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A B S T R A C T

Although local resonance mechanisms are effective for subwavelength wave control, their use in broadband low- 
frequency vibration attenuation is fundamentally constrained by the mass-stiffness trade-off. In this study, we 
report a novel virtual locally resonant (VLR) band gap that overcomes this limitation by producing resonant 
behavior through mode transitions rather than by discrete physical resonators. Firstly, using a lumped-parameter 
model and finite element analysis, we show that the chirality variations between isotactic and syndiotactic 
lattices with compression-torsion coupling induce mode transitions that strongly influence band gap formation. 
Inspired by this insight, chirality-removed defects are introduced into an isotactic lattice. The resulting imped
ance mismatch at periodic interfaces forces longitudinal waves to convert into pure torsional resonances local
ized at the defects, yielding a band gap that exhibits the antiresonance peak and subwavelength characteristics of 
conventional locally resonant (LR) gaps. Crucially, since the resonance emerges virtually from mode transition, 
the proposed mechanism eliminates the need for heavy physical resonators. A systematic parametric study 
demonstrates flexible tunability of the VLR band gap via rotational inertia and torsional stiffness, and further 
shows that graded designs enable the overlap of discrete gaps to achieve ultra-broadband attenuation. Finally, 
the numerical predictions were validated experimentally, and a lightweight graded prototype achieved an ultra- 
wide low-frequency suppression band spanning 170.6–1933.6 Hz. This VLR mechanism offers a new pathway to 
lightweight, high-stiffness metamaterials for broad low-frequency vibration suppression.

1. Introduction

Mechanical vibrations are pervasive in engineering systems such as 
civil infrastructure, transportation equipment, and industrial environ
ments, where they can critically affect structural safety, ride comfort, 
and operational precision [1–4]. Recently, artificially designed meta
materials with unconventional mechanical and physical properties have 
emerged as an effective approach for vibration mitigation. Their band 
gap suppresses wave propagation while maintaining load-bearing ca
pacity [5], which makes them highly attractive for vibration and noise 
attenuation [6–9], filtering [10–12], and wave-guiding applications 
[13–15].

Two classical band-gap formation mechanisms, i.e., Bragg scattering 
(BS) and local resonance (LR), have been established for elastic and 
acoustic wave manipulation. BS band gaps result from periodic 

impedance mismatches that produce destructive interference, enabling 
simple designs and broadband attenuation [16,17]. However, the 
attenuation strength is limited, and achieving subwavelength control 
typically requires large lattice constants or low-modulus materials, 
which impose space and stability constraints [18,19]. To address these 
limitations, designs such as truss-based lattices [20,21] and lattice 
sandwich structures [22–24] have been proposed to reduce lattice size 
while improving the strength-to-weight ratio. In contrast, LR band gaps 
arise from out-of-phase motion between resonators and the host struc
ture, enabling strong low-frequency attenuation in compact lattices 
without compromising static stiffness [25–27]. However, these band 
gaps are commonly narrow, and bandwidth enlargement often relies on 
increasing resonator mass or the volume filling fraction, which raises 
system mass and complicates fabrication at small scales [28,29]. 
Accordingly, strategies including multi-degree-of-freedom resonators 
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[30–33], graded configuration [34–37], nonlinear resonators [38–41], 
and hybrid Bragg-resonant band gaps [42–45] have been explored to 
broaden attenuation bands. Despite these advances, complex resonator 
designs substantially increase fabrication complexity, and the trade-off 
among lightweight, compactness, high stiffness, and broadband 
low-frequency attenuation remains a major challenge.

Compression-torsion coupled chiral metamaterials (chiral meta
materials, for short), capable of converting axial translational loads into 
torsional motion, were first proposed in 2017 [46] and offer a promising 
route for broadband low-frequency wave control. The 
compression-torsional coupling effect introduces an additional rota
tional inertia, effectively amplifying the equivalent mass and signifi
cantly lowering band-gap onset frequencies [47–50]. The resulting band 
gaps have widths and attenuation levels comparable to those of BS and 
LR gaps, respectively [51–53]. Existing studies on chiral metamaterials 
fall into two broad categories. The first focuses on accurate modeling, 
including beam- or rod-based derivations of strain-torsion relations in 
chiral ligaments [54,55], derivations of coupling coefficients that ac
count for large ligament deflections [56], and lumped-parameter models 
formulated via Lagrangian methods [57,58]. However, neglect of the 
coupled dynamic stiffness induced by ligament deformation generally 
restricts these models to predicting local single-mode behaviour and 
reduces their accuracy at higher frequencies. To this end, the finite 
element method [59,60] and the extended spectral element method [61,
62] have been developed to capture the synergistic effects of 
rigid-flexible interaction and compression-torsion coupling.

The second category concerns band gap formation and wave prop
agation mechanisms. Drawing inspiration from tacticity in polymer 
science [63], isotactic and syndiotactic arrangements have been used to 
describe identical and opposite chirality orientations of adjacent units, 
which strongly affect the dynamic responses without altering static mass 
and stiffness [64–66]. Recent studies further indicate that inertia 
amplification, although beneficial for low-frequency broadband atten
uation, is not the fundamental origin of band gaps [67]. Instead, a 
Thomson-scattering-like mechanism, associated with changes in modal 
polarization and the resulting destructive interference, has been pro
posed [67,68]. Compression-torsion coupling band gaps can also be 
combined with bending-shear coupling to achieve an omnidirectional 
wide band gap [57,69]. Furthermore, tacticity-induced local 
non-periodicity gives rise to novel wave phenomena. For instance, to
pological design strategies have enabled low-frequency torsional topo
logically protected interface states at interfaces between chiral 
metamaterials [70,71], and further studies on isotactic and syndiotactic 

configurations have revealed two distinct types of interface states [72]. 
Defect engineering via local geometry modulation has been shown to 
generate fully polarized defect states that respond to low-frequency 
orthogonal excitations, facilitating three-dimensional low-frequency 
energy harvesting [73]. Overall, by coupling translational and torsional 
wave motions, chiral metamaterials open new opportunities for broad
band, low-frequency vibration suppression and multifunctional wave 
manipulation.

In this work, a defective chiral metamaterial capable of broadband 
low-frequency vibration attenuation through a virtual local resonance 
mechanism is proposed. The metamaterial is constructed from an 
isotactic arrangement of chiral unit cells, in which defects that remove 
chirality are introduced by embedding vertical rods. Unlike previous 
studies on defect metamaterials, which primarily aim to generate 
spatially localized modes within pre-existing band gaps and tailor defect 
states with multiple [74,75] or low-frequency characteristics [76–78], 
the present study reveals that chirality-removed defects induce an 
interface impedance mismatch within an isotactic lattice and thereby 
trigger a mode transition. This transition converts a propagating global 
longitudinal wave into a localized torsional resonance. As a result, a 
band gap emerges due to the strong attenuation of longitudinal energy 
under localized resonance. Similar to conventional LR band gaps, the 
resulting band gap enables efficient vibration suppression and flexible 
subwavelength wave manipulation. However, unlike traditional LR 
mechanisms that rely on periodically distributed physical resonators 
oscillating out of phase with the host structure, the proposed mechanism 
requires only a few defect units, which act as a virtual (equivalent) local 
resonator through mode transition. This feature effectively reconciles 
the inherent trade-offs of conventional approaches among broadband 
attenuation, small lattice constants, and lightweight design. Accord
ingly, we therefore refer to this gap as a virtual locally resonant band 
gap, where “virtual” emphasizes the absence of a physical resonator. In 
the following, the dynamic characteristics of the VLR band gap are 
systematically investigated through theoretical analysis, numerical 
simulations, and experimental validation.

This paper is organized as follows. Section 2 introduces theoretical 
models of non-chiral and chiral diatomic lattices, focusing on the effects 
of chirality orientation on mode transitions and dynamics. Section 3
presents the design of the defective chiral metamaterial, elucidates the 
VLR band-gap formation mechanism, and discusses its similarities to and 
differences from conventional local resonance. The superior broadband 
low-frequency performance is further demonstrated through parametric 
analysis and a graded configuration example. Section 4 experimentally 

Fig. 1. (a) Schematic of the non-chiral lattice unit; (b) Steady-state FE analysis of the non-chiral lattice unit; (c) LPM of the non-chiral lattice unit; (d) LPM of the 
diatomic non-chiral chain; (e) Band structure of the diatomic non-chiral chain computed using the LPM and the FEM. The torsional-mode energy fraction is color- 
mapped in the FEM results according to the torsional polarization factor.
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validates the numerical results and confirms the VLR band gap. Section 5
concludes the paper.

2. Dynamics of non-chiral and chiral lattices

This study demonstrates how an isotactic lattice containing a 
chirality-removed defect induces a VLR band gap. Before delving into 
this mechanism, this section reviews the wave characteristics of non- 
chiral and chiral lattices using lumped-parameter models (LPMs) and 
finite element models (FEMs). Two aspects are briefly summarized: (1)
the compression-torsion coupling inherent to chiral lattices and its 
tendency to lower modal frequencies; and (2) the concept of mode 
transition and its influence on wave propagation.

2.1. Non-Chiral lattice characteristics

The non-chiral lattice unit is shown in Fig. 1(a). It comprises two 
discs (top and bottom) connected by four vertically aligned rods that are 
symmetrically arranged around the central axis. The spacing between 
adjacent rods is denoted as D, leading to the diameter of the circular 

loopD =
̅̅̅
2

√
D. The rod diameter is d. Other geometric parameters are 

labeled in Fig. 1(a). The slender rods are modeled as elastic elements 
able to undergo longitudinal extension/compression and torsional mo
tion. Bending and higher-order vibration modes are neglected. The discs 
are treated as rigid bodies. The COMSOL result in Fig. 1(b) shows that, 
when a prescribed displacement along the z-axis is applied to the top 
disc while the bottom block is fixed, the response is essentially axial. For 
analytical convenience, the non-chiral unit is idealized by a lumped- 
parameter model shown in Fig. 1(c), consisting of a mass m, a trans
lational stiffness ka, and a torsional stiffness τa. The effective stiffness of 
the vertical rod can be estimated by [54]: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ka =
πnEd2

4l

τa =
3πnD2Ed4

16l
[
4l2 + 6λ(1 + ν)d2

]+
πnEd4

64(1 + ν)l,
(1) 

where n denotes the number of rods, E and ν represent the Young’s 
modulus and Poisson’s ratio of the rods, respectively. l is the rod length 
(equal to h in the non-chiral unit). The correction factor λ = 10/9 

Table 1 
Material and geometric properties of the metamaterial lattice.

Dm (cm) hm (cm) D(cm) θa (◦) θc (◦) d (cm) h (cm) E (Gpa) ρ (kg/m3) v

6 0.8 3 90 45 0.36 3 2.4e9 1300 0.41

Fig. 2. (a) Schematic of the chiral lattice unit; (b) Steady-state FE analysis of the chiral lattice unit; (c) LPM of the chiral lattice unit; (d) LPM of the diatomic chiral 
chain; (e) Schematics of the isotactic and syndiotactic lattices. The symbols “+” and “-” indicate left-hand and right-hand chirality, respectively; (f) Band structure of 
the ISLs computed using the LPM and the FEM; (g) Band structure of the SYLs computed using the LPM and the FEM. The blue shaded region denotes the band gap 
induced by elastic Thomson scattering.
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accounts for the inhomogeneous shear force distribution along the rod’s 
cross-section. Eq. (1) is derived based on the Euler-Bernoulli beam 
theory and is valid under the geometric conditions l/d ≥ 10 and D/d ≥
10.

To clarify differences in wave propagation between non-chiral and 
chiral configurations, band structures are computed from both the LPM 
and FE simulations. The diatomic nonchiral chain is considered, and its 
LPM under axis and torsional excitation about the z-axis is shown in 
Fig. 1(d). The equation of motion for the j-th unit cell is derived as 
follows: 

m
d2ua,1

(j)

dt2 = ka
(
ua,2

(j) − ua,1
(j))+ ka

(
ua,2

(j− 1) − ua,1
(j)), (2) 

J
d2φa,1

(j)

dt2 = τa
(
φa,2

(j) − φa,1
(j))+ τa

(
φa,2

(j− 1) − φa,1
(j)), (3) 

m
d2ua,2

(j)

dt2 = ka
(
ua,1

(j) − ua,2
(j))+ ka

(
ua,1

(j+1) − ua,2
(j)), (4) 

J
d2φa,2

(j)

dt2 = τa
(
φa,1

(j) − φa,2
(j))+ τa

(
φa,1

(j+1) − φa,2
(j)), (5) 

where m and J = 1/2m(Dm/2)2are the mass and rotational inertia of the 
disc. ua and φa denote the translational and torsional displacements of 
the non-chiral unit, respectively. The subscripts 1 and 2 refer to the first 
and second sublattices within each unit cell. The geometric and material 
parameters listed in Table 1 are used, from which the translational and 
torsional stiffnesses are calculated as ka = 3257.2 kN/m, and τa = 17.18 
N⋅m/rad. According to Bloch’s theorem, the harmonic wave solutions 
are assumed to have the form: 
{

ua,n
(j) = Ua,nei(jq− ωt)

φa,n
(j) = Φa,nei(jq− ωt),

(6) 

where n = 1, 2 indexes the sublattices, q is the Bloch wave vector, Ua,n 

and Φa,n are complex amplitude coefficients. Substituting Eq. (6) into 
Eqs. (2)- (5) yields the standard matrix eigenvalue problem: 
(
K − ω2M

)
u = 0. (7) 

Solving Eq. (7) yields the band structure ω(q) within the first irreducible 
Brillouin zone, as shown in Fig. 1(e). It is seen that the bands fold back 
into the irreducible Brillouin zone due to the diatomic chain, producing 
degenerate Dirac points [79,80] at the zone edges. The discrete markers 
indicate FEM results calculated by COMSOL Multiphysics 6.1. To high
light the mode polarization, we adopt the torsional polarization factor λ 
from [72], which quantifies the fraction of torsional energy in each 
mode as follows: 

λ =

∫

Vd
J(|φz|)

2dVd
∫

Vd

[
J(|φz|)

2
+ m(|uz|)

2
]
dVd

, (8) 

where Vd is the volume of the discs in the unit cell, and uz, φz are the 
translational and torsional displacement components along the z-axis. 
The torsional polarization factor λ, which ranges from 0 to 1, is mapped 
onto the band diagram using a colormap, with both translational and 
torsional modes colored according to their λ. Points in deep red indicate 
nearly pure torsional modes (i.e., λ ≈ 1), and deep blue points corre
spond to nearly pure translational modes (i.e., λ ≈ 0). In addition, to 
present the complete band structure, other irrelevant eigenmodes, such 
as bending or nonlinear deformation modes, are shown in gray. The 
pronounced red-blue separation shown in Fig. 1(e) confirms that 
translational and torsional motions are effectively decoupled in the non- 
chiral lattice. Mode shapes at the degenerate Dirac points A1 and A2 are 
presented as evidence of this decoupling, with arrows denoting the di
rection of motion.

2.2. Chiral lattice characteristics

Fig. 2(a) illustrates the chiral lattice unit, comprising two discs 
connected by four inclined rods arranged in a chiral configuration. Due 
to the slender geometry of the rods, the non-circular contact area at the 
rod-mass interface is negligible, and the rod diameter is taken as d. The 
angle between each rod and the horizontal plane of the disc is denoted as 
θc. Additional geometric relationships are labeled in Fig. 2(a). In 
contrast to the non-chiral design, the chiral geometry couples the 
orthogonal translational and torsional motions under axial and/or 
rotational loading, producing a compression-torsion coupling effect, as 
shown in the FEM result (Fig. 2(b)). Accordingly, the chiral unit is 
represented by the LPM in Fig. 2(c), where kc, τc, and ξ are the trans
lational stiffness, torsional stiffness, and the compression-torsional 
coupling coefficient, respectively. These parameters can be theoreti
cally estimated as follows [54]: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

kc =
πnEd2

[
4l2sin2θc + 3d2cos2θc + 6λ(1 + ν)d2sin2θc

]

4l
[
4l2 + 6λ(1 + ν)d2

]

τc =
πnEd2

[
4l2cos2θc + 3d2sin2θc + 6λ(1 + ν)d2cos2θc

](
D2 − l2cos2θc

)

16l
[
4l2 + 6λ(1 + ν)d2

]

ξ =
πnEd2

[
4l2 − 3d2 + 6λ(1 + ν)d2

]
sinθccosθc

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D2 − l2cos2θc

√

8l
[
4l2 + 6λ(1 + ν)d2

] .

(9) 

The LPM of a diatomic chiral chain is depicted in Fig. 2(d), and the 
equation of motion for the j-th unit can be derived as [72]: 

m
d2uc1

(j)

dt2 = kc
(
uc2

(j) − uc1
(j))+ kc

(
uc2

(j− 1) − uc1
(j))+ ξ1

(
φc2

(j) − φc1
(j))

+ ξ2
(
φc2

(j− 1) − φc1
(j)),

(10) 

J
d2φc1

(j)

dt2 = ξ1
(
uc2

(j) − uc1
(j))+ ξ2

(
uc2

(j− 1) − uc1
(j))+ τc

(
φc2

(j) − φc1
(j))

+ τc
(
φc2

(j− 1) − φc1
(j)),

(11) 

m
d2uc2

(j)

dt2 = kc
(
uc1

(j) − uc2
(j))+ kc

(
uc1

(j+1) − uc2
(j))+ ξ1

(
φc1

(j) − φc2
(j))

+ ξ2
(
φc1

(j+1) − φc2
(j)),

(12) 

J
d2φc2

(j)

dt2 = ξ1
(
uc1

(j) − uc2
(j))+ ξ2

(
uc1

(j+1) − uc2
(j))+ τc

(
φc1

(j) − φc2
(j))

+ τc
(
φc1

(j+1) − φc2
(j)),

(13) 

where uc and φc are the translational and rotational displacements of the 
chiral unit. Compared to the non-chiral one, the chiral lattice exhibits 
two main advantages. First, torsional motion significantly increases the 
effective inertial mass of the unit cell through an inertia amplification 
effect, which lowers its natural frequencies. Second, compression- 
torsion coupling allows translational and torsional motions to interfere 
within certain frequency bands, producing band gaps. Importantly, the 
band gaps are highly sensitive to the chirality orientation. To be specific, 
Fig. 2(e) presents diatomic chiral lattices with different chirality ar
rangements. Following the concept of tacticity in polymer science, these 
configurations are classified as an isotactic lattice (ISL, for short) and a 
syndiotactic lattice (SYL) [65]. In an ISL (left panel of Fig. 2(e)), all unit 
cells share the same left-handed chirality, denoted by ‘+’. In contrast, in 
a SYL (right panel of Fig. 2(e)), the unit cells exhibit an alternating 
chirality sequence. Although ISLs and SYLs possess identical static mass 
and stiffness distributions, their dynamic responses differ markedly: 
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SYLs are known to produce wide low-frequency band gaps under axial or 
torsional excitation, a phenomenon that has been attributed to an elastic 
Thomson scattering mechanism [68].

To illustrate this, band structures of the ISL and SYL are computed 
from Eqs. (10)- (13) and shown in Fig. 2(f) and (g), respectively. Using 
the geometric and material parameters in Table 1, the system’s trans
lational and torsional stiffnesses are calculated as kc = 1157.7 N/m and 
τc = 262.1 N⋅m/rad. The compression-torsion coupling coefficient is ξ =
17,182.2 N/rad for the left-hand unit and ξ = − 17,182.2 N/rad for the 
right-hand unit. Compared with the results in Fig. 1(e), the dispersion 
curves shift to lower frequencies, which results from inertia amplifica
tion induced by compression and torsion coupling. The FEM results in 
Fig. 2(f), colored by the torsional polarization factor, show that the 
dispersion branches of the ISL no longer correspond to purely single 
character modes because translational and torsional motions are 
coupled by ξ. Specifically, the modal energy distribution varies between 
branches: the low-frequency branches are dominated by torsional mo
tion with λ ≈ 0.67, whereas the higher-frequency branches are domi
nated by translational motion with λ ≈ 0.32. Mode shapes at the 
degenerate Dirac points A1 and A2, plotted as insets in Fig. 2(f), illus
trate this behavior and indicate that adjacent units oscillate in phase.

By contrast, the SYL exhibits a pronounced evolution of modal po
larization along the second and third dispersion branches, as shown in 

Fig. 2(g). Specifically, the second branch evolves from a translation- 
dominated mode at RE(q*) = 0 (λ ≈ 0) to a torsion-dominated mode 
at RE(q*) = 1 (λ ≈ 0.67), while the third branch transforms from a 
torsion-dominated mode at RE(q*) = 0 (λ ≈ 1) to a translation- 
dominated mode at RE(q*) = 1 (λ ≈ 0.33). This phenomenon, referred 
to as a mode transition [81], stems from the change in chirality, which 
reverses the sign of the compression-torsion coupling coefficient ξ. The 
sign reversal flips the direction of transmitted forces/torques between 
neighboring units, substantially changing the relative contributions of 
translational and torsional components and thereby producing the 
observed mode transition. Insets A1 and A2 in Fig. 2(g) show the mode 
shapes at the band-edge points and confirm that neighboring units 
oscillate out of phase due to the reversal forces/torques. Notably, a band 
gap (shaded in blue) emerges from 110.5 Hz to 1278.6 Hz, lying be
tween two branches that undergo pronounced mode transitions between 
longitudinal translation and torsion. Previous studies have interpreted 
this gap in terms of an elastic Thomson-scattering [68]: secondary mode 
transitions induced by units of reversed chirality generate oppositely 
phased motions that destructively interfere. By contrast, the ISL does not 
exhibit this band gap because all its units share the same chirality.

In summary, although the ISL and SYL have identical stiffness and 
mass per unit cell, their distinct chiral topologies give rise to different 
motion couplings, and the alternating chiral orientation leads to mode 

Fig. 3. (a) Schematic of the DISL; (b) Band structure of the DISL computed using FEM. Pink shading highlights the VLR band gap, and the gray shading denotes the 
topological band gap. Band-edge modes A1-A4 are marked with red pentagrams; (c) Mode shapes corresponding to A1-A4 in (b), where A1, A2, and A4 show that the 
left and right mass blocks of the defect unit undergo pure, out-of-phase torsional rotation; (d) Schematic of an ISL supercell with an alternative defect (conterpart); (e) 
Band structure of the supercell conterpart computed using FEM. Neither mode transition nor a VLR band gap is observed. Topological band-edge modes A1-A4 are 
marked by red pentagrams; (f) Mode shapes corresponding to A1-A4 in (e), showing no torsional local resonance in the defect unit.

Y. Jian et al.                                                                                                                                                                                                                                     International Journal of Mechanical Sciences 317 (2026) 111499 

5 



transitions as the wavenumber varies. In what follows, we introduce 
chirality-removed defects into the ISL and exploit these mode transitions 
to create a newly formed band gap, referred to as a virtual locally 
resonant band gap.

3. Virtual locally resonant band gap in chiral lattices

Defect engineering deliberately introduces geometric or material 
imperfections into periodic structures. By breaking spatial symmetry, 
such defects create localized energy traps within band gaps, thereby 
confining and amplifying wave motion. In this section, we introduce 
chirality-removed defects into the chiral lattice with two objectives: (1)
to elucidate the formation mechanism of the VLR band gap; and (2) to 
verify its local resonance characteristics.

3.1. VLR band-gap formation via mode transitions

A six-unit ISL supercell containing a chirality-removed defect is 
considered, which is formed by assembling left-handed chiral units with 
a non-chiral unit placed at the third position, as shown in Fig. 3(a). This 
defect unit is characterized by several geometric parameters, i.e., Dmd, 
Dd, hmd, and hd, as shown in Fig. 3(a). In this section, these parameters 
are set equal to those of the non-chiral unit listed in Table 1. The vertical 
rods in the defect unit eliminate compression-torsion coupling (i.e., ξ =
0) and slightly increase its translational and torsional stiffness compared 
with the inclined-rod units. Note that introducing this defect creates an 
interface impedance mismatch within the periodic chain. For brevity, 
the ISL containing chirality-removed defects is denoted as defective 
isotactic lattice (DISL, for short). An infinite periodic model of the DISL 
is established using COMSOL. Bloch boundary conditions are imposed 
on the faces of the discs of units 1 and 6 to obtain the band structure. The 
polarization factor defined in Eq. (8) is overlaid on the band diagram as 
a colormap to visualize modal polarization along the dispersion 
branches, while irrelevant modes are displayed in gray. The resulting 
band structure is plotted in Fig. 3(b). In the low-frequency range (≈
0 − 158.9 Hz), the bands remain predominantly torsional (λ ≈ 0.68), 
consistent with the ISL bands shown in Fig. 2(f). Notably, upon intro
duction of the defect, several dispersion branches undergo a pronounced 
evolution in modal polarization, similar to the behavior observed in the 
SYL. Interleaved among these branches are two distinct band gaps, 
labeled (I) and (II) and shaded pink and gray, respectively, even though 
the uniform ISL is typically not expected to support band gaps. It should 
be noted that the gray branches appearing within band gap (II) do not 
affect its formation. As noted earlier, these branches correspond to 
irrelevant modes, which cannot be excited under longitudinal/torsional 
loading. Consequently, they do not participate in wave propagation 
under the excitation conditions considered in this study. According to 
the band folding theory, band gap (II) can be identified as a topological 
band gap. It stems from supercell-induced Brillouin zone folding, which 
creates degenerate Dirac points. When the defect is introduced, the 
symmetry of the ISL is broken, the degeneracy is lifted, and a topological 

band gap consequently opens [82].
To clarify the physical origin of band gap (I), the band-edge mode 

shapes are examined. Fig. 3(c) plots the band-edge mode shapes labeled 
A1-A4 at RE(q*) = 0 or 1. Modes A1 and A4 show that units away from 
the defect undergo compression-torsion coupled motion, with neigh
bouring units oscillating in phase. By contrast, the defect unit exhibits 
pure torsional motion with opposite phase and significantly larger 
amplitude. This indicates that a mode transition occurs at the defect, 
causing it to behave like a resonator that undergoes large-amplitude and 
out-of-phase motion. In addition, a relatively flat branch appears inside 
the band gaps (I). Its edge modes A2 and A3 show strong energy local
ization at the defect unit, while the rest of the chain remains nearly 
motionless, indicating that this branch is a defect band [83]. This band 
arises because the defect breaks the spatial periodicity, producing a 
localized passband within the band gap, where waves at specific fre
quencies form standing waves that concentrate energy at the defect unit 
[83]. The modes A2 and A3 are referred to as defect states. However, 
unlike conventional defect bands, this defect branch also exhibits modal 
polarization evolution across the irreducible Brillouin zone. Specifically, 
in mode A2, the two discs within the defect unit perform torsional 
motions with opposite phase, forming a dipole-like defect pattern [84], 
whereas in mode A3, the two discs oscillate in a translational manner, 
resulting in a monopole-like defect pattern [85].

From the above observations, a key conclusion can be drawn: the 
formation mechanism of band gap (I) in the DISL arises from a local 
resonance mechanism induced by mode transition. Specifically, 
removing the local unit’s chirality introduces an impedance mismatch at 
the interface. Similar to the SYL configuration in subSection 2.2, this 
impedance mismatch triggers a mode transition within the coupled 
translational-torsional mode at the defect unit. As a result, the trans
lational component of the incident wave is completely converted into 
torsional motion. As illustrated by the modal shapes A1, A2, and A4 in 
Fig. 3(c), the discs in the defect unit undergo pronounced out-of-phase 
rotational motion. This process, in which energy associated with one 
degree of freedom is locally transformed into another, closely resembles 
the local resonance mechanism [86]. However, unlike conventional 
locally resonant systems that require physical resonators to extract en
ergy from the host structure, the local resonance of the DISL relies on 
mode transition caused by impedance mismatch under chirality 
removal. Consequently, the defect unit itself effectively functions as a 
virtual local resonator: it absorbs translational energy from the host 
lattice and converts it into localized torsional motion, strongly sup
pressing wave transmission and thereby opening a band gap (I). It is 
important to stress a subtle but crucial distinction relative to conven
tional designs. In classical LR metamaterials, resonators are placed off 
the main load path to siphon transmitted energy. In the DISL, the virtual 
local resonator is geometrically located on the translational load path, 
yet because the incident translational energy is converted into a local
ized torsional DOF that couples weakly back into the translational 
propagation channel, the defect behaves dynamically as if it were 
off-path.

Fig. 4. (a) Schematic depiction of the virtual local resonator induced by mode transition; (b) Torsional energy fraction λ of mass blocks 1–7 in the DISL for modes 
A1-A4.
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It should be noted that without a local chirality change, band gap (I) 
does not emerge, as the required mode transition cannot be triggered. To 
demonstrate this, Fig. 3(d) presents an ISL supercell containing an 
alternative defect unit composed of rings and inclined ligaments. The 
inner diameter of the ring is set to 1/2Dmd, while all other geometric 
parameters are identical to those of the pristine ISL unit. Although this 
defect alters the mass and rotational inertia of the unit cell, it does not 
change the chirality orientation or the compression-torsion coupling 
coefficient. The corresponding band structure, shown in Fig. 3(e), shows 
that no mode transition occurs along the branches associated with 
translational and torsional modes. Instead, only two narrow topological 
band gaps (shaded in gray) open at degenerate Dirac points. Fig. 3(f)
further displays the edge-mode shapes at the boundaries of topological 
band gaps, labeled A1-A4 at RE(q*) = 0 or 1, from which no torsional 
resonant behavior is observed in the defect unit.

Fig. 4(a) graphically illustrates the formation process of the mode 

transition and band gap (I) in the DISL. Under the action of the virtual 
local resonator, the torsional vibration amplitude is significantly 
amplified, whereas the translational vibration is correspondingly 
reduced, resulting in effective vibration suppression of the system. 
Additional support for this interpretation is obtained by evaluating the 
torsional-energy fraction λ for each disc of the DISL in modes A1-A4 
using Eq. (8), where the total-volume term is replaced by the corre
sponding volume integral over each disc, as shown in Fig. 4(b) (x-axis: 
disc index from left to right). It is observed that, for modes A1, A2, and 
A4, the discs within the defect unit exhibit nearly pure torsional motion 
(λ ≈ 1). This confirms that, under the mode transition mechanism, the 
energy of the incoming translational wave is fully transformed into 
torsional energy and becomes localized within the defect unit. Although 
mode A3 at RE(q*) = 1 is not torsion-dominated within the defect unit 
due to a polarity change, it does not play a central role in the formation 
of this band gap. Since band gap (I) in the DISL arises from these modal 

Fig. 5. (a) Schematic of the DISL with 12 units; (b) Comparison of the transmittances for the DISL and ISL; (c) Mode shapes corresponding to the anti-resonances and 
defect-state peaks marked by red pentagrams D1 and D2 in (b). Mode D2 clearly shows torsional energy localization at the defect unit; (d) The normalized angular 
displacements of the left and right discs of the first defect unit (upper panel) and the second defect unit (lower panel) under harmonic excitation, where the two discs 
exhibit a 180-degree phase difference; (e) Configuration of the 12-unit DISL with PMLs and the corresponding Transmittance; (f) Mode shapes corresponding to A1- 
A5 in (e).
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transitions in the absence of a physical resonator and therefore differs 
fundamentally from conventional LR band gaps, we denote it a virtual 
locally resonant (VLR) band gap.

In the following subsections, we characterize the VLR band gap from 
three perspectives: (1) transmission behavior, (2) tunability with reso
nance parameters, and (3) the contribution of individual virtual local 
resonators to vibration attenuation. By comparing these features with 
those of conventional LR band gaps, we further demonstrate that the 
observed gap arises from a local resonance mechanism and emphasize 
the unique advantages of the VLR approach.

3.2. Analysis of transmission behavior

The transmission characteristics of a finite structure play an impor
tant role in evaluating band gap behavior. To demonstrate the trans
mission characteristics of the VLR band gap, a 12-unit DISL model is 
constructed first, in which the 3rd and 9th units serve as defect units, as 
shown in Fig. 5(a). To accurately identify the band gap boundaries, 
damping is neglected. The other geometric and material parameters are 
kept consistent with those used in the aforementioned infinite DISL 
model. A prescribed translational displacement Uin along the z-axis is 
applied to the leftmost disc. The transmitted displacement Uout is ob
tained by averaging the z-axis displacement over the rightmost disc, and 
the displacement transmittance is calculated by Td = 20log10(Uout/ Uin). 
Fig. 5(b) shows the transmittance of the 12-unit DISL. For comparison, 
the FEM result for a 12-unit ISL is also plotted in Fig. 5(b). The results 
show that the DISL exhibits two band gaps, a VLR band gap (shaded in 
pink) and a topological band gap (shaded in gray), whereas no band gaps 
are observed in the ISL. The transmittance response within the VLR band 
gap is characterized by deep minima and a pronounced anti-resonance 
feature (labeled D1), which closely resembles the spectral signature of 
traditional LR band gaps. Specifically, in typical LR systems, strong 
coupling between local resonators and the host structure produces deep 
valleys in the transmittance spectrum, corresponding to substantial vi
bration suppression [87]. The anti-resonance at D1 is generally tied to 
the resonator’s natural frequency, where destructive interference is 
strongest and attenuation reaches its maximum [88]. This deep trans
mittance valley, therefore, confirms the locally resonant character of the 
VLR band gap. In addition, the peaks labeled D2 in Fig. 5(b) correspond 
to a defect-state peak. The mode shapes associated with D1 and D2 are 
shown in Fig. 5(c). At the anti-resonant peak (D1), the wave energy is 
rapidly attenuated when passing through the first defect unit due to the 
torsional local resonance, effectively blocking wave transmission. At the 
defect state (D2), the wave cannot propagate through the DISL, and the 
energy is strongly localized around the two defect units. By comparison, 
the transmittance profile associated with the topological band gap in 
Fig. 5(b) is relatively smooth, without pronounced anti-resonance 

features, and exhibits weaker attenuation. This behavior is consistent 
with the characteristics of topological band gaps reported in previous 
studies [89]. For a clearer illustration of the torsional resonance 
occurring at the defect units, the time-domain rotational responses of 
the left and right discs in the two defect units are calculated about the 
z-axis. Specifically, an exponentially-ramped displacement d(t) = A

(
1 −

e− t/τ)sin(ωt)is applied to the leftmost disc of the DISL along the z-axis, 
where ω = 2π × 534 corresponds to the angular frequency of the defect 
state D2 shown in Fig. 5(b). The normalized angular displacements of 
the target discs are presented in Fig. 5(d). As shown, the left and right 
discs in both the first (upper panel) and second (lower panel) defect 
units exhibit a phase difference of approximately 180◦ under the 
defect-state excitation, confirming the occurrence of torsional 
resonance.

It is known that waves inside the band gap are evanescent, and their 
mode shapes exhibit decay of amplitude in space, providing a clear 
signature of band gap behavior. To better approximate the band gap 
conditions of an infinite periodic medium, perfectly matched layers 
(PMLs) are introduced to both ends of the configuration shown in Fig. 5 
(e), where they absorb outgoing waves and suppress boundary re
flections. This approach is commonly used to approximate a finite 
structure as an effectively infinite periodic system [90–92]. Fig. 5(f)
plots the transmittance measured at the rightmost unit of the DISL with 
PMLs. The band gap region calculated in Fig. 5(b) is highlighted in pink 
for reference. Compared with the case without PMLs, i.e., Fig. 5(b), the 
overall trend of the transmittance profile is preserved, while the abso
lute magnitude is reduced. This reduction is expected because the probe 
point is positioned in proximity to the PML. The presence of the 
absorbing layer continuously extracts wave energy near the boundary.

The frequency points A1-A5 in Fig. 5(e) span from the band-edge 
region to the antiresonance peak, and their corresponding mode 
shapes are plotted in Fig. 5(f). At A1, the wave propagates through a 
substantial portion of the structure and exhibits maximum amplitudes at 
the first and second defect units. This occurs because, although the 
defect units act as virtual local resonators during the mode transition 
and attenuate the transmitted energy, the operating frequency at A1 is 
slightly detuned from their equivalent resonance, resulting in relatively 
weak attenuation. As the frequency approaches A5, the transmitted 
wave exhibits increasingly rapid attenuation after passing the first defect 
unit, indicating the progressively enhanced suppression effect of the 
virtual local resonator. At the antiresonance point A5, the transmitted 
energy is concentrated at the first defect unit and is almost completely 
attenuated thereafter. These observations are consistent with the typical 
behavior of LR metamaterials. For the subsequent investigation of 
transmission characteristics relevant to finite-length, the remainder of 
the study is carried out without applying PML.

Another characteristic of conventional LR band gaps is that multiple 

Fig. 6. (a) Transmittance variation of the 14-unit DISL with different numbers of defect units. Insets show the mode shapes of the anti-resonance peaks corresponding 
to A1-A4; (f) Variations of the band gap bandwidth and the average transmittance Td,avg as functions of the number of defect units.
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resonators are required to achieve noticeable attenuation, typically 
more than six according to previous studies [93]. Increasing the number 
of resonators has little influence on the band gap boundary and band
width, but markedly enhances the attenuation level [93,94]. To examine 
the dependence of the proposed VLR band gap on resonator density, 
Fig. 6(a) compares the transmittances of a 14-unit DISL with different 
numbers of virtual local resonators (i.e., defect units). The four subplots 
in Fig. 6(a), from top to bottom, correspond to configurations with one 
(the 3rd unit), two (the 3rd and 6th units), three (the 3rd, 6th, and 9th 
units), and four (the 3rd, 6th, 9th, and 12th units) defect units, respec
tively. The mode shapes at the anti-resonance frequencies for each case 
are labeled A1-A4 and shown as insets in Fig. 6(a). The results indicate 
that increasing the number of virtual local resonators does not signifi
cantly affect the band gap boundary or bandwidth (shaded in pink). 

However, the attenuation strength within the band gap is progressively 
enhanced as the number of virtual local resonators increases, which is 
consistent with the behavior of conventional LR systems [93]. For 
quantitative evaluation, Fig. 5(f) presents the variations in the band gap 
bandwidth and the average transmittance Td,avg within the VLR band 
gap, providing clearer evidence of this trend. It is noteworthy that a 
pronounced VLR band gap already emerges when only two virtual local 
resonators are introduced, which is substantially fewer than the number 
typically required for conventional LR band gaps. Nevertheless, it should 
be emphasized that the defect units must be embedded within the chiral 
lattice to function as virtual local resonators. As a result, unlike con
ventional LR metamaterials, where resonators can be densely arranged, 
adjacent defect units in the DISL must be separated by chiral units.

Fig. 7. (a, d, g, j) Heatmap of the displacement transmittance of the 12-unit DISL for varying Dmd, hmd, hd, and Dd, respectively. The Td = 0 dB contour is outlined with 
black lines to highlight the band gap region; (b, e, h, k) Transmittance slices corresponding to (a, d, g, j) at several representative parameter values. The VLR band gap 
is indicated by colored shading with the corresponding frequency range; (c, f, i, l) Variations of the band gap bandwidth and the average transmittance Td,avg as 
functions of Dmd, hmd, hd, and Dd, respectively.
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3.3. Analysis of band gap tunability

In conventional LR metamaterials, band gap frequencies are pri
marily determined by the properties of the resonators. For example, in 
mass-spring-based metamaterials, the band gap boundaries depend on 
the resonator mass and stiffness [29,95]. By analogy, the frequency of 
the VLR band gap is expected to be governed by the torsional resonance 
characteristics of the defect. For the defect unit in the DISL shown in 
Fig. 5(a), we assume that the two discs undergo equal‑amplitude 
torsional motion in opposite directions, i.e., φa1 = φa, and φa2 = -φa. 
Under the rigid‑body assumption and for small rotation angles, the 
relative twist across the connecting elements is φa1-φa2 = 2φa. The 
restoring torque acting on a single disc is therefore τ̃a(φa1 − φa2) =

2τ̃aφa, where ̃τa is the equivalent torsional stiffness of the defect unit, as 
defined by Eq. (1). Accordingly, the torsional equation of motion for a 
single disc in the torsional resonance mode can be written as: 

J̃φ̈a + Cφ̇a + 2τ̃aφa = Te(t), (14) 

where ̃J = 1
2md(Dmd/2)2is the disc’s polar moment of inertia, md and Dmd 

are the mass and diameter of the disc in the defect unit, and Te(t) denotes 
the external torque applied to the disc. In the absence of external exci
tation and damping, the natural frequency of the torsional resonance 

mode is ωt =

̅̅̅̅̅̅̅̅̅̅̅̅

2τ̃a/J̃
√

. Therefore, the following analysis focuses on how 
variations in the defect unit’s moment of inertia and torsional stiffness 
affect the VLR band gap.

Fig. 7(a) presents the displacement‑transmittance heatmap for 
different Dmd of the 12-unit DISL, while the other geometric and material 
parameters are the same as those used for the 12-unit DISL in SubSection 
3.2. To highlight the VLR band gap region, the points where Td = 0 dB 
are outlined by black contour lines, and both the band gap and 
defect‑mode regions are marked. It is seen that the band gap shifts to
ward lower frequencies as Dmd increases. This occurs because a larger 
Dmd increases the moment of inertia J̃, thereby reducing the natural 
frequency of the torsional resonance mode. The defect-state peak also 

moves to a lower frequency as Dmd increases. Fig. 7(b) further displays 
the displacement‑transmittance for Dmd = 5.4 cm, 7.2 cm, and 9 cm, 
with colored shaded regions indicating the band gaps. To provide 
additional detail, Fig. 7(c) shows the variations of the band gap band
width and the average transmittance Td,avg within the gap as Dmd 
changes, with the inset illustrating the appearance of the defect unit. 
With increasing Dmd, the band gap gradually narrows, and the vibra
tion‑suppression strength weakens. This is because the larger J̃ makes 
the defect unit more resistant to torsional motion, resulting in smaller 
angular acceleration under the same applied torque. In addition, Fig. 7 
(d) depicts the evolution of the displacement-transmittance heatmap as 
the disc height ℎmd varies. Fig. 7(e) shows the transmittance for ℎmd =

0.4 cm, 1.2 cm, and 2 cm. As evident from these figures, the band gap 
shifts toward lower frequencies as ℎmd increases. This is attributed to the 
higher disc mass associated with greater ℎmd, which increases the 
moment of inertia J̃. Fig. 7(f) depicts the variation of the band gap 
bandwidth and the average transmittance Td,avg with changing ℎmd. 
Similar to the effect of increasing Dmd, enlarging ℎmd leads to a narrower 
band gap and weaker vibration‑suppression performance.

Secondly, we investigate how the defect unit’s torsional stiffness τ̃a 
influences the VLR band gap. From Eq. (1), it follows that changes in the 
length ld and diagonal spacing Dd of the defect unit’s vertical rods 
modify the equivalent torsional stiffness. Note that ld = hd and Dd =
̅̅̅
2

√
Dd. Displacement-transmittance heatmaps are calculated for 

different values of hd and Dd, and the results are shown in Fig. 7(g) and 
(j). Fig. 7(g) shows that increasing hd shifts the band gap to lower fre
quencies. This occurs because a larger hd reduces the equivalent 
torsional stiffness, thereby lowering the torsional resonance frequency 
of the defect unit. Fig. 7(h) provides transmittance profiles for hd = 2 cm, 
3.5 cm, and 5 cm, with the VLR band gap shaded to clearly illustrate the 
frequency evolution. Fig. 7(i) displays the variation in band gap width 
and average transmittance Td,avg with hd. It can be observed that as hd 
increases, the band gap width gradually expands, while the average 
attenuation intensity initially increases and then becomes nearly con
stant when hd > 3 cm. Fig. 7(j) shows that increasing Dd shifts both the 

Fig. 8. (a) Schematic of the GDISL containing four defect units, where each has a distinct hd; (b) Displacement transmittance for three GDISL configurations (Cases 
1–3). The VLR band gap is highlighted by colored shading with the corresponding frequency range; (c) Variations of the average transmittance Td,avg and band gap 
coverage for Cases 1–3; (d) Mode shapes corresponding to defect-state peaks labeled by D1-D4 in (b).
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band gap and the defect-mode peak to higher frequencies. This behavior 
arises because a larger Dd increases the equivalent torsional stiffness of 
the defect unit, thereby raising the torsional mode frequency. This 
observation further supports that the band gap originates from a 
torsional resonance rather than from a translational resonance effect, 
since Eq. (1) indicates that the vertical rod’s translational stiffness is 
insensitive to Dd. Fig. 7(k) shows transmittance slices for Dd = 0.5 cm, 2 
cm, and 3.8 cm to illustrate the evolution of the band gap in more detail. 
Fig. 7(l) shows the corresponding variations in band gap width and 
average transmittance Td,avg with Dd. It is evident that the band-gap 
width gradually decreases as Dd increases, while the average attenua
tion intensity first increases and then decreases, though the overall 
variation remains moderate. Overall, the effect of torsional stiffness on 
the band gap width is less pronounced than that of the rotational inertia.

3.4. Ultra-Wide band gap via graded design

In conventional LR metamaterials, the contribution of individual 
resonators to the band gap is relatively independent. This feature has led 
to the development of various non-uniform designs to optimize band- 
gap performance [96,97]. Among them, graded metamaterials are 
regarded as an effective approach for broadening vibration attenuation 
bands [98,99]. The core idea is to embed multiple resonators with 
distinct resonance frequencies, thereby arranging a series of band gaps 
across different frequency ranges to form a broadband quasi-band gap. 
Such a system typically generates multiple resonance peaks within the 
band gap, accompanied by a spatially selective energy distribution 
known as the rainbow effect [100]. To achieve continuous frequency 
coverage, adjacent discrete band gaps should be designed to overlap. In 
this section, a graded DISL (GDISL) is introduced to investigate the in
fluence of discretely distributed virtual local resonators on vibration 
attenuation performance, thereby verifying the resonant nature of the 
VLR band gap.

The schematic of the GDISL is shown in Fig. 8(e). The chain consists 
of 14 units, among which units 3, 6, 9, and 12 use vertical rods to 
connect the discs, forming local defects. The remaining units adopt the 
ISL configuration, all with left-handed chirality. The four defect units are 
assigned different values of hd (e.g., hd1, hd2, …, hd4), to produce a 
gradual variation in equivalent torsional stiffness. Based on the 
parameter analysis in subSection 3.3, the disc thickness for the four 
defect units is set to hmd = 0.5 cm to obtain a smaller rotational inertia 
and thereby achieve a wider individual band gap. The remaining geo
metric and material parameters are consistent with those in the previous 
subsection. To ensure generality, three cases are considered and sum
marized in Table 2. Case 1 targets a broadened low-frequency band gap; 
Case 2 targets a broadened high-frequency band gap; and Case 3 aims to 
achieve an ultra-wide attenuation band. Notably, larger variations in hd 
are used in Case 1, while smaller variations are applied in Case 2. This 
choice reflects the nonlinear dependence of band gap frequency on hd (as 
shown in Fig. 7(g)): the band gap center shifts more rapidly with hd at 
high frequencies. Therefore, careful selection of hd is required to achieve 
an approximately uniform distribution of discrete band gaps in the 
graded configuration.

Fig. 8(a) presents the displacement transmittance results for the 
three cases. The corresponding vibration attenuation ranges are listed in 
Table 2, with the discrete attenuation regions labeled BG1 and BG2. In 

Case 1, the VLR band gap is shaded in green and spans 156–911 Hz. In 
Case 2, the vibration‑suppression region, highlighted in orange, shifts to 
a higher frequency range. Both cases demonstrate a clear expansion of 
the effective bandwidth. Case 3 shows ultra‑wide attenuation from 150 
Hz to 1801 Hz. It is noted that under the graded configuration, the 
discrete suppression regions become more numerous, while their 
attenuation strength decreases. This occurs because, to achieve broader 
frequency coverage, the individual attenuation gaps cannot fully over
lap. Continuous coverage, therefore, requires finer tuning of defect 
parameters.

To quantify this effect, Fig. 8(c) presents the average transmittance | 
Td,avg| within the vibration suppression region and the band gap 
coverage ratio over 0–2000 Hz for Cases 1–3. Cases 1 and 2 exhibit 
comparable band-gap coverage (37.8 % and 46.7 %, respectively). 
However, Case 2 shows a significantly weaker average attenuation level 
due to its shorter hd, which results in a lower vibration intensity, as also 
indicated in Fig. 7(i). Case 3 achieves the largest band gap coverage ratio 
(71 %), yet it has the weakest average vibration intensity. Compared 
with Case 1, the band gap coverage of Case 3 over 0–2000 Hz increases 
by 87.8 %, whereas the average transmittance decreases by 50 %. 
Moreover, multiple defect-state peaks appear inside the band gap. 
Taking Case 3 as an example, its defect-state peaks are marked with red 
pentagrams, and their modal shapes are shown in Fig. 8(d). These modes 
exhibit spatial localization of vibration energy at 274 Hz, 484 Hz, 1346 
Hz, and 1685 Hz, concentrating respectively on defect units 4 through 1, 
thereby demonstrating the rainbow energy-trapping effect. Overall, the 
GDISL demonstrates that the global vibration attenuation performance 
can be effectively optimized by introducing discrete virtual local reso
nators with different resonance frequencies, highlighting its flexible 
tunability and its potential to achieve ultra-wide vibration attenuation 
ranges.

In summary, the analyses in subSections 3.2–3.4 indicate that the 
VLR band gap is intrinsically associated with a local resonance mecha
nism. The band gap boundaries, bandwidth, and attenuation strength 
can be tuned by carefully adjusting the virtual local resonators’ rota
tional inertia and torsional stiffness. Similar to conventional LR band 
gaps, this mechanism is independent of the lattice constant, enabling the 
flexible realization of wide sub-kilohertz band gaps in compact struc
tures. Importantly, the VLR band gap offers two key advantages over 
traditional LR band gaps. First, traditional LR band gaps require a pe
riodic array of physical resonators, which introduces considerable added 
mass and manufacturing complexity [87]. In contrast, the VLR band gap 
achieves strong wave attenuation through mode transition without the 
need to incorporate physical resonators. Second, although traditional LR 
band gaps generally provide stronger vibration suppression than Bragg 
scattering band (characterized by sharp anti-resonance dips in the 
transmittance), their bandwidths are typically narrow. Broadening such 
gaps commonly requires increasing the number or mass of the resona
tors [29], which inevitably raises structural weight. By comparison, the 
VLR band gap can be generated using only one or two virtual local 
resonators while still delivering a comparatively wide band with strong 
attenuation. Meanwhile, the band gap width and attenuation strength 
can be further increased by reducing the defect unit’s rotational inertia 
(e.g., by decreasing the disc diameter), thereby improving performance 
while lowering the added mass.

4. Experimental validation

In this section, the proposed chirial metamaterial is fabricated and 
experimentally characterized. The experimental results are compared 
with numerical simulations to validate the low-frequency, broadband 
vibration attenuation performance and the tunability of the VLR band 
gaps.

Four prototypes are investigated. Prototype 1 consists of 12 unit cells 
with two defect units, identical to the DISL shown in Fig. 5(a). Prototype 
2–4 comprises 14 unit cells with four graded defect units, corresponding 

Table 2 
Graded configurations and corresponding vibration attenuation ranges.

Cases hd1 

(cm)
hd2 

(cm)
hd3 

(cm)
hd4 

(cm)
BG1 BG2

1 2.2 4.0 6.0 8.0 156- 
911Hz

/

2 1.4 1.5 1.6 1.7 808–1739Hz /
3 1.2 1.4 2.0 5.0 150–1118Hz 1355–1801Hz

Y. Jian et al.                                                                                                                                                                                                                                     International Journal of Mechanical Sciences 317 (2026) 111499 

11 



to the GDISL configuration shown in Fig. 8(a). The geometric parameters 

of all prototypes are summarized in Table 3. Notably, in Prototype 2–4, 
the spacings between adjacent discs in the defect units (hd1, hd2, hd3, hd4) 
vary progressively, with values of (2,2.6, 4, 5) cm, (1.4, 1.5, 1.6, 1.7) cm, 
and (1.4, 1.6, 2, 5) cm, respectively. The specimens are fabricated using 
Esun PLA via 3D printing (E = 3.2 GPa, ρ = 1000 kg/m3,ν = 0.41). The 
experimental setup is depicted in Fig. 9(a). Each specimen is suspended 
by thin nylon strings to approximate free-free boundary conditions and 

Table 3 
Geometric properties of the metamaterial lattice (in cm).

Dm hm D d h Dmd hmd Dd hd

6 0.8 3 0.36 2.5 6 0.5 3 4

Fig. 9. (a) Experimental setup; (b) Measured acceleration amplitudes at the defect location (sensor 2) and non-defect locations (sensors 1 and 3) under harmonic 
excitation at the defect peak frequency (fd = 560.8 Hz) for prototype 1. The sensor locations are indicated in (c); (c) Comparison between the numerical and 
experimental transmittance of prototype 1; (d-f) Comparison between the numerical and experimental transmittance of prototypes 2–4.
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excited at the left end by an electrodynamic shaker to induce axial 
motion. Miniature ceramic accelerometers (PCB Piezotronics, model 
352C23; mass: 0.2 g; sensitivity: 5.4 mV/g) are mounted at both ends to 
measure the transmittance. The experimental procedure is as follows. A 
frequency-swept harmonic excitation with acceleration amplitude of 0.5 
g and a sweep rate of 100 Hz/minis generated by a vibration controller 
(Vibration Research, model VR9500), amplified by a power amplifier 
(SignalForce, model PA30E), and applied via an electrodynamic shaker 
(Labworks, model ET-132–2). Signal generation and response acquisi
tion are performed using VibrationVIEW for post-processing.

Fig. 9(c) presents the measured transmittance of prototype 1, with 
the 0 dB reference indicated by a dashed line. A pronounced VLR band 
gap is observed in the frequency range of 162.3–868.2 Hz (shaded in 
pink), exhibiting a characteristic anti-resonance feature. In addition, a 
topological band gap appears in the range of 1238.5–1487 Hz (shaded in 
gray). For comparison, the corresponding FE-predicted transmittance is 
also plotted. To better approximate the behavior of a practical proto
type, material damping is incorporated through a complex modulus 
formulation. The loss factor is set to ζ = 0.01, and the Young’s modulus 
of the metamaterial unit is expressed as E (1 + iζ). Fig. 9(c) shows that 
the experimental result agrees well with the numerical predictions, 
particularly within the band gap regions, where excellent correspon
dence is achieved. Some discrepancies appear at higher frequencies, 
where the modal peaks do not perfectly coincide. These deviations are 
expected, as the experimental setup cannot strictly reproduce ideal free- 
free boundary conditions, and the self-weight of the DISL specimen in
troduces additional effects. Notably, a distinct resonance peak is 
experimentally identified at 560.8 Hz within the VLR band gap, as 
marked by a pentagram. This peak is attributed to a defect state, as 
discussed in Section 3. To further examine this mode, a harmonic exci
tation at 560.8 Hz with an amplitude of 0.5 g is applied to the left end of 
prototype 1. Three sensors are used to record the time-domain re
sponses: one located at the defect unit (Sensor 2) and two at the non- 
defect units (Sensors 1 and 3), as shown in Fig. 9(b). The results in 
Fig. 9(b) show that the vibration amplitude at the defect unit is signif
icantly higher than that at the non-defect units, confirming the wave 
energy localization induced by the defect state.

Fig. 9(d)-(F) compares the experimental results of prototypes 2–4 
with the FE predictions, showing good agreement in the overall band- 
gap trends. Owing to the graded design of the defect units, multiple 
discrete VLR band gaps are formed, effectively broadening the vibration 
attenuation range of the GDISL. In particular, for prototype 4, the 
relatively large spacing between the discrete VLR band gaps collectively 
results in an ultra-wide attenuation band spanning 170.6–1933.6 Hz. 
This demonstrates the strong potential of VLR band gaps for achieving 
superior vibration suppression over a broad frequency range using 
lightweight structures.

5. Conclusions

This work tackles the challenge of reconciling broadband low- 
frequency vibration suppression while maintaining lightweight and 
high-stiffness metamaterial designs. We proposed a novel defective 
isotatic lattice metamaterial incorporating a chiral-removed defect, 
which gives rise to a virtual locally resonant (VLR) band gap funda
mentally distinct from conventional LR band gaps. Band structure and 
transmittance analysis reveal that the chiral-removed defect induces a 
mode transition in the compression-torsion coupled system, leading to 
the formation of a virtual torsional localized resonator responsible for 
opening the VLR band gap. The resonant mechanism and the flexible 
tunability of its low-frequency and broadband characteristics are sys
tematically investigated through equivalent resonant-parameter anal
ysis and graded unit design. Multiple prototypes with both uniform and 
graded configurations are fabricated, and transmission experiments 
validate the VLR concept.

Several key conclusions can be drawn. First, only defects that 

introduce an abrupt change in chirality can trigger the mode transition 
required to open a VLR band gap. Generic defects are insufficient. Sec
ond, unlike conventional LR mechanisms that require arrays of physical 
resonators, the VLR band gap can be generated by one or two virtual 
local resonators emerging at the defect. This mechanism enables a wide 
and strong band gap while alleviating the trade-off between lightweight 
design and broadband performance. Third, the onset frequency and 
bandwidth of the VLR band gap can be flexibly tuned by the rotational 
inertia and torsional stiffness of the defect unit. In particular, reducing 
the rotational inertia can broaden the band gap without incurring 
additional mass penalties. Fourth, because the VLR mechanism relies on 
an individual virtual torsional resonator, graded defect designs can 
produce overlapping broadband pseudo-gaps. Experimental results 
demonstrate that an ultra-broad low-frequency attenuation band span
ning 170.6–1933.6 Hz can be achieved using only four graded defects.

In summary, this study demonstrates a chiral metamaterial featuring 
a novel VLR band gap mechanism, providing a new and efficient 
pathway for broadband low-frequency vibration suppression in light
weight structures.
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