35.10%, 45.45%, 2.86% superior
to the H, optimised conventional TMD.

In addition, it is observed that the controlled curves start so high
with respect to the uncontrolled response in Fig. 9. The high starting
point of the controlled curves in Fig. 9 compared to the uncontrolled
response can be attributed to the nature of the input excitation and
the immediate engagement of the dampers. Specifically, the Clough-
Penzien power spectrum introduces a broad frequency range with
varying amplitudes, simulating seismic excitations that activate the
dampers immediately. The initial high response reflects the transient
phase, during which the dampers adapt to the input energy distribution.
To provide further clarity, Fig. 10 has been included. It demonstrates
the dynamic responses of the uncontrolled and controlled structures
with and without the influence of the Clough-Penzien power spectrum.
Fig. 10(a) depicts the system’s response with the Clough—Penzien power
spectrum, which models realistic seismic ground motion, accounting for
both soil damping and filtering effects. This power spectrum introduces
a broader frequency range and amplitude variations, reflecting the
complexity of actual seismic excitations. The dampers are shown to
effectively suppress vibrations, with their performance influenced by
the characteristics of the input excitation. In contrast, Fig. 10(b) shows
that the controlled curves start with the same amplitudes with respect
to the uncontrolled response. For this figure, it is considered that
the controlled structures are subjected to random excitations without
considering the Clough-Penzien spectrum. Here, the response lacks
the specific spectral characteristics imparted by the power spectrum,
offering a baseline comparison of the dampers’ performance under
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Table 6

The near-field earthquake records.
Earthquake Year M, Recording station V3o (m/s) Component E, (km) PGA,g
Irpinia, Italy-01 1980 6.9 Sturno 1000 MULO009 30.4 0.31
Superstition Hills-02 1987 6.5 Parachute Test Site 349 SUPERST 16.0 0.42
Loma Prieta 1989 6.9 LOMAP 371 HEC000 27.2 0.38
Erzican, Turkey 1992 6.7 Erzincan 11 275 ERZIKAN 9.0 0.49
Cape Mendocino 1992 7.0 CAPEMEND 713 NIS090 4.5 0.63
Landers 1992 7.3 Lucerne 685 LANDERS 44.0 0.79
Northridge-01 1994 6.7 Rinaldi Receiving Sta 282 NORTHR 10.9 0.87
Kocaeli, Turkey 1999 7.5 Izmit 811 KOCAELIL 5.3 0.22
Chi-Chi, Taiwan 1999 7.6 TCU065 306 CHICHI 26.7 0.82
Chi-Chi, Taiwan 1999 7.6 TCU102 714 CHICHI 45.6 0.29
Duzce, Turkey 1999 7.1 Duzce 276 DUZCE 1.6 0.52

T
Irpinia, Italy-01 (1980)
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Loma Prieta (1989)

Erzican, Turkey (1992)

Cape Mendocino (1992)
Landers (1992)

Northridge-01 (1994)
Kocaeli, Turkey (1999) B
== Chi-Chi, Taiwan (1999)
Chi-Chi, Taiwan (1999)
Duzce, Turkey (1999)

T
Near field records with pulses
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Time period (s)

Fig. 11. The response spectra of near-field earthquake records.

simplified random input. The Clough-Penzien power spectrum signifi-
cantly affects the vibration mitigation capacity by simulating realistic
seismic conditions. The inclusion of this spectrum demonstrates the
dampers’ robustness and adaptability to real-world scenarios, highlight-
ing their superior performance in attenuating vibrations under complex
seismic loads.

3.2. Time history results

The real earthquake ground motions are considered to validate
the performed methodology across a broader range of actual seismic
excitation scenarios. The primary structure has a mass of 3000 tons,
represented as m, = 3000 tons. The structure’s time period is specified as
0.5 s, represented as T, = 0.5 seconds. The calculation of the structure’s
natural frequency relies on its time period, represented as w, = 27z /T;.
The viscous damping ratio of the fundamental structure is assumed to
be 0.01, represented as & = 0.01. The near-field earthquake record
with pulses is selected from PEER Database [30] and the details are
listed in Table 6. Near-field earthquakes with pulses provide a greater
danger to buildings than far-field earthquakes. Consequently, the nu-
merical analysis intended to assess the vibration attenuation efficacy of
each damper utilises near-field earthquake recordings characterised by
pulses with a prominent vertical component. The near-field earthquake
records with pulses spectra are shown in Fig. 11 and the damping factor
is considered 5%. The displacement responses of the main structures
are controlled by the NSIATMFD, NCSIATMFD, NNSIATMFD, and NL-
SIATMFD subjected to Northridge earthquake have been obtained and
shown in Fig. 12(a), Fig. 12(b), Fig. 12(c), and Fig. 12(d). Accord-
ing to these figures, the maximum displacements of the uncontrolled
structures are evaluated as 0.0143 m. The maximum displacement
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of the structures controlled by the TMD is evaluated as 0.0141 m.
The maximum displacements of the main structures controlled by the
NSIATMFD, NCSIATMFD, NNSIATMFD, and NLSIATMFD have been
evaluated as 0.0134 m, 0.0134 m, 0.0135 m, and 0.0134 m. After
comparing the results of conventional and novel damper’s controlled
structures, it has been found that the novel dampers are 4.96% superior
to the conventional dampers in terms of vibration reduction capacity.
Similarly, the displacement responses are also evaluated for other
considered earthquakes and listed in Table 7.

The average maximum displacement amplitude of structures con-
trolled by the conventional and novel dampers are compared from
Table 7 and substituted in Eq. (41) to obtain the displacement response
reduction capacity of each novel damper.

max\CD _ ( max\ND
((a) (1) >X100

(ogex) <P

D, (%) = (41

where (v )CD and (vmex )ND define the maximum displacements of
the structures controlled by the conventional and novel dampers. After
the substitution, it has been found that the NSIATMFD, NCSIATMFD,
NNSIATMFD, and NLSIATMFD have 15.30%, 15.16%, 15.59%, and
15.59% more displacement reduction capacity than the conventional
dampers. The acceleration responses of the main structures are con-
trolled by the NSIATMFD, NCSIATMFD, NNSIATMFD, and NLSIATMFD
subjected to Northridge earthquake have been obtained and shown
in Fig. 13(a), Fig. 13(b), Fig. 13(c), and Fig. 13(d). According to
these figures, the maximum accelerations of the uncontrolled struc-
tures are evaluated as 2.3913 m/s’>. The maximum displacement of
the structures controlled by the TMD is evaluated as 1.6662 m/s.
The maximum displacements of the main structures controlled by the
NSIATMFD, NCSIATMFD, NNSIATMFD, and NLSIATMFD have been
evaluated as 1.2623 m/s?, 1.2555 m/s, 1.2675 m/s?, and 1.2573 m/s>.
After comparing the results of conventional and novel damper’s con-
trolled structures, it has been found that the novel dampers are 24.24%,
24.64%, 23.92%, and 24.54% superior to the conventional dampers
in terms of vibration reduction capacity. The average maximum ac-
celeration amplitude of structures controlled by the conventional and
novel dampers are compared from Table 8 and substituted in Eq. (42)
to obtain the acceleration response reduction capacity of each novel
damper.

max\CD [ max\ND
Aﬁx(%)=<(vs )~ - () >><100

()P

(42)

where (U;“‘”‘)CD and (pmex )ND define the maximum accelerations of
the structures controlled by the conventional and novel dampers. After
the substitution, it has been found that the NSIATMFD, NCSIATMFD,
NNSIATMFD, and NLSIATMFD have 17.61%, 17.49%, 17.70%, and
17.52% more acceleration reduction capacity than the conventional
dampers.
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Fig. 12. The displacement responses of the main structures are controlled by the (a) NSIATMFD, (b) NCSIATMFD, (c) NNSIATMFD, and (d) NLSIATMFD subjected to Northridge

earthquake. .

Table 7

The maximum displacement responses of the uncontrolled structure and structures controlled by conventional, novel dampers.
Earthquake o"e (m)

Uncontrolled TMD NSIATMFD NCSIATMFD NNSIATMFD NLSIATMFD

Irpinia, Italy-01 0.0059 0.0051 0.0043 0.0043 0.0042 0.0043
Superstition Hills-02 0.0082 0.0055 0.0040 0.0041 0.0040 0.0041
Loma Prieta 0.0055 0.0040 0.0034 0.0034 0.0034 0.0034
Erzican, Turkey 0.0066 0.0064 0.0055 0.0055 0.0054 0.0055
Cape Mendocino 0.0117 0.0082 0.0080 0.0080 0.0080 0.0080
Landers 0.0041 0.0035 0.0024 0.0024 0.0024 0.0024
Northridge-01 0.0143 0.0141 0.0135 0.0134 0.0135 0.0134
Kocaeli, Turkey 0.0044 0.0039 0.0023 0.0024 0.0023 0.0024
Chi-Chi, Taiwan 0.0088 0.0069 0.0051 0.0051 0.0050 0.0051
Chi-Chi, Taiwan 0.0063 0.0051 0.0043 0.0043 0.0043 0.0043
Duzce, Turkey 0.0110 0.0072 0.0064 0.0064 0.0065 0.0064
Average 0.007891 0.006355 0.005382 0.005391 0.005364 0.005391

4. Summary and conclusions

This paper introduces innovative nonlinear stiffened inertial am-
plifier tuned mass friction dampers (NSIATMFDs) and their three ad-
vanced variants: nonlinear compound (NCSIATMFD), nested (NNSI-
ATMFD), and levered (NLSIATMFD) designs. These novel dampers
integrate stiffness and mass amplification mechanisms to overcome
the limitations of conventional tuned mass dampers (TMDs) in terms
of narrow frequency bandwidth and limited adaptability. Through H,
and H_ optimisation strategies, exact closed-form solutions for the
optimal parameters of these dampers were derived. Frequency domain
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responses under harmonic and random noise excitations, validated
using the Newmark-beta method, demonstrated significant improve-
ments in vibration mitigation capabilities. Comparative analyses using
near-field earthquake records further highlighted their effectiveness in
reducing structural responses. The proposed designs consistently out-
performed conventional TMDs in terms of vibration reduction capacity,
with improvements of up to 24.54% under seismic excitations.
Key contributions of this research include:

« Integration of stiffness amplification elements for extended fre-
quency control.
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Fig. 13. The acceleration responses of the main structures are controlled by the (a) NSIATMFD, (b) NCSIATMFD, (c) NNSIATMFD, and (d) NLSIATMFD subjected to Northridge
earthquake.

Table 8

The maximum acceleration responses of the uncontrolled structure and structures controlled by conventional, novel dampers.
Earthquake imex (m/s?)

Uncontrolled TMD NSIATMFD NCSIATMFD NNSIATMFD NLSIATMFD

Irpinia, Italy-01 0.7932 0.4229 0.4159 0.4180 0.4144 0.4174
Superstition Hills-02 1.1648 1.0516 0.7295 0.7321 0.7273 0.7315
Loma Prieta 0.8531 0.7244 0.6050 0.6053 0.6049 0.6052
Erzican, Turkey 0.9524 0.7843 0.7653 0.7663 0.7645 0.7661
Cape Mendocino 1.6169 1.5511 1.4517 1.4532 1.4506 1.4528
Landers 1.2678 1.0256 0.8429 0.8463 0.8404 0.8454
Northridge-01 2.3913 1.6662 1.2623 1.2555 1.2675 1.2573
Kocaeli, Turkey 0.7072 0.6311 0.4008 0.4012 0.4002 0.4011
Chi-Chi, Taiwan 1.3977 0.8792 0.6945 0.6994 0.6909 0.6981
Chi-Chi, Taiwan 0.8644 0.5646 0.4984 0.5020 0.4958 0.5011
Duzce, Turkey 1.8135 1.0309 0.8457 0.8449 0.8463 0.8451
Average 1.256573 0.939264 0.773818 0.774927 0.772982 0.774645
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» Enhanced energy dissipation through frictional damping mecha-
nisms.

* Robust performance across diverse dynamic conditions, including
seismic applications.

These findings establish the proposed dampers as a promising solu-
tion for modern engineering challenges, offering efficient and adaptive
vibration control for structures subjected to broadband and unpre-
dictable excitations. Future work may explore applications to multi-
degree-of-freedom systems to expand their applicability further.
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Appendix. The closed-form expressions of Z;, Z,, and Z; from
Eq. (39)

The closed-form expressions of Z,, Z,, and Z; from Eq. (39) are
listed below.

4 3
Z, = =32yl (e + 1) (ra¥m + 74 +1) (ﬂnizmm g+, — 1) .

(A1)

ma il (kric+ 1) (ur+ 1) 7
202 (=260 =2) i + (1 + 1) 12,
(7, =4) (v + 1) (er+ 1)

(urm+ 1) (12, 1)
6 (kv + 1)2;1§
=6n1, (k7 +1) (urm + 1) 15 |2
(i +1)” (8, = )
28, = 2) (kre+ 1)

2| -3 (nf,z - i) (Hrm +1) (k7 + 1) iy

—16n%
Zy= a

2( 2 1\2 5
+ (urm+1) (n1,2—5> i,
(MYm+1)7a
2
(= 1) (xne= 1) 2+ (v + 1) 72, )

(rw +1)° n,

(A.2)
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(= Gere 1) (a4 1) 7402, = 1) 3 402, (i +1) (2, = 1))
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