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experimental proof of emergent 
subharmonic attenuation zones 
in a nonlinear locally resonant 
metamaterial
Valentina Zega*, priscilla B. Silva, Marc G. D. Geers & Varvara G. Kouznetsova

High-performance locally resonant metamaterials represent the next frontier in materials technology 
due to their extraordinary properties obtained through materials design, enabling a variety of 
potential applications. the most exceptional feature of locally resonant metamaterials is the 
subwavelength size of their unit cells, which allows to overcome the limits in wave focusing, imaging 
and sound/vibration isolation. To respond to the fast evolution of these artificial materials and 
the increasing need for advanced and exceptional properties, the emergence of a new mechanism 
for wave mitigation and control consisting in a nonlinear interaction between propagating and 
evanescent waves has recently been theoretically demonstrated. Here, we present the experimental 
proof of this phenomenon: the appearance of a subharmonic transmission attenuation zone due 
to energy exchange induced by autoparametric resonance. these results pave the path to a new 
generation of nonlinear locally resonant metamaterials.

Metamaterials1, 2 are artificially engineered materials designed to obtain specific, often exotic, properties. Among 
the wide variety of possible metamaterial properties, the opening of a band gap, which is defined as the frequency 
range where elasto-acoustic waves cannot propagate, is attracting increasing interest because of its versatile 
 applications3–5. In particular, a wide and low frequency band gap offers a number of potential applications, such 
as sound attenuation, super-resolution acoustic imaging, and vibration mitigation.

Typical physical phenomena responsible for the band gap opening are Bragg  scattering6,7, inherent to periodic 
structures, and local  resonance8 that also promotes band gaps in materials composed of unit cells with subwave-
length dimensions. The latter is the focus of the present work.

Locally resonant metamaterials operating in the nonlinear  regime9–11 provide even more opportunities for 
breakthrough applications. Recently, nonlinearities have been exploited in locally resonant granular  crystals12,13 
or to obtain logic  gates14 and acoustic  diodes15.

Despite of great interest, the number of investigations carried out on the nonlinear dynamic behavior of 
locally resonant metamaterials exhibiting attenuation frequency ranges is quite limited in comparison with lin-
ear ones, also because of the conceptual and modelling  difficulties16–20. Only few works investigated the energy 
transfer mechanisms induced by the nonlinear coupling between the resonator and the host medium. In some 
 papers21–24, the irreversible energy transfer mechanisms are induced by a single purely nonlinear attachment, the 
so-called nonlinear energy sinks (NES). Only very few papers have considered cases in which nonlinear resonant 
attachments are densely or periodically distributed in a host material. In this case, two main energy transfer 
mechanisms can arise. The first one is called inter/intra-modal tunneling and is a well-studied phenomenon in 
nonlinear wave dynamics. It consists of an energy exchange between the wave modes of a propagating  wave25–30. 
This mechanism has been shown for the first time for a discrete locally resonant chain by Lazarov and  Jensen31 
and then theoretically  studied25 and experimental  verified26 in elasto-acoustic metamaterials.

The second energy transfer mechanism has recently been theoretically predicted by the co-authors32. This 
new mechanism arises from a nonlinear interaction between propagating and evanescent waves triggered by 
autoparametric resonance, manifesting itself through the appearance of a subharmonic transmission attenuation 
 zone32. This provides new, advanced means for wave mitigation and control. In Silva et al.32, a discrete version of 

open

Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands. *email: zega.valentina@
gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-68894-3&domain=pdf


2

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:12041  | https://doi.org/10.1038/s41598-020-68894-3

www.nature.com/scientificreports/

a nonlinear locally resonant metamaterial with a nonlinear coupling of a neo-Hookean type, representative of 
rubber, between the host medium and the resonator, was studied theoretically and numerically.

In this paper, a single-material nonlinear locally resonant metastructure (i.e. dimensions of the unit cell in 
the order of tens of mm) is designed, and for the first time, the existence of the subharmonic attenuation zone 
induced by autoparametric resonance is experimentally proven. To the best of our knowledge, this represents the 
first experimental evidence of an emergent subharmonic band gap in a nonlinear locally resonant metamaterial.

To this aim, a locally resonant unit cell has been designed exhibiting predominantly quadratic nonlinear 
coupling between the host and the resonator, which, according to Silva et al.32, is the prerequisite for promoting 
the phenomenon under investigation. This has been achieved by exploiting the quadratic geometric nonlinearity 
arising in arched beams. Although the concept of arched resonators has been widely applied in micromechanical 
 systems43–48, to the best of our knowledge, this approach has not yet been used in a practical design of meta-
materials that promote the quadratic non-linearity in a local resonator. Numerical and analytical models are 
used to support the design process of the resonant unit cell, revealing an adequate agreement with the obtained 
experimental results.

nonlinear locally resonant metamaterial design
Restricting the attention to longitudinal waves, a locally resonant metamaterial can be represented by the discrete 
1D model shown in Fig. 1a. The periodic main chain consists of discrete masses m (colored in green in Fig. 1a) 
that interact through linear springs of stiffness k and possibly dash-pots of coefficients c. At the same time, each 
mass of the main chain interacts through the other spring (kr) and dash-pot (cr) with a resonator of mass mr 
(colored in red in Fig. 1a). These springs may exhibit a linear or nonlinear behavior and the dash-pots can be 
considered or neglected in the modelling process.

Figure 1.  (a) 1D-discrete model presented in Silva et al.32 for a nonlinear locally resonant metamaterial, 
(b) schematic view of the proposed resonant unit cell and (c) nonlinear force–displacement response of the 
resonator computed through the analytical single degree-of-freedom model presented in the supplementary 
material and a 3D nonlinear static simulation in COMSOL Multiphysics. (d) Geometric dimensions of the unit-
cell of the proposed locally resonant metastructure. The out-of-plane thickness of the unit cell (both frame and 
resonator) is 5 mm.
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To exploit nonlinear phenomena, such as those leading to the appearance of a subharmonic attenuation zone, 
the resonator springs must be nonlinear. In particular, in Silva et al.32, it is shown that a quadratic nonlinearity 
in the relation between the force and the displacement of the resonator mass is required to promote the phe-
nomenon. In practice, this can be achieved through different approaches, e.g. electrostatic  actuation33–35, contact 
 dynamics36–38, among  others39. Focusing on resonators exhibiting geometric quadratic nonlinearities, several 
designs can be mentioned, e.g. nonlinear micromechanical cantilever system integrated with nanotubes proposed 
by Cho et al.40, the suspended cables studied by Zhao et al.41, the M-shape resonator designed by Leadenham 
et al.42 and the arch resonators widely proposed in the  literature43–48, mostly not in the context of metamaterials.

Resonant unit cell. In Fig. 1b, the geometry of the proposed resonant unit cell is shown, whereby all dimen-
sions are reported in Fig. 1d. It consists of an external frame, corresponding to the main chain host medium, and 
a resonator, consisting of an inner mass connected to the frame through two arch beams. The aluminum alloy 
AlMgSi1 is considered as the constituent material (Young’s modulus E = 69 GPa and density ρ = 2,700 kg/m3) and 
no damping is taken into account.

The resonant nature of the proposed unit cell originates from the geometry of the inner resonator that is able 
to translate in the x-direction according to its first in-plane flexural mode (inset in Fig. 1c) when properly excited. 
The two clamped–clamped pre-deflected arch beams, which constitute the deformable part of the resonator, are 
the sources of the quadratic and cubic geometric nonlinear terms in its force–displacement relations. Quadratic 
nonlinearity arises because of the lack of the symmetry induced by the pre-deflection, while the cubic term is 
related to the effect of the axial load on the clamped–clamped beam for large displacements of the mass.

The design of the proposed unit cell, shown in Fig. 1b, was guided by a simplified single degree-of-freedom 
analytical model, presented in the supplementary material. Despite the strong simplifying hypotheses made in 
the analytical model (see Supplementary Information), the force–displacement response, predicted by the ana-
lytical model compares well with the results obtained from a fully 3D nonlinear static simulation performed in 
COMSOL Multiphysics, see Fig. 1c. The two curves show a convincing agreement; the discrepancy for very large 
displacements is mainly due to the 3D effects neglected in the 1D analytical model based on the beam theory 
and from the other hypotheses made in the analytical model. From Fig. 1c, the asymmetric nonlinear behavior 
of the resonator for negative and positive displacements of the mass can be clearly identified, which is required 
to promote the considered subharmonic autoparametric resonance energy exchange  mechanism32.

The proposed one degree-of-freedom model is particularly useful in the design process of the nonlinear 
locally resonant metamaterial. By adjusting the initial shape of the arch beam through the parameter h (Fig. 1 
of Supplementary Information), which quantifies the pre-deflection of the beams, it is possible to control the 
relative magnitude of the quadratic term compared to the cubic one and optimize the geometry accordingly. In 
particular, as shown in Silva et al.32, to achieve a half-subharmonic attenuation in the metamaterial under study, 
the quadratic contribution needs to be dominant over the cubic one.

Linear behavior. Under the assumption of an infinitely periodic linear locally resonant metamaterial, the 
analysis of wave dispersion can be restricted to a representative unit cell by applying Bloch’s  theorem49. For the 
unit cell of Fig. 1b with the dimensions reported in Fig. 1d, the natural frequency of the in-plane flexural mode 
computed in COMSOL Multiphysics is equal to 335 Hz. In Fig. 2, the dispersion  diagram50–54 computed using 
COMSOL Multiphysics for the 3D geometry of the unit cell shown in Fig. 1b is also depicted. Dispersion curves 
of the propagating waves are reported in the figure together with the unit cell deformation modes corresponding 
to selected positions on the dispersion plot. Colors represent the wave polarization: yellow dots indicate waves 
polarized in the x-direction, while blue dots denote waves with polarization in the plane perpendicular to the 
x-axis. A band gap is visible around the natural frequency of the in-plane flexural mode of the resonator (i.e. 
shaded area in Fig. 2), as expected from the theory.

Next, a locally resonant metastructure made of 50 unit cells is considered, having in mind the subsequent 
experimental verification of the theoretical results. The number of unit cells (i.e. 50) in the chain has been 
chosen to compromise between three important requirements for the metastructure under study. (1) The chain 
must be long enough to allow the complete development of the dynamic behavior of the resonators along the 
chain, thus providing the expected interaction between the propagating and evanescent waves. Based on the 
numerical simulations, this minimum length was estimated to be at least 45 cells. (2) Manufacturability of the 
structure. A monolithic structure, manufactured from a single plate was preferred, to avoid introduction of 
internal interfaces due to joining techniques. (3) The need to exclude the presence of global modes at frequencies 
around approximately two times the frequency of the attenuation peak, in order to be able to numerically and 
experimentally detect the subharmonic attenuation peak arising from the autoparametric resonance. Finally, it 
should be noted that the chosen length of the metastructure is not limiting and that metastructures of different 
length will also exhibit the appearance of subharmonic attenuation zones, provided that the above factors are 
taken into consideration.

The metastructure is excited at the left end with a harmonic horizontal displacement signal, while all the 
other edges are traction-free. The computed transmission diagram is reported in Fig. 3. The attenuation peak 
takes place at a frequency of 338 Hz, which almost coincides with the natural frequency of the in-plane flexural 
mode of the resonator inside the unit cell. As expected for a finite structure, since no damping is considered, 
global modes are also present. Focusing on the frequency range around the transmission dip, two global modes 
are present resulting in an amplification of the input signal (modes I and III in Fig. 3).

nonlinear behavior. The nonlinear behavior of the proposed locally resonant metastructure is investigated 
through nonlinear time domain simulations in COMSOL Multiphysics. A four period burst signal at 700 Hz is 
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applied on the left side of the chain. For comparison, both linear and nonlinear time domain analyses are per-
formed to verify the emergence of the subharmonic attenuation zone.

In Fig. 4a, the spectrogram of the output signal computed at the right end of the chain through the time 
domain analysis in the linear regime is reported. As expected, the maximum transmitted power is at the input-
frequency (i.e. 700 Hz) for all the time instances of the simulated interval. Figure 4b shows that the mechani-
cal energy is stored in the main chain through which the burst signal is propagating. On the contrary, in the 
nonlinear regime (Fig. 4c), the spectrogram of the output signal computed at the right end of the chain differs 
significantly from the linear one, which is due to an energy exchange between the main chain and the resona-
tors. This is obvious from Fig. 4d which reveals that the energy originally stored in the main chain significantly 
decreases after about 20 ms, when the energy transfers from the main chain to the resonators.

As explained in Silva et al.32, the harmonic excitation at one end of the metamaterial induces wave propagation 
with the frequency of the harmonic excitation, but also the near-field (evanescent) waves. For locally resonant 
metamaterials, the resonance of the local resonator opens up a band gap and an associated evanescent wave. In 
Silva et al.32, it was demonstrated that when the local resonance frequency is around half the excitation frequency 
and a quadratic nonlinear interaction exists between the host and the local resonator, the propagating wave and 
the half-subharmonic evanescent wave couple strongly with each other for high amplitudes of excitation, lead-
ing to parametric excitation of the evanescent wave, and energy transfer from the propagating to the evanescent 
wave in a similar fashion as it occurs for autoparametric resonance in nonlinear dynamical systems. For the 
metastructure under concern, energy that was initially imputed as a propagative wave with frequency of 700 Hz 
is converted to the evanescent wave with a frequency around the half-subharmonic frequency of 350 Hz, which 
is within the local resonance band gap. As a result, local resonators of the first unit cells are excited, reflecting 
back the elasto-acoustic wave, and preventing it from propagating through the chain. In other words, the energy 
flow to the opposite (right) end of the metastructure is significantly reduced, explaining the reduced output signal 
in the spectrogram plots (Fig. 4c).

experimental results. The designed nonlinear locally resonant metastructure is fabricated and tested both 
in the linear and nonlinear regimes (by varying the amplitude of the excitation). The experimental setup is 
shown in Fig. 5a. During the tests, the input signal is applied to the left side of the chain through a shaker glued 

Figure 2.  (a) Dispersion diagram. Only the Γ − X path of the Brillouin zone is considered since the interest is 
here restricted to longitudinal waves propagating along the chain; a is the dimension of the unit cell. (b) Modal 
shapes corresponding to different propagating waves. The contour of the normalized displacement field is shown 
in color.
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to the metastructure in the form of a prescribed acceleration (Fig. 5b), while the output signal is measured by the 
laser vibrometer as the displacement of one point on the right side of the chain.

Linear behavior. First, characterization of the metastructure in the linear regime is performed. In Fig. 6a, 
the experimental transmission diagram obtained by applying a frequency sweep from 200 to 1,000 Hz to the 
structure is compared with the numerically computed transmission. Both, the experimental and numerical 
results, show the clear local resonance transmission dip at around 330 Hz. The frequency mismatch between 
the numerical and experimental attenuation peaks of approximately 10 Hz (3% of error) can be attributed to 
the imperfections and material property uncertainties. The different positions of the global modes, producing 
peaks in the transmission diagram, can be rationalized by considering some details of the experimental set-up. 
The metastructure is in fact glued to the accelerometer and then to the shaker, which results in an increase of 
the mass involved in the global modes and hence a shift of their natural frequencies towards lower frequencies. 
Manual suspension of the structure, which may provide an extra restriction in the longitudinal direction, as well 
as the fabrication imperfections, can also mildly affect and shift the global modes of the metastructure.

Figure 6b shows the spectrogram of the output signal measured by the laser vibrometer when an input 
sinusoidal signal of amplitude 0.1 V (~ 25 µm, small displacements leading to a linear response) at 325 Hz is 
applied to the metastructure. The structure is indeed able to attenuate the signal at 325 Hz, as expected from the 
transmission diagram reported in Fig. 6a and from the simulations reported in the previous sections.

nonlinear behavior. Next, the nonlinear behavior of the proposed locally resonant metastructure is stud-
ied. In Fig. 7, the experimental frequency sweep transmission diagrams for increasing amplitudes of the input 
signal are reported. As expected from the theoretical study presented in Silva et al.32 and from the numerical 
simulations reported here, the appearance of the subharmonic attenuation zone is more pronounced when the 
amplitude of the input signal increases, whereby the nonlinearity becomes more pronounced. This provides 
an experimental proof of the fact that (i) the level of attenuation around the natural frequency of the resonator 
slightly decreases with the increase of the input amplitude, and (ii) a second attenuation zone emerges around 
two times the natural frequency of the resonator for higher excitation amplitudes. The first observation is strictly 
related to the intrinsic amplitude-dependent response of nonlinear systems, periodic or not, while the second 
one relates to the discovered phenomenon of subharmonic attenuation zone induced by autoparametric reso-
nance in locally resonant  metamaterials32.

Figure 3.  Transmission diagram computed numerically using COMSOL Multiphysics for 3D model of the 
chain made of 50 unit cells. The three main mode shapes for the frequency range of interest and their associated 
natural frequencies are also depicted. The color shows the normalized total displacement field.
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To further investigate the experimental evidence of the subharmonic attenuation zone induced by autopar-
ametric resonance, the time dependent response of the metastructure for an input signal of amplitude 1 V 
(~ 45 µm, large displacements) at 790 Hz is addressed. In Fig. 8, the spectrograms of the input and output signals 
are reported, which convincingly shows that the metastructure indeed attenuates the excitation at this frequency.

Discussion
The presented results clearly demonstrate the energy exchange between the interacting primary and subharmonic 
wave modes due to autoparametric resonance. To the authors’ best knowledge, this is the first evidence providing 
experimental validation of this phenomenon in a single-material locally resonant metamaterial.

A unit cell consisting of a host frame and an inner nonlinear resonator is properly designed, yielding a 
locally resonant metastructure that exhibits a subharmonic attenuation induced by autoparametric resonance. 
A prototype metastructure has been fabricated and experiments show a convincing agreement with theoretical 
predictions.

These results lay the basis for the emergence of a new generation of high-performance nonlinear locally 
resonant metamaterials. This opens new perspectives in the modelling and fabrication of tunable metamaterials 
with amplitude-dependent attenuation zones occurring at harmonics multiple of the local resonance frequency, 
ultimately leading to novel applications, such as: tunable and multi-harmonic filters and imaging devices.

Figure 4.  Spectrograms of the output signal computed at the right end of the chain. made of 50 cells in the (a) 
linear and (c) nonlinear regimes when a burst of 4 periods at around two times the frequency of the in-plane 
flexural mode of the resonator (i.e. 700 Hz) is applied on the left side. The spectrograms are normalized with 
respect to the maximum power obtained in the linear regime. The total energy  (Etot) stored in the main chain 
 (Ech) and in the resonators  (Eres) is computed for the (b) linear and (d) nonlinear cases.
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Methods
Dispersion diagram. According to the Bloch-Floquet expansion  theorem49, the displacement field u can 
be expressed as:

where x is the position vector, k the wave vector, ω the frequency and U a periodic Bloch displacement vector. 
In this work only the Γ-X path of the Brillouin zone is considered since the focus here is only on the longitudinal 
waves propagating along the chain of the resonant unit cells.

To obtain the dispersion diagram for the unit cell shown in Fig. 1b, the commercial software COMSOL Mul-
tiphysics is used: Bloch-Floquet periodic boundary conditions are applied along the x-direction on the left and 
right sides of the 3D unit cell while all the other surfaces are left free.

Linear regime transmission diagram. The transmission diagram in the linear regime is computed in 
COMSOL Multiphysics through a frequency-domain analysis. A sinusoidal input signal of amplitude 10 µm 
is applied on the left side of the chain in the form of a prescribed displacement in the x-direction and the out-
put displacement is computed as the displacement averaged along the height of the right side of the chain as 
schematically shown in the top part of Fig. 3. The right side of the chain is left free in correspondence with the 
experimental setup. The 3D geometry of the chain is discretized with quadratic finite elements. The frequency 
of the input signal is swept from 1 to 950 Hz with steps of 1 Hz. No damping is considered in this simulation 
according to the hypothesis on the lossless material made throughout this work.

nonlinear time domain analysis. A nonlinear time domain analysis is performed to simulate the propa-
gation of the elastic wave through the chain. For the numerical analyses in the nonlinear regime, a four-period 
burst signal of amplitude 50 µm is applied at the left side of the chain in the form of a prescribed horizontal 
displacement (along the x-direction). The right side of the chain is left free in correspondence with the experi-
mental setup.

Thanks to the geometric dimensions of the metastructure, i.e. a small thickness compared to its in-plane 
dimensions, 2D analyses under a plane-stress assumption are performed, significantly reducing the computa-
tional effort compared to full 3D simulations. Quadrilateral quadratic Lagrange finite elements are used for the 
discretization of the unit cell geometry, with the size of the elements small enough to resolve the propagating 
elastic wave in space. An implicit generalized-α method is used for the time integration, with a time step small 
enough (λmin/30) to resolve all the frequencies actuated by the transient burst signal.

experimental set-up. The metastructure consisting of 50 unit cells was fabricated by a standard electrical 
discharge machining (EDM) process from a monolithic AlMgSi1 sheet of 5 mm thickness.

(1)u(x, k, t) = Ue
i(k•x−ωt)

Figure 5.  (a) Experimental set-up, (b) close-up view of the fabricated structure attached to the shaker on the 
left side.
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Figure 6.  (a) Comparison between the numerical and experimental transmission diagrams. The frequency 
mismatch between the two attenuation peaks is in the order of 10 Hz, which can be attributed to fabrication 
imperfections and material property uncertainties. (b) Spectrogram of the output signal measured at the right 
end of the chain when a sinusoidal input signal of 0.1 V at 325 Hz is applied on the left side. The spectrogram is 
normalized with respect to the maximum power of the input signal (i.e. left end).

Figure 7.  Transmission diagram measured for different amplitudes of the input signals. By increasing the 
amplitude of the input, the nonlinear regime is triggered and the subharmonic attenuation zone emerges.
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The fabricated chain is suspended through fishing wires as shown in Fig. 5a to simulate the free condition at 
both top and bottom surfaces of the metastructure. The total experimental set-up employed for the measure-
ments is described in the Supplementary Information.

Received: 1 April 2020; Accepted: 30 June 2020

References
 1. Monticone, F. et al. Metamaterial, plasmonic and nonphotonic devices. Rep. Prog. Phys. 80(036401), 1–37 (2017).
 2. Wright, D. W. et al. The characteristics and applications of metamaterials. Ultrasound 17, 6873 (2009).
 3. Fang, X. et al. Ultra-low and ultra-broad-band nonlinear acoustic metamaterials. Nat. Comm. 8, 1288 (2017).
 4. Phani, A. S. et al. Wave propagation in two-dimensional periodic lattices. J. Acoust. Soc. Am. 119, 19952005 (2006).
 5. Fang, N. et al. Ultrasonic metamaterials with negative modulus. Nat. Mater. 5, 452–456 (2006).
 6. D’Alessandro, L. et al. Modeling and experimental verification of an ultra-wide bandgap in 3D phononic crystal. Appl. Phys. Lett. 

109, 1–4 (2016).
 7. Ungureanu, B. et al. Auxetic-like metamaterials as novel earthquake protections. EPJ Appl. Metamater. 2, 1–8 (2015).
 8. Ma, G. et al. Acoustic metamaterials: from local resonances to broad horizons. Sci. Adv. 2, e1501595 (2016).
 9. Shadrivov, I. V. et al. Second-harmonic generation in nonlinear left-handed metamaterials. J. Opt. Soc. Am. B 23, 529–534 (2006).
 10. Fang, X. et al. Wave propagation in a nonlinear acoustic metamaterial beam considering third harmonic generation. New J. Phys. 

20, 123028 (2018).
 11. Reda, H. Wave propagation in pre-deformed periodic network materials based on large strains homogenization. Compos. Struct. 

184, 860 (2018).
 12. Vorotnikov, K. et al. Wave propagation in a strongly nonlinear locally resonant granular crystal. Phys. D 365, 2741 (2018).

Figure 8.  Spectrogram of the signal measured at the (a) left and (b) right ends of the metamaterial chain when 
a sinusoidal input at 790 Hz is applied to the structure. The spectrograms are normalized with respect to the 
maximum power of the input signal (i.e. left end).



10

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:12041  | https://doi.org/10.1038/s41598-020-68894-3

www.nature.com/scientificreports/

 13. Sánchez-Morcillo, V. J. Second-harmonic generation for dispersive elastic waves in a discrete granular chain. Phys. Rev. E 88, 
043203 (2013).

 14. Hatanaka, D. et al. Broadband reconfigurable logic gates in phononic waveguides. Sci. Rep. 7, 12745 (2017).
 15. Sun, H. X. et al. A tunable acoustic diode made by a metal plate with periodic structure. Appl. Phys. Lett. 100, 103507 (2012).
 16. Fronk, M. D. et al. Higher-order dispersion stability, and waveform invariance in nonlinear monoatomic and diatomic systems. J. 

Vibr. Acoust. 139, 051003 (2017).
 17. Khajehtourian, R. et al. Dispersion characteristics of a nonlinear elastic metamaterial. AIP Adv. 4(124308), 1–18 (2014).
 18. Manktelow, K. L. et al. Multiple scale analysis of wave-wave interactions in a cubically nonlinear monoatomic chain. Nonlinear 

Dyn. 63, 193–203 (2011).
 19. Manktelow, K. L. et al. Finite-element based perturbation analysis of wave propagation in nonlinear periodic structures. Mech. 

Syst. Signal Process. 39, 32–46 (2013).
 20. Narisetti, R. et al. Study of wave propagation in strongly nonlinear periodic lattices using a harmonic balance approach. Wave 

Motion 49, 394–410 (2012).
 21. Vakakis, A. F. et al. Interactions of propagating waves in a one-dimensional chain of linear oscillators with a strongly nonlinear 

local attachment. Meccanica 49, 2375–2397 (2014).
 22. Vakakis, A. F. et al. Nonlinear Targeted Energy Transfer in Mechanical and Structural Systems (Springer, Dordrecht, 2009).
 23. Fronk, M. D. et al. Internally resonant wave energy exchange in weakly nonlinear lattices and metamaterials. Phys. Rev. E 100, 

032213 (2019).
 24. Luongo, A. et al. Dynamic analysis of externally excited NES-controlled systems via a mixed Multiple Scale/Harmonic Balance 

algorithm. Nonlinear Dyn. 70, 2049 (2012).
 25. Jiao, W. et al. Mechanics of inter-modal tunneling in nonlinear waveguides. J. Mech. Phys. Solids 111, 1–17 (2018).
 26. Jiao, W. et al. Intermodal and subwavelength energy trapping in nonlinear metamaterial waveguides. Phys. Rev. Appl. 10, 024006 

(2018).
 27. Manimala, J. M. et al. Numerical investigation of amplitude-dependent dynamic response in acoustic metamaterials. J. Acoust. 

Soc. Am. 139, 3365–3372 (2016).
 28. Fang, X. et al. Wave propagation in one-dimensional nonlinear acoustic metamaterials. New J. Phys. 19, 053007 (2017).
 29. Fang, X. et al. Wave propagation in nonlinear metamaterial multiatomic chains based on homotopy method. AIP Adv. 6, 121706 

(2016).
 30. Fang, X. et al. Broadband and tunable one-dimensional strongly nonlinear acoustic metamaterials: theoretical study. Phys. Rev. E 

94, 052206 (2016).
 31. Lazarov, B. S. et al. Low-frequency band gaps in chains with attached non-linear oscillators. Int. J. Non-Linear Mech. 42, 1186–1193 

(2007).
 32. Silva, P. B. et al. Emergent subharmonic band gaps in nonlinear locally resonant metamaterials induced by autoparametric reso-

nance. Phys. Rev. E 99, 063003 (2019).
 33. Kozinsky, I. et al. Tuning nonlinearity, dynamic range, and frequency of nanomechanical resonators. Appl. Phys. Lett. 88, 253101 

(2006).
 34. Abdel-Rahman, E. M. et al. Secondary resonances of electrically actuated resonant microsensors. J. Micromech. Microeng. 13, 

491501 (2003).
 35. Ozdogan, M. et al. Nonlinear dynamic behavior of a bi-axial torsional MEMS mirror with sidewall electrodes. Micromachines 7, 

1–16 (2016).
 36. Shaw, S. W. et al. A periodically forced piecewise linear oscillator. J. Sound Vibr. 90, 129–155 (1983).
 37. Van De Vorst, E. et al. Experimental analysis of the steady-state behaviour of beam systems with discontinuous support. Meccanica 

31, 293–308 (1996).
 38. Guerrieri, A. et al. An investigation on the effects of contact in MEMS oscillators. J. Microelectromech. Syst. 27(6), 963–972 (2018).
 39. Lapine, M. et al. Nonlinearity of a metamaterial arising from diode insertions into resonant conductive elements. Phys. Rev. E 67, 

065601 (2003).
 40. Cho, H. et al. Nonlinear hardening and softening resonances in micromechanical cantilever-nanotube systems originated from 

nanoscale geometric nonlinearities. Int. J. Solids Struct. 49, 2059–2065 (2012).
 41. Zhao, Y. et al. Analytical solutions for resonant response of suspended cables subjected to external excitation. Nonlinear Dyn. 78, 

10171032 (2014).
 42. Leadenham, S. et al. M-shaped asymmetric nonlinear oscillator for broadband vibration energy harvesting: harmonic balance 

analysis and experimental validation. J. Sound Vibr. 333, 62096223 (2014).
 43. Tajaddodianfar, F. et al. On the dynamics of bistable micro/nano resonators: analyitical solution and nonlinear behavior. Commun. 

Nonlinear Sci. Numer. Simul. 20, 1078–1089 (2015).
 44. Ganapathia, M. et al. Dynamic characteristics of curved nanobeams using nonlocal higher-order curved beam theory. Phys. E 91, 

190202 (2017).
 45. Krylov, S. et al. Dynamic stability of electrostatically actuated initially curved shallow micro beams. Contin. Mech. Thermodyn. 

22, 445468 (2010).
 46. Pan, K. Q. et al. Geometric nonlinear dynamic analysis of curved beams using curved beam element. Acta Mech. Sin. 27, 10231033 

(2011).
 47. Ouakad, H. M. et al. The dynamic behavior of MEMS arch resonators actuated electrically. Int. J. Nonlinear Mech. 45, 704713 

(2010).
 48. Hajjaj, A. Z. et al. The static and dynamic behavior of MEMS arch resonators near veering and the impact of initial shapes. Int. J. 

Nonlinear Mech. 95, 277–286 (2017).
 49. Bloch, F. Uber die quantenmechanik der elektronen in kristallgittern. Z. Phys. 52, 555–600 (1929).
 50. Achenbach, J. D. Wave Propagation in Elastic Solids (North-Holland, Amsterdam, 1973).
 51. Joannopoulos, J. D. et al. Photonic Crystals: Molding the Flow of Light (Princeton University Press, New Jersey, 2008).
 52. Andreassen, E. et al. Analysis of phononic bandgap structures with dissipation. ASME J. Vib. Acoust. 135, 041015 (2013).
 53. Krushynska, A. O. et al. Visco-elastic effects on wave dispersion in three-phase acoustic metamaterials. J. Mech. Phys. Solids 96, 

29–47 (2016).
 54. Veres, I. A. et al. Complex band structues of two dimensional phononic crystals: analysis by the finite element method. J. Appl. 

Phys. 114, 083519 (2013).

Acknowledgements
This research has been performed within the framework of the 4TU.High-Tech Materials Research Programme 
New Horizons in designer materials (www.4tu.nl/htm). Part of the research leading to these results (Zega/
Geers) has received funding from the European Research Council under the European Union’s Seventh Frame-
work Programme (FP7/2007–2013)/ERC Grant Agreement No. [339392].

http://www.4tu.nl/htm


11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:12041  | https://doi.org/10.1038/s41598-020-68894-3

www.nature.com/scientificreports/

Author contributions
V.Z. and P.B.S. conceived the design of the unit cell of the nonlinear locally resonant metamaterial, V.Z. per-
formed numerical analyses and P.B.S. and V.Z. performed experimental tests. V.G.K. and M.G.D.G. acquired 
funding, oversaw the research, provided guidance and discussed the results and implications at all stages. V.Z. 
wrote the manuscript and all authors edited the manuscript.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-68894 -3.

Correspondence and requests for materials should be addressed to V.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-68894-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Experimental proof of emergent subharmonic attenuation zones in a nonlinear locally resonant metamaterial
	Anchor 2
	Anchor 3
	Nonlinear locally resonant metamaterial design
	Resonant unit cell. 
	Linear behavior. 
	Nonlinear behavior. 
	Experimental results. 
	Linear behavior. 
	Nonlinear behavior. 

	Discussion
	Methods
	Dispersion diagram. 
	Linear regime transmission diagram. 
	Nonlinear time domain analysis. 
	Experimental set-up. 

	References
	Acknowledgements


