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Abstract

Metamaterials are extensively utilized to manipulate ground surface waves for
vibration isolation within the bandgap frequency ranges whereas topological crystals
allow the creation of robust edge states immune to scattering by defects. In this work,
we propose a topological surface wave metamaterial working in the Hertz frequency
range, constituted of triangle shape concrete pillars arranged in a honeycomb lattice and
deposited on the soil ground. Based on the analogue of quantum valley Hall effect, a
non-trivial bandgap is formed from the degeneracy lifting of the Dirac cone at the K
point of the Brillouin zone by breaking the inversion symmetry of the two pillars in
each unit cell. A topological interface is created between two different crystal phases
and a topological edge state based on surface acoustic wave propagation is
demonstrated. The robustness of the topologically protected edge state is quantitatively
analyzed in presence of various defects and disorders. Finally, we take advantage of the
robust and compact topological edge state for designing a harvesting energy device.

The results demonstrate the functionality of the proposed structure for both robust
1
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surface vibration reduction as well as energy harvesting by designing proper topological
waveguides.
Keywords: Surface wave metamaterial, topological insulator, vibration attenuation,

energy harvesting, robustness.

1. Introduction

Mechanical vibrations in urban areas resulting from engineering construction and
ground transportation may damage buildings and bridges, impact the operation of
sophisticated instruments in high-tech laboratories and intrude residents’ slumber. Apart
from the airborne acoustic wave, the energy of these vibrations is generally
concentrated in the depth of one wavelength underneath the ground surface, that is,
primarily propagating in the form of surface waves, and the frequency range is usually
below 20.0 Hz[1, 2].

Mechanical metamaterials[3] whose configurations can be artificially fabricated
and modulated have been proven to manipulate the propagation of mechanical waves
with new effects such as wave isolation[4-9], topological insulator[10-19], Fano
resonance[20-23], chirality[24], focusing and imaging[25], among others. Especially,
surface wave metamaterials[1, 26-36] are designed mainly for transmission suppression
of low-frequency surface wave in certain frequency ranges based on the conception of
hybridized bandgaps. Nonetheless, energy harvesting and signal detection of the
subwavelength ground surface wave can be additional functions for surface wave
metamaterials, remaining a meaningful and challenging issue that has hitherto received
few attentions. It is possible to transform the surface wave into available electric energy
and detect ground dynamics for potential catastrophe early warning.

For practical applications, defects and disturbances are ubiquitous in surface wave
metamaterials, hence the surface wave control with high robustness is a crucial
challenge. Recently, the rapid development of metamaterial topological insulator
provides an efficient way to realize robust surface wave metamaterials. Topology

provides a method to describe global wave properties over a band structure which is
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able to be conserved under certain local perturbations. In recent years, the development
of topological insulators extended from condensed matter physics to classic wave
systems such as acoustic and elastic waves. In general, Dirac cone dispersion results
from the lattice symmetry which is protected by the space inversion and the time-
reversal symmetry. Different mechanisms like the quantum Hall, quantum spin Hall
and valley Hall effects are proposed to open a bandgap from the Dirac cone[12].
According to the elastic analog of the quantum valley Hall effect, topological phases
associated to opened bandgaps from the degeneracy lifting of the Dirac cone can be
achieved via the inversion symmetry breaking [37]. When combining two bulk
metamaterials with the opposite topological phases, topologically protected edge states
can be induced showing strong energy localization at the interface within certain
frequency ranges. The effect has been employed successfully in Lamb wave
manipulation with significant robustness[37-43], revealing a great potential in the
ground surface waves manipulation. For the application to surface acoustic waves,
Wang et al. reported robust guiding valley-dependent edge states for Rayleigh waves
excited by chiral sources at around 30 MHz[44]; Topological chiral edge state is also
realized on a periodically corrugated surface[45].

For ground surface waves in macro scale, industrial and traffic activities induced
vibrations are different from chiral excitations. In this work, we study the topological
protected edge modes based on surface acoustic waves within the non-trivial bandgap
of a pillared metamaterial. The edge states are excited by a force point source with
either out-of-plane or in plane polarization. Indeed, these are the main polarizations of
the typical surface waves such as Rayleigh or Love waves. In Sec. 2, we describe the
models and the implemented methods for designing non-trivial bandgaps and
topological edge modes of the pillared metamaterial based on surface acoustic waves.
In Sec. 3, we quantitatively study the robustness of the designed topological edge mode
against three kinds of perturbations. In Sec. 4, we adopt the robust and compact
topological edge mode whose path can be designed, according to the need, to study

energy harvesting properties by using piezoelectric materials. Finally, a summary of the
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main results is presented in Sec. 5.

2. Models and Methods

We propose a design constituted by a honeycomb lattice of equilateral triangular
section pillars made of concrete on the surface of soil. We are interested by ground
surface waves with frequency range under 20.0 Hz, so we chose a lattice constant of a
= 2.0 m and the parameters of the pair of identical pillars in the unit cell are fixed as
edge length d = 0.8 m and height # = 2.0 m. The design and the unit cell for the 3D
simulation model are shown in FIG. 1(a). To prevent the physical surface modes being
perturbed by the unphysical Lamb type waves of the thick substrate plate in the
simulation model, the depth of soil in the unit cell is chosen to be H = 30.0 m and a
numerical low-reflecting boundary is applied at the bottom surface to avoid wave
reflection. The soil (Young’s modulus Es= 10 MPa, Possion’s ratio vs = 0.3, mass
density ps = 1800 kg/m?) and concrete pillars (Young’s modulus E¢ = 40 GPa, Possion’s
ratio v = 0.25, mass density p. = 2500 kg/m?) are assumed to be homogeneous, isotropic
and linearly elastic materials[1]. Therefore, the equation of motions in solids can be

written with harmonic time dependence assumption as
2.
O°pu; = — 0y ; (D)
i = Cijiql, | ()

where @ is the angular frequency, u; the displacement component, o; the stress

tensor and c;y; the stiffness tensors that can be expressed as a function of the Young’s

modulus £ and Poisson ratio v. To obtain the dispersion relations, Bloch periodic
conditions are applied on the four vertical surfaces of the unit cells based on Bloch
theorem[46] as

u(r+ a) = u(r)e’* 3)
where a is the lattice vector, r the position vector, and k = [kx, ky] the wave vector. In
addition, stress-free conditions are applied on the other top boundaries of the simulation

model. We sweep the wave vector along the high-symmetry axesI' — K — M —T" in the
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first irreducible Brillouin zone of the honeycomb lattice (see FIG. 1(c)) and search the
eigenvalues to find dispersion relations with the help of the finite element method. It is
worth mentioning that this work is dealing with the interaction between surface waves
and pillars, thereby the vibrating modes are represented only under the sound cone of
the substrate which means below the bulk shear wave[4, 47] (shown as the solid black
lines in FIGs. 1(c)-(d)) where the propagation is prohibited towards the bulk. When the
two pillars in the unit cell are identical as in FIG. 1(a), a Dirac cone based on surface
waves dispersion curves emerges at 11.02 Hz at the K point in FIG. 1(c). The frequency
of the Dirac cone is dependent on the pillar’s resonant frequency[48]. Thus, the working
frequency of the Dirac cone can be further tuned by designing the proper pillar’s
geometry.

Then, we decrease the edge length of one equilateral triangular pillar in the unit
cell to d1 = 0.7 m while we increase that of the other to d> = 1.0 m, and keep unchanged
the distance between the two triangle centroids (see FIG. 1(b)). Thereby, the inversion
symmetry of the unit cell is broken while the Cs3y symmetry is maintained, which further
induces a non-trivial bandgap in the range [10.22, 11.44] Hz. The degeneracy of the
Dirac point is lifted and the limits of the bandgap at the K point occur at the points, Dy
(11.61 Hz) and D2 (10.22 Hz) with the inverted symmetry eigenmodes as shown in
FIGs. 1(e)-(f). The elastic energy flux travels anticlockwise and clockwise around the
pillars for D and D» valleys, respectively. If di = 1.0 m and d> = 0.7 m, the chirality of
the valley states for the lower and higher bands associated to the opened bandgap
becomes inverted. Therefore, the valley Chern number associated with this lower and
upper bands have opposite signs [16, 41], which further supports an elastic analog of
quantum valley Hall effect. As a consequence, the opened bandgap becomes non-trivial.
The wavelength of referenced Rayleigh wave propagating along the free surface
without pillars at the center frequency of the non-trivial bandgap is about 4 m, also
demonstrating a subwavelength property of the pillared metamaterial. The induced non-

trivial bandgap is able to provide robust surface wave attenuation.
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FIG. 1 (a) A honeycomb lattice with two identical triangular shape pillars in the unit cell. The soil
below the pillars is represented by a thick (gray) substrate. (b) The honeycomb lattice with two
different pillars in the unit cell breaking the inversion symmetry while preserving the Cs, symmetry.
(c) Dispersion curves of the surface waves (red lines) for the structure shown in (a) displaying a
Dirac point (D point, 11.02 Hz). The blue shaded area represents the sound cone. The light red
hexagon and the crimson right triangle indicate the first Brillouin zone and the first irreducible
Brillouin zone, respectively. (d) Dispersion curves of the surface waves (red lines) for the structure
shown in (b) showing the lifting of the Dirac point degeneracy towards the points D; (11.61 Hz)
and D (10.22 Hz). The light blue and gray areas represent the propagating bands of the substrate
and the bandgap within [10.22, 11.44] Hz, respectively. (e) and (f) The eigenmodes (real part of the
out-of-plane displacement u;) of D; and Da. In the color bar, the red and blue colors refer to the
positive and negative values of the real part of u,, respectively. Elastic energy flux is shown as green
arrows.

We turn now our attention to the design of a topological interface supporting an
edge mode. Based on the unit cell shown in FIG. 1(b), we consider two types of

topological interfaces by the juxtaposition of two crystals connected either by two large
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pillars (called L-L) or two small pillars (called S-S). We design two strips consisting of
20-unit cells with either an L-L or an S-S interface at the middle (FIGs. 2(c)-(d),
respectively). Periodic and stress-free boundary conditions are respectively applied to
the wider horizontal surfaces and to the narrower vertical surfaces. The detailed
information can be found in Appendix A. We sweep the wave vector around &, = 7/a
along the x direction, and calculate the dispersion diagram shown in FIGs. 2(a)-(b) for
the L-L and the S-S types of interfaces, respectively. To detect the presence of an edge

mode, localized in the vicinity of each interface, we propose a localization ratio S
defined as the ratio of the integrals of the kinetic energy density (& = p(Uj +U; +U7)/2)

over the two pillars at the interface and over all the pillars. The localization ratio is
expressed as

— fﬂinterface kdv 4
B T “4)

A high value of £ indicates that the eigenmode is mostly concentrated at the interface,
revealing an interface mode. In FIGs. 2(a)-(b), the dispersion diagrams display a bright
edge mode around 10.86 Hz for the L-L type interface and within the interval [10.34,
10.45] Hz for the S-S type interface. The other branches appearing in the bandgap of
surface waves result from the band folding of the bulk modes belonging to the soil. We
also present the dominant out-of-plane displacement fields of the eigenmodes at the
points A and B in FIGs. 2(c)-(d). One can clearly recognize edge modes localized
around the interfaces, with a higher confinement for mode B as compared to mode A.
The two pillars at the interface show a dipolar and a monopolar motion in FIGs. 2(c)-
(d), respectively. Since the edge modes based on surface acoustic waves are constructed
within the non-trivial bandgap (shaded grey zone), they are expected to exhibit
topological protected properties such as showing high robustness against certain

perturbations and being free of backscattering.
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FIG. 2 Two strips are constructed by placing two topologically distinct lattices adjacently, each of
them containing 10 unit cells and the interface at the middle being defined by two neighboring large
(L-L) or small (S-S) pillars. (a) and (b) Dispersion diagrams for the L-L type and S-S type interfaces.
The color represents the value of localization ratio . The grey zones in (a) and (b) stand for the
non-trivial bandgaps. (c) and (d) the out-of-plane displacement of the edge modes A and B in (a)
and (b). The unit cells besides the interface are marked out by the green boxes.
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FIG. 3 Out-of-plane displacement fields with the out-of-plane point force excitation for the zig-zag
waveguide (black curves) for (a) the L-L type and (b) the S-S type at 10.75 Hz and 10.40 Hz,
respectively. a1 and o refer to the two distinct topological phases. In (c) and (d), the diagrams of
the kinetic energy density at the dots 1 and 2 along the soil depth are plotted for the two types.
Panels (e) to (h) show the same information as (a)-(d), respectively, but for in-plane force excitation
of the point source.

To demonstrate the robustness of the topological edge modes, we design a zigzag

9
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interface separating the two bulk metamaterials a1 and o2 with the L-L and S-S
interfaces respectively. Since typical surface waves such as Rayleigh and Love waves
have different polarizations, we study the surface wave-based topological edge modes
by using both out-of-plane and in-plane force excitations.

A point source represented by an out-of-plane force (marked as the green star in
FIGs. 3(a)-(b)) is excited at the entrance of the zig-zag interface. Low-reflecting
boundaries are applied to the surrounding boundaries to eliminate the reflection effects.
The edge modes are excited at 10.75 Hz and 10.40 Hz and their propagation presented
for the L-L (FIG. 3(a)) and S-S (FIG. 3(b)) types interfaces, respectively. In both
structures, the wave entering the waveguide travels towards the end and passes the
sharp bending corners without a significant backscattering. To further demonstrate that
the edge mode is essentially based on surface acoustic waves, we plot the kinetic energy
density at the green dots 1 and 2 as a function of the depth in the soil in FIGs. 3(c)-(d)
for the two structures. The mode exhibits a high confinement near the surface, with
most of the energy localized within one wavelength depth from the ground surface. This
behavior supports the conclusion that the designed topological edge states are based on
nonleaky surface waves that do not radiate into the bulk. In addition, the energy density
at the dot 2 near the exit is a bit smaller than that at the dot 1 near the entrance, remaining
at relatively the same level, which also supports high transmission and backscattering
immunity of the topological edge mode.

We now perform similar calculations for an excitation by an in-plane point source
force with the same amplitude as above. The results are presented in FIGs. 3(e)-(h). The
generated surface wave displays a higher weight of the in-plane displacement over total
displacement than the case of the out-of-plane force excitation. One can see in FIGs.
3(e)-(f) similar high transmission and backscattering immunity of the topological edge
state as above. However, the kinetic energy density (FIGs. 3(g)-(h)) is now smaller than
before.

From the dispersion diagram shown in FIG. 2, one can note that the edge mode of

the S-S type interface covers a certain frequency range, which makes it a good candidate

10
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for energy harvesting. In the following section, we focus on the edge mode of the S-S
type excited by the out-of-plane force source for robustness analysis and energy
harvesting.

3. Robustness of the topological edge mode

(a)

(CI T ©) 100 (f
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FIG. 4 The robustness of the edge state at the S-S type interface in presence of defects and disorder
in height of the pillars at 10.40 Hz. The upper panels show the out-of-plane displacement along the
waveguide for a particular choice of disorder whereas the lower panels give the attenuation in the
transmission for various degrees of disorder. (a) & (d) The effect of removing m strips on each side
of the interface in the middle part of the waveguide. The blue strip supercell constituting the
interface area contains 6 unit cells. The out-of-plane displacement is detected at the black arcs at the
exit of the zigzag path. (b) & (e) The effect of introducing » defects in the unit cells contained in the
blue area close to the interface. (c) & (f) The effect of height disorder by a factor # for the 24 units
in the blue area. The light blue domain in (f) demonstrates the standard deviation of the transmission
for different realizations of the disorder at each 7. In the lower panels, the calculations are performed
for discrete values of the abscissa and the continuous lines are a guide for the eyes.

We investigate the robustness of the edge state to propagate along the waveguide,
by calculating the loss in the transmission coefficient in presence of a perturbation.
Therefore, we define the ratio Ai1/A;, where A; and A represent the integrated
displacements along the green arcs at the exit of the waveguide with and without
perturbations, respectively. We consider three kinds of perturbations to quantitatively
study the robustness of the topological edge state.

The first perturbation consists of removing m strips on each side of the interface
in the middle part of the waveguide as shown in FIG. 4(a). The area delimited by two

blue strips on each side of the waveguide is constituted by 6 unit cells. When one strip
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of defect is introduced (m = 1), FIG. 4(d) shows that the transmission decreases
suddenly to about 75%; then, by increasing further m, it slightly oscillates around the
level (70% -75%), exhibiting a good robustness to stronger disorder. The displacement
field for m = 7 is calculated and presented in FIG. 4(a), showing a preserved zigzag
edge state. Such high robustness is mainly attributed to the strong localization of the
topological edge mode in the vicinity of the interface.

The second perturbation (FIGs. 4(b) and (e)) consists of randomly removing n
units at the left side of the middle part of the zigzag waveguide. From FIG. 4(e) one
can observe that when the defect number # increases from 0 to 4, the transmission
decreases by a large amount to about 20% of the unperturbed situation, due to the
appearance of backscattering effect; then the level of transmission keeps at about 20%
when the defect number continues to increase until 7. The transmission field at n =7 is
shown in FIG. 4(b) which indicates that although the major part of the wave is reflected,
there still remain weak monopolar edge state after the 7-unit-defect along the last
horizontal part of the zigzag path, showing a good robustness in edge mode shape.

The third perturbation is dealing with the effect of disorder in the height of a set
of 24 pillars located in the blue shaded region of FIG. 4(c). These heights are randomly
distributed within the interval [4 — Ah, h + Ah], thus defining a disorder degree 7 = Ah/h.
For a given disorder degree, the average transmission coefficient is evaluated over 30
random samplings and the results are shown as the solid line in FIG. 4(f). We also
evaluate the standard deviation of transmissions and plot it as the shaded blue domain
around the solid line in FIG. 4(f). The stable level of the standard deviation supports
that the random sampling number of 30 should be sufficient. Generally, when the
disorder degree 7 increases from 0 to 60%, the average transmission decreases quasi-
linearly, exhibiting that the backscattering effect also becomes stronger. We show the
transmission field at 7 = 60% in FIG. 4(c). Despite the backscattering effect, the relative
weak propagating wave along the last horizontal part of the zigzag path still conserves
the monopolar edge state property, showing a strong robustness of the topological edge

mode.
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4. Topological edge mode for energy harvesting

The robust and compact topological edge mode has a great potential for energy
harvesting from a practical point of view. We adopt piezoelectric PZT-5H patches and
attach them to the top surface of soil. With the electro-mechanical coupling effect, the
vibrating energy of soil can be transformed to electric power. We choose five identical
square PZT patches with sides /= 0.1 m and thicknesses = 0.001 m, and arrange them
alternately as shown by the five yellow squares in FIG. 5(b). A simple circuit powered
by each PZT patch with a resistance R = 1000 Q is devised, whose average output power
P; is calculated by

P,= 4Lt = ki (5)
where V; is the output voltage, /; is the loop current to be measured. The detailed
5
information can be found in Appendix B. We sum the total power P = Z P of all the
i=1

six PZT patches, and present the transmission spectra together with the color
information of localization ratio f (Eq. (4)) in FIG. 5(a). From FIG. 5(a), the topological
edge mode with bright color is successfully captured within the frequency range [10.33,
10.97] Hz and the peak is measured at 10.40 Hz which coincides to the design. The
electric power at the peak is about two orders of magnitude higher than that within the
frequency ra [9.50, 10.00] Hz outside the non-trivial bandgap. Besides, it is more than
one order of magnitude higher than that of a bare surface, showing a big advantage of
the energy harvesting by topological edge mode. We also present the displacement field
at 10.40 Hz in FIG. 5(b), almost identical to the field without patches (see FIG. 3(b)).
In fact, all the vibrating pillars at the interface are available for the energy conversion
in practice. Given that the topological edge mode is highly robust to the studied three
kinds of perturbations, the corresponding induced energy harvesting also has an
efficient robustness.

At the macro scale, the basic functionality of the structure is to robustly isolate

surface waves with the non-trivial low-frequency bandgap. Energy harvesting is an

13



321  additional functionality by designing the proper interface path inside the metamaterial.
322  With maximum vibrating displacements at the interface of the order of 0.5mm, and the
323  small size of the designed PZT patch in FIG. 5, an electric power of about 10° W is
324  achieved. However, if the surface vibrations increase in practice, the PZT patch would
325  be able to generate much higher electric power, making the metamaterial as a potential

326  ground electric generator.
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PZT patches are displayed as yellow squares in the zoom-in of (b). The color map in (a) defines the

localization ratio f defined in Eq. (4).

5. Conclusion

A topological surface wave metamaterial composed of triangular section concrete
pillars arranged in a honeycomb lattice on the soil is proposed for robust vibration
attenuation and energy harvesting at low frequency ranges, below 20 Hz. By breaking
the inversion symmetry of the unit cell while preserving Csy, symmetry, the degeneracy
of the Dirac cone at K point is lifted to open a non-trivial bandgap. By combining two
metamaterials with different topological phases, two types of topological edge modes
(L-L and S-S types) with backscattering suppression and compact properties can be
designed around 10 Hz. We further quantitatively analyzed the robustness of the S-S
type topological edge mode against three kinds of perturbations, namely, (i) stripe
defects in the vicinity of the interface towards the bulk of the crystal, (ii) unit defects at
the interface and (iii) disorders in the height of pillars at the interface. For perturbation
(1), the transmission of the topological edge mode keeps stable at relative high level no
matter how large is the defect in the bulk media, showing a highly compact property of
the topological edge mode. For perturbation (i1), the transmission first decreases very
fast before becoming stable when the unit-defect number reaches 4. For perturbation
(111), the transmission slowly decreases in quasi-linear shape. For the latter two cases,
the topological edge modes are still preserved at high considered perturbation degree,
exhibiting a good robustness. Finally, piezoelectric patches are designed and attached
on top of the pillars at the interface. The robust and compact topological edge mode
makes it possible for energy harvesting within the frequency range [10.33, 10.97] Hz
of the topological edge mode. The entire size of the pillared metamaterial can be further
minimized according to the potential practical demands. For instance, a thickness such
as 4 or 5 rows of units is sufficient to effectively attenuate surface waves. The unit cells’
geometric parameters can also be optimized for different working frequency range. The
employed concrete and PZT are commercial materials with low price, making the

metamaterial realizable in practical engineering. The proposed new surface wave
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metamaterial has great potential in robust surface vibration attenuation with the non-
trivial low frequency bandgap and robust energy harvesting with the topological edge

mode.
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Appendix A. The strip’s dispersion calculation

The strip’s dispersion calculation is modeled via the finite element method. In FIG.
Al, astripe consisting of lattices red and blue with an interface at the center is deposited
on top of the substrate. The valley Chern number of the two bands associated with the
non-trivial bandgap are opposite for the red and blue lattice bulk media. Low reflection
boundary is applied to the bottom surface. Periodic conditions are applied to the two-
blue side-faces of the substrate along x direction. Stress free conditions are applied to
the two-grey side-faces of the substrate along y direction. The built model contains

about 350 thousand domain element meshes with about 2.9 million degrees of freedom.
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387 FIG. A1 dispersion model of a stripe waveguide.

388

389  Appendix B. Simulating information for the energy harvesting model

390 In this section, we detail the simulation process of the transmission with
391  piezoelectric energy harvesting along the zig-zag interface in the COMSOL
392  Multiphysics®. It is calculated by coupling of solid mechanics, electrostatics and
393 electrical circuit. The specific process is (I) Geometry model building; (II) Material and
394  mechanical boundary conditions settings; (III) Piezoelectric and electrical circuit
395  settings; (IV) Meshing; (V) Multiphysics simulation at given frequencies.

396 To enhance the calculation efficiency, the top surface of this model is discretized
397 by free triangular elements, and the entire geometry is swept with appropriate element
398  size. The meshed model contains 1330471 domain elements and 7879642 degrees of
399  freedom, which is sufficient to ensure the convergence of the results. For calculation
400  stability, we use the CPU of Intel® Xeon® Gold 6154 Processor with the max turbo
401 frequency of 3.70 GHz and the memory of 512 GB. The simulation costs about one and
402  ahalf hours for each frequency.
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