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Abstract. In structural dynamics, periodic resonant inclusions are widely used to improve the
vibro-acoustic properties of lightweight structures. Depending on the design of these inclusions,
the wave propagation in the structure is modified for specific frequency ranges and stop bands,
where in theory no free wave propagation is possible, can be generated. The Wave Finite
Element Method (WFEM) investigates the wave propagation in periodic structures based on a
Finite Element (FE) model of a single unit cell. Using the direct approach of the WFEM, it is
possible to depict the wave characteristics in the frequency range of the resonant frequency of
the inclusions. Consequently, a spatial decay for the different wave types can be determined in
the frequency range of the potential stop band. The frequency dependent decay characteristics
can be used to evaluate the performance of the resonant inclusions and find optimal parameters
for the desired application of the metamaterial. The procedure is applied to design beam-like
resonators and find an optimal resonator spacing for a beam-like acoustic metamaterial. For a
fixed percentage of added mass, the spacing of the resonators can be adjusted to optimize the
maximum spatial decay or the stop band size.

1. Introduction

Locally resonant materials show a high potential for tuning the vibro-acoustic properties of
structures in specific frequency ranges. Due to periodicity, Bragg scattering and negative
interference can suppress free wave propagation in certain frequency ranges. While these
interference effects depend on the length scale of the periodicity, resonant inclusions can generate
stop bands independent of the length scale of the periodicity [1]. Furthermore, locally resonant
behavior can improve vibro-acoustic properties of structures beyond the limits of conventional
materials [2]. Accordingly, locally resonant materials show high potential for improving vibro-
acoustic properties of lightweight structures [3-12].

There are different methods to compute the wave propagation in periodic structures. For
simple periodic structures, there exist analytical solutions [1,13,14]. For more complex periodic
structures, transfer matrix approaches, where the left and right states are related by the Floquet
theorem [15], are widely used [16]. [17] used such an approach to compute the wave propagation
in periodic beam-like structures. Another possibility is the receptance method introduced
by [18]. [19] combined the ideas of [18] with the use of finite elements (FE) to compute the
propagation constants in skin-rib structures.
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Combining the transfer matrix approach with conventional FE formulations has been
established as the wave finite element method (WFEM) [22] and has been used in many
applications for computing the wave propagation in periodic structures. The great advantage is
that only a FE-model of single unit cell of the periodic structure is modeled and that standard
element libraries for finite element formulations can be used. Compared to other approaches this
yields an easy use and a wide range of applications. [20] computes the wave propagation in beam
systems with periodic supports. [21] applied the methodology to simulate vibrations in railway
tracks. There also exist studies about two dimensional laminated plates [22-24] and honeycomb
structures [25]. [4-7] use the WFEM to compute the phase and attenuation characteristics for
beams with periodically attached tuned mass dampers (TMD) and [4] shows the influence of
different damping ratios on the phase and attenuation. It can be shown that TMDs generate
stop bands for longitudinal [5] and bending waves [6] in the vicinity of the resonance frequency
of the TMD.

There are two different approaches to solve the eigenvalue problem describing the wave
propagation [18]. First, the inverse approach where frequencies of free wave propagation are
computed by assuming purely imaginary propagation constants. Second, the direct approach,
where for every frequency of interest a complex propagation constant is computed and therefore,
besides the phase information, also decaying properties at different frequencies can be estimated.
The inverse approach can be used to compute the wave solutions of the undamped waves and is
therefore commonly used to show in which frequency ranges free wave propagation is possible
[3,8-12]. In contrast, the direct approach computes all wave solutions and thus also determines
the decaying wave solutions. The direct approach is usually used for computing the forced
response of periodic structures, where also the wave solutions with decaying characteristics are
necessary. The direct approach can be reformulated to overcome ill-conditioning by exploiting
the symplectic property of the underlying eigenvalue problem [27]. [28] shows a condensed
WFEM which reduces the modal space and therefore reduces the computational effort.

The benefit of the direct approach is that damping characteristics in the frequency range of
potential stop bands can be determined. In this contribution, we investigate the influence of
local resonators on the wave solutions of an Euler-Bernoulli beam using the direct approach.
At first, the theoretical background of the WFEM is summarized to show how the phase and
spatial decaying characteristics can be extracted from the wave solutions. Second, the influence
of local resonances on the wave solutions of an Euler-Bernoulli beam is shown using the WFEM.
In a next step, the wave solutions of discrete TMDs and beam-like resonators are compared.
The wave characteristics are evaluated in the vicinity of the resonance frequency of the local
resonator to show how the modeling of the TMD influences the stop band characteristics. In
the end, the benefit of the spatial decay characteristic for the design optimization of beam like
resonators is highlighted and an optimal TMD spacing for beam-like resonators is derived based
on the spatial decaying characteristics.

2. The Wave Finite Element Method (WFEM)

Due to the periodicity of the structure, it is sufficient to consider a small segment of finite length
(unit cell) to compute the harmonic wave propagation in the overall structure. Based on the
Floquet theorem [15], the solution of the state variables in a periodic structure is periodic itself
and only varies by an exponential term with respect to the length of the unit cell.

w(z + L) = u(z) e " = u(z) p (1)

K is the wavenumber and L is the length of the unit cell. [29] derived a similar relation for the
motion of electrons in three-dimensional lattices. According to the derivation of [15] and [29],
(1) is sometimes called Floquet theorem for one-dimensional periodicity and Bloch theorem for
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higher dimensional periodicity. Applying (1), the state vectors of two neighboring unit cells can
be related (see figure 1).
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Figure 1. Deformations q and forces F of two neighboring unit cells; subscripts correspond to
the location in a unit cell (left, interior or right) and the superscripts identify the unit cell.

Using a finite element model of the unit cell, the equation for time harmonic wave propagation
can be set:
(—~w*M+iwC+K)q=F. (3)

/

S(w)

M, C and K describe mass, damping and stiffness matrices, respectively. The resulting dynamic
stiffness matrix S can be sorted with respect to the left (qr,), internal (qy) and right (qr ) degrees
of freedom.

St Str Sur| |qL Fy,
SR Srr Sri| |ar| = |Fr| - (4)
Si. Sk Su | |ar 0

As described in [22], the interior degrees of freedom can be condensed as qp =
—Sypt (StLar + Sirgr). This results in the reduced system of equations.

St Sir] [av FL . & —1
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Reordering leads on to the relation of the state variables of two neighboring cells based on the
FE model of the unit cell. This relation is described by the transfer matrix T.

O T |l R

Fr ~SrL + gRRgiﬁgLL —gRRSﬁl{
Combining the Floquet theorem (2) and (6) yields an eigenvalue problem that describes the
wave solutions of the infinite structure.

<[], -], @

This transfer matrix approach which describes the relation between displacements and forces of
two neighboring elements yields an ill conditioned eigenvalue problem because of the appearance
of eigenvalues corresponding to displacements and forces [30]. Numerical errors in the finite
element discretization might be amplified and distort the solution. To overcome this problem,
different reformulations of the eigenvalue problem exist [22,27].
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The eigenvalues p represent the different wave solutions of the structure and appear as
complex conjugate pairs.

K

——

i(nR+iN])L 7Z'I$RL+I€[L (8)

nw=e =e

The exponent of the eigenvalue defines the wave type of the corresponding eigenvalue. Figure 2
illustrates the relation between the wavenumber s and the wave types. The relative phase change

of the wave solution from a unit cell to another can be retrieved from the imaginary part of the
exponent of eigenvalues .

RRL::tan1<§§Z§> (9)

Respectively, the decay characteristics of the wave solutions are linked to the real part of the
exponent.

1L = og(|u]) (10)

To compare different configurations, the decaying characteristic is normalized with respect to
the length of the unit cell to get a spatial decaying characteristic per unit length.

log(|pl)
_ 11
- (1)
lu|  kr kI wave type
1 #0 0 undamped wave
#1 #0 #0 damped wave
#1 0 # 0 evanescent wave
a) b)

Figure 2. Relation between eigenvalue p, wavenumber x and the different wave types of acoustic
waves (a); wave forms of undamped, damped and evanescent wave (b).

3. Wave solutions of Euler-Bernoulli beam with discrete resonators

In the following, the wave solutions of an Euler-Bernoulli beam are computed with the method
described in the previous section. As shown in figure 3, the beam has two degrees of freedom
at each node (vertical deflection and rotation). The material parameters Young’s Modulus E,
density p and Poisson’s ratio v are also listed. The beam has a length L of 10 cm and a quadratic
cross section A of 1 cm?.

For an undamped Euler-Bernoulli beam there are four fundamental wave solutions for each
frequency: two evanescent waves and two undamped waves [31]. Figure 4 shows the eigenvalues
of (7) computed from —100 Hz to 100 Hz in frequency steps of 0.1 Hz. The dashed line marks
the unit circle which indicates possible locations of eigenvalues representing undamped waves.
Figenvalues located inside the unit circle represent waves traveling in the positive direction,
whereas eigenvalues located outside the unit circle represent waves traveling in the negative
direction. Eigenvalues located on the unit circle can represent a wave traveling in positive or
negative direction. The eigenvalues representing the evanescent waves are located on the real
axis. Furthermore, one can see that the wave solution for positive and negative frequencies are
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FE 210 GPa
lHl P 7800 kg/m3
v 0.3
} I L 10 cm
L A 1 cm?

Figure 3. Model of an Euler-Bernoulli beam with vertical and rotational degrees of freedom at
each node with corresponding material and geometric properties.
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Figure 4. Solution of the eigenvalue problem (7) for the Euler-Bernoulli beam displayed in
figure 3, the dashed line indicates the unit circle and the derived decay (xr) and phase (krL)
information.

the same. Figure 4 also illustrates the decay and phase information that can be extracted from
the eigenvalues i These plots are preferably used to show the information about the frequency
dependency of the wave solutions.

The Euler-Bernoulli beam is now modified by a tuned mass damper (TMD) (see figure 5).
The properties of the beam are the same as in the previous model and also the wave solutions
are computed for the same frequencies.

Madd = m/mbeam 5 %
k C fTMD:i\/k/m 50 Hz

Dryp =c¢/(2Vkm) 1%

Figure 5. Euler-Bernoulli beam with attached TMD and corresponding properties of the TMD;
properties of the beam are the same as described in figure 3.

The mass m of the TMD is adjusted such that the mass of the overall structure is increased
by 5 %. Furthermore, the resonance frequency of the TMD fra/p is set to 50 Hz. Finally, the
damping constant c¢ is determined such that the critical damping ratio Drysp amounts 1 %. If
damping is introduced into the model, in general undamped waves do not exist. To distinguish
strongly damped waves from nearly undamped waves, undamped waves are defined as having a
spatial decay of less than 1% per meter.
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Figure 6. Eigenvalues describing the wave solutions of an Euler-Bernoulli beam with an
attached TMD and corresponding spatial decay and phase information.

In Figure 6, one can see the influence of the TMD on the four wave solutions of the beam. In
the frequency range around the resonance of the TMD only damped waves occur. The frequency
range where no undamped waves appear is identified as stop band. Stop bands can be extracted
from the decay characteristics and from the phase characteristics of the wave solutions.

One can see that the maximum spatial decaying characteristic (5.82 1/m) appears at a
frequency slightly below the resonance frequency (49.7 Hz). This frequency is also the frequency
where according to [32] the maximum absorption occurs. Additionally, the damped wave
solutions that evolve from the originally undamped wave solutions only experience a maximum
attenuation of 2.10 1/m at a frequency slightly higher than the TMD resonance. Furthermore,
the frequency range where the originally evanescent waves are influenced by the TMD is larger
than the frequency range where the undamped waves are suppressed.

In addition, it can be concluded that if damping is present (C # 0), the eigenvalue problem
has also to be solved for negative frequencies w to get all wave solutions.
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Figure 7. Eigenvalues describing the wave Figure 8. FEigenvalues describing the wave
solutions of an Euler-Bernoulli beam with an solutions of an Euler-Bernoulli beam with an
attached TMD with complex spring stiffness attached TMD with complex spring stiffness
k = k(1+140.02). k= k(1 —10.02).
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If energy dissipation with a frequency independent structural loss factor 7 is introduced via
a complex spring stiffness k, the computation has to be performed for positive frequencies with
k = k(1 4 in) and negative frequencies with k = k(1 — in) to get all wave solutions (compare
figures 7 and 8).

In general, there exist wave pairs with similar shape traveling in opposite direction. These
pairs have an opposite sign in the relative phase shift and the spatial decay. For undamped
waves, these pairs correspond to the complex conjugate eigenvalues. For wave pairs that have a
decaying characteristic, these pairs are not complex conjugates because the complex conjugate
eigenvalues have the same sign in the decaying characteristic.

In practice, the geometry of the TMD also introduces a rotational inertia, which yields an
additional decaying effect. Next, the wave solutions for a rotational TMD as described in figure 9
are computed.

m/2
Madd = m/mbeam 5%
ko co Ir frvp = 5=v/ke/(mr?) 50 Hz
Dryp = co/(2\/ kemr?) 1%
T 20 cm
m/2

Figure 9. Euler-Bernoulli beam with attached rotational TMD and corresponding properties
of the TMD; properties of the beam are the same as described in figure 3.

The rotational TMD has a rotational spring stiffness k¢ as well as a damping constant ce
which allows to introduce a critical damping ratio Dpysp.

1 100
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- ® damped
0.6 80
0.4 70
0.2 ¢ 100Hz T e
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Figure 10. Eigenvalues describing the wave solutions of an Euler-Bernoulli beam with an
attached rotational TMD and corresponding spatial decay and phase information.

In figure 10 the maximum spatial decay is located at 50.5 H z, which is slightly higher than the
resonance frequency of the rotational TMD. The maximum spatial decay is 5.89 1/m. Comparing
the evolution of the damped waves solution, the rotational TMD modifies the wave solution of
the Euler-Bernoulli beam differently than the vertical TMD. The wave branches in the resonance
stop band have different shapes than with a vertical TMD. The rotational TMD with a large
rotational inertia creates damped wave solutions that show a transitional behavior between
undamped and evanescent wave solutions and vice versa.
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Figure 11. Eigenvalues describing the wave solutions of an Euler-Bernoulli beam with an
attached vertical TMD with increased mass (50 % of the mass of the beam) and corresponding
spatial decay and phase information.

The vertical TMD leaves the originally undamped and evanescent wave solutions separately,
independent from the mass (see the eigenvalue plots in figures 6 and 11). The reason for this
can be identified in the eigenvalue plot: the loops of damped waves, that appear in the vicinity
of the resonance frequency of the TMD do not overlap. The loops marked in figure 11 are based
on wave solutions of frequencies with opposite sign.

Comparing figures 6 and 11, one can see that a larger mass enhance the stop band, which
was already shown by [4]. In addition, a larger mass increases the maximum spatial decay as
well as the averaged spatial decay in the stop band. Furthermore, the frequency range where
evanescent waves are suppressed growth more than the stop band for the undamped waves.

4. Influence of the TMD spacing on the wave solutions

In a next step, the wave solutions for beams with different lengths are computed. The total
mass added by the TMD is again fixed to 5 % of the mass of the beam. Thus, the overall mass
added per unit length is constant. Varying the length L is equivalent to compare different TMD
spacing for a fixed percentage of additional mass.

e ?

2L

- - =

Figure 12. What is the optimal TMD spacing? Effect of doubling the beam length L (TMD
spacing) on the mass of the TMD while the percentage of added mass by the TMD is fixed.

This investigation is applied to beams with a vertical and rotational TMDs as described
in figures 5 and 10, respectively. Figure 13 illustrates the dependence of the stop band
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characteristics on the TMD spacing L for the beam with vertical and rotational TMD for two
different resonance frequencies.

9 . ' . - - 45
= \ 40
E 8 1 =)
% 5 35
8 77777777777777 — — —vert. TMD 50 Hz j 77777777777777
< | | |— — —vert. TMD 80 Hz -
=7 rot. TMD 50 Hz | — 30
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% Q
: 225
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& ® e
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5— ‘ ‘ ‘ ‘ 15— : : : :
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Length L [cm)] Length L [cm]

Figure 13. Influence of the TMD spacing on the stop band characteristics for a discrete vertical
and rotational TMD; stop band size is defined as the frequency range where only wave solutions
with a spatial decay greater than 1% exist.

The TMDs with resonance frequency of 50 Hz (marked with blue color) result in a smaller
maximum decay and a smaller stop band size as the TMDs with resonance frequency of 80
Hz. Interestingly, the stop band characteristics for the vertical TMDs (dashed lines) do not
vary with increasing TMD spacing. In comparison to the vertical TMD, the rotational TMD
yields slightly decreasing maximum decay and stop band size when the TMD spacing increases.
Therefore, using a rotational TMD the smallest possible TMD spacing maximizes the maximum
spatial decay and the stop band size.

In many applications, local resonances are introduced by integrating beam-like structures into
the main structure. Therefore, the discrete TMD is replaced by an Euler-Bernoulli beam as
demonstrated in figure 14.

I o
. _ 18752 /ElIrup
,'I fTMD—beam = 2722, \ pPArMD 50 Hz
fo. ; Madd = mTMD—beam/mbeam 5%

Figure 14. Model of an Euler-Bernoulli beam with attached Euler-Bernoulli beam that acts as
a TMD; cross section A of the main beam is 1 cm?.

—® 4, i\/ SElrain 50 Hz

L3\ p(m~+0.24mp 0D —_peam)
;I Madd = (m + mTMD—beam)/mbeam 5%

O

Figure 15. Euler-Bernoulli beam with attached TMD-beam with additional end mass and
corresponding properties of the TMD-beam.

The material and geometric properties of the main beam are the same as previously described
in figure 3, except that the damping is included by a complex Young’s Modulus E = E(1 + in),
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where 7 is the structural loss factor and has a fixed value of 0.001. The smaller beam that acts
as a local resonator consists of the same material as the main beam. Knowing the desired (first)
eigenfrequency and the mass of the TMD-beam, the necessary length and the cross section of
the TMD-beam can be computed. To derive the dependence between the geometry and the
resonance frequency, we assume that the TMD-beam behaves as a clamped-free Euler-Bernoulli
beam [35]. The resulting TMD-beam can be comparably long with respect to the length of the
unit cell. This might be infeasible for practical applications. Therefore, a part of the additional
mass should be added as concentrated mass to the end of the TMD-beam (see figure 15).

11 — ; ; ; 4
= 105+ 39
= N
= jusi
5 10t <
15
I3 o 3871
5] 5]
o 5
= 957 -
Z 3
n 9t =
% 2
S n
= 3671
850 m/maia = 0 m/magq = 0
m/Mmaga = 0.25 m/maeaq = 0.25
g L . . . 352 . . .
5 10 15 20 25 5 10 15 20 25
Length L [cm] Length L [cm]

Figure 16. Comparison of the stop band characteristics of an Euler-Bernoulli beam with
attached TMD-beam without end mass and with end mass equal to a quarter of the total added
mass; stop band size is defined as the frequency range where only wave solutions with a spatial
decay greater than 1% exist.

Figure 16 compares the maximum decay in the stop band and the stop band size for a TMD-
beam with and without end mass for different TMD spacings. For a better resolution in the stop
band, the frequency steps are decreased from 0.1 Hz to 0.001 Hz in the frequency range from +
48 to + 53 Hz. The optimal spatial decay for both models occurs with a TMD spacing around
a quarter of the wave length of the bending wave at resonance frequency of the TMD (16.5 cm).
For smaller or larger TMD spacings the maximum spatial decay decreases. The TMD-beam
without end mass shows a larger decay for all TMD spacings. With increasing TMD spacing
the stop band size increases. The configuration with an additional end mass yields a larger stop
band size.

Comparing the stop band characteristics of the TMD-beams to the discrete vertical or ro-
tational TMDs with mass equal to the corresponding modal mass of the TMD beam, it seems
that the stop band size is overestimated and the spatial decay underestimated by the discrete
TMDs. These differences occur even if the mass of the discrete TMD is adjusted to the modal
mass of the beam-like TMD (the modal mass of the first resonance of the TMD-beam without
end mass is equal to the mass of the TMD-beam [34]). Furthermore, the optimal TMD spacing
for the beam-like resonators differs from the optimal TMD spacing for discrete TMDs.

In the following, the influence of a varying end mass on the stop band characteristics is in-
vestigated. The stop band characteristics are computed for different ratios of end mass to total
added mass (m/mgqq). As previously, the amount of total added mass by the TMD-beam is
fixed to 5 % of the mass of the main beam.

10
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Figure 17. Comparison of the stop band characteristics of Euler-Bernoulli beams of different
length with attached TMD-beams with different ratio of end mass to total added mass; stop
band size is defined as the frequency range where only wave solutions with a spatial decay greater
than 1% exist.

Figure 17 illustrates the maximum decay and the stop band size. The maximum decay in
the stop band decreases with increasing end mass for TMD spacings of 10, 16.5 and 20 cm. As
previously observed, the optimal TMD spacing for a maximum decay is 16.5 c¢m, which is a
quarter of the wavelength of the bending wave at 50 Hz. For each TMD spacing, the stop band
size increases with increasing end mass.

Concluding from these examples, for a maximum spatial decay at the resonance frequency of
the beam-like resonator, the beam-like resonator should not have a concentrated end mass.
However, for a maximum stop band size most of the additional mass should be placed as
concentrated mass at the end of the beam.

5. Conclusions
We showed how the WFEM can be used to extract the spatial decay characteristics of periodic
structures. Besides the location of the stop band, the spatial decay characteristics also provide
information about the wave solutions that exist in the frequency range of stop bands. The spatial
decay reproduces well known characteristic properties of resonant materials, e.g. the frequency
of maximum absorption. Based on the spatial decay, the influence of discrete vertical and
rotational TMDs on the wave solution of an Euler-Bernoulli beam has been shown. Furthermore,
the comparison of the discrete TMD with a beam-like TMD showed that there are significant
differences in the stop band characteristics, even if the mass of the discrete TMD is adjusted to
the modal mass of the beam-like TMD. This fact needs to be considered in order to increase the
compliance of the wave solutions of a real TMD design and a simplified computational model.
In addition, an optimal TMD spacing can be derived based on the spatial decay of the wave
solutions. The optimal TMD spacing for a maximum decay at the resonance of the TMD is
one quarter of the bending wavelength at the resonance frequency of the resonator. Beam-like
resonators with an additional end mass introduce a smaller maximum decay but increase the
stop band size (assuming the total amount of added mass remains unchanged). Concluding,
the spatial decay seems to be a very useful quantity to compare different designs and it might
be used as objective function to optimize the frequency dependent performance of acoustic
metamaterials in the frequency range of potential stop bands.
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Further investigation will be performed to identify to what extent the design rules derived
from the characteristics of the wave solutions of infinite structures are also valid for realistic
finite structures.
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