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Abstract

A new design is proposed for the meta-panel that consists of three components including two
thin face-sheets bonded to meta-truss cores to enhance its blast resistance and energy absorption
capacity. The meta-truss core comprising solid inclusions with coated soft layers exhibits
exceptional wave-filtering properties by activating the local vibration of the inclusions, leading
to the negative effective mass and stiffness of the meta-truss core in the corresponding
frequency bandgaps, hence reducing the wave propagations. When frequencies of the applied
loading fall within the bandgaps, the loading effects are not able to be transferred or
significantly mitigated by the meta-truss core. In this study, the result from a previous
theoretical derivation of wave propagation in an idealized meta-truss bar is used to validate the
numerical model. Then, analyses of the meta-truss core configurations, e.g. the inclusion
arrangement and inclusion shape on its bandgap regions and the transient responses of the meta-

panel are carried out with the verified numerical model. It is revealed that a complete wave
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attenuation design can be achieved by utilizing properly tailored arrangements of inclusions,
leading to a significantly improved protective effectiveness of the panel against blast loading.
The results present a base for the optimal design of the meta-panel for structural protections

against blast loading.

Keywords: Meta-structure; Meta-panel; Protective structures; Bandgap region; Stress wave

mitigation; Blast-resistance.
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1. Introduction

Increased terrorist activities and unexpected accidental explosions in recent years have caused
catastrophic consequences and imposed great threats to public security and the economy
worldwide. Ever-increasing demands to protect engineering structures used for both civil and
military applications have led to the development of sandwich panels functioning as sacrificial
claddings [1-4]. Sandwich panels consisting of two thin face-sheets and low-density cores are
widely utilized as energy absorbers due to their superiority in stiffness-to-weight ratio and
crashworthiness [5-9]. By installing on the surface of the protected structures, the role of the
traditional panels is to absorb energy through plastic deformation and reduce the load

transmission to the structure behind the cladding, thus protecting the main structures [9, 10].

The wide variety of sandwich structures stems largely from the diversity of sandwich core
topologies and the variation of the component materials. While many different topologies of
the cladding core including honeycomb [11, 12], auxetic structures [13, 14], corrugated [15,
16], and bio-inspired [17-23] have been intensively studied, sandwich core materials also range
widely from stochastic cellular materials (i.e. metallic [24-27] and polymeric foams [28, 29])
to periodic lattice materials [30, 31]. Specifically, metallic lattice structures have been proposed
with various topologies such as pyramidal [32, 33], tetrahedral [34, 35], and hollow truss lattice
[34, 36]. The dynamic performance of sandwich structures having metallic lattice cores has
been investigated extensively, both experimentally and theoretically. For instance, Liu et al.
[37] performed experimental and numerical investigations of the responses of hollow cylinders
with metallic foam core panels subjected to air blast. The simulation results well captured the
deformation patterns of the sandwich panels observed in the tests. For applications under impact
and blast loads, investigations on the transient responses of sandwich panels have shown great

energy absorption capacity compared to the monolithic panel as sacrificial claddings [38, 39].
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Recent attention has been directed to the field of locally resonant meta-structures [40-43], which
are the hybrid of metamaterial-based concepts with optimal lattice topology. It is worth
mentioning that the prefix “meta” originates from the Greek preposition, which meant
“beyond”, implying these exotic structural behaviours are superior to other natural counterparts.
These novel engineering structures are expected to possess the ability to generate exceptional
wave propagation mitigations in frequency ranges called “bandgap” [44, 45], leading to unique
wave attenuation properties not found in nature [46-49]. Such properties are activated due to
the presence of specially designed man-made structures [43]. A bandgap is a frequency band in
which incoming waves cannot propagate due to the activation of local resonance within the
inclusions [40, 50]. Potential practical applications in engineering fields by generating
favourable bandgaps of these structures including dynamic load mitigation [51, 52], vibration
control [53, 54], sound isolation [55], and seismic isolation [56, 57], etc. Multiple techniques
have been employed to explore the unique characteristics of these structures. For instance, a
local resonant structure that utilizes steel balls coated with silicone and covered in an epoxy
cube was proposed by Liu et al. [58], which demonstrated that when the frequency of the
excitation force is close to the local resonance frequency, the effective mass becomes negative.
This unusual property originates from the interaction between the propagating waves and the
resonance of the steel balls. For instance, Li et al. [43] proposed meta-lattice sandwich panels
with single-resonators, which show the blast attenuation and high energy absorption owing to
the local resonance of the internal resonator with soft coatings. They also carried out
experimental investigations on the wave-filtering characteristics of the meta-lattice truss for
validation [59]. It was demonstrated that the performance of the meta-panels is superior to that
of the solid counterparts with the same mass due to the coupled mechanism of absorbing strain
energy through both plastic deformation and local resonance. Subsequently, to enhance the

dynamic performance of the meta-panel against blast loads by broadening its bandgap regions,
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the dual-meta panel was proposed [42]. The theoretical results showed that a dual-meta panel
has wider bandgaps than those with single-resonators, indicating it can filter wave energy in
wider frequency ranges and thus has higher protection efficiency. However, despite all these
recent works on mitigation wave propagation, the relevant research on the effectiveness of the
meta-panel on structural protection against impact and blast loading, especially blast loading,
is still very limited. Therefore, further study of the meta-truss core to achieve the most effective

dynamic loading mitigation performance of meta-panels for structural protection is needed.

This study systematically performs numerical investigations on the behaviours of meta-panel
subjected to blast loading and proposes the new design of the meta-panel with multiple types
of meta-cores as a sacrificial cladding against blast loading (see Fig. 1). To validate the accuracy
of the numerical model, the meta-truss bar used to form the meta-panel is firstly modelled
numerically. The theoretically derived results of an idealized meta-truss bar in a previous study
are used to verify the numerical model in terms of the bandgap regions and transmission
coefficient. The verified model is utilized to build the numerical model of the meta-panel and
perform a series of parametric studies to investigate the influences of the inclusion arrangement
and inclusion shape on the effectiveness of the meta-panel on wave propagation mitigation. The
best performing designs are identified to maximize the blast-resistant performance of the meta-
panels. In-depth discussions on the influences of critical parameters on the bandgap regions and
the dynamic behaviours of the meta-panel are also given. This study numerically and
analytically demonstrates the dynamic mitigation mechanism of the proposed meta-panel under
blast loads. The obtained results provide interesting findings which can be used for various

engineering applications.
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Protected Structure

Meta-truss Core

Blast

Fig. 1. Schematic diagram of the meta-panel consisting of two plates and meta-truss cores

functions as a sacrificial cladding to protect the main structure against blast loading.

2. Meta-panel configurations

The configurations of the meta-panel shown in Fig. 2 (a) consists of two identical aluminium
face-sheets with the dimension of 120 mm x 120 mm and the meta-truss cores. The meta-truss
bar with resonators (see Fig. 2(b)) considered in this study comprises 6 modules in which each
module (shown in Fig. 2 (¢)) has three components including the outer tube, soft coating, and
resonators. While the tube and resonators are made of aluminium, polyurethane (PU) which can
experience large plastic deformation is selected for the soft coating. It should be noted that
tungsten is also used to make resonators in the parametric analysis in this study to investigate

the influences of resonator core materials on meta-panel properties. The dimensions and
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materials are chosen to preserve the bandgap-generating behaviours at large strain for the meta-
panel, which is important for structures under extreme loading threats. Also, its structural design
could be tailored to adapt to different loadings by adjusting geometrical parameters. The
influences of different parameters will be compared in Section 5.2. All material properties used

in the numerical model in this study are listed in Table 1.

~_Front Face-sheet

Meta-truss core

Resonator (Aluminium)

Coating (Polyurethane)
Outer tube (Aluminium)

Back Face-sheet

(b)

R10mm

R9mm

14mm 18mm

94mm

(©
Fig. 2. Design of meta-panel (a) Schematic view of the meta-panel with a partial view cut to

display the embedded meta-cores, (b) a module constituent forming the meta-truss bar



includes the outer tube, the coating and the resonators, and c¢) meta-truss bar is made of 6

modules and its sectional dimension.

108 Table 1. Material properties of the meta-panel [43]

Material properties
Materials

Density p (kg/m®) Young’s modulus E (GPa) Poisson’s ratio v

Aluminium 2,770 70 0.33
Polyurethane 900 0.147 0.42
Tungsten 19,300 411 0.28

109 3. Programmable negative properties

110  To quantify the bandgap regions of the meta-truss bar induced by the resonant feature of the
111  meta-core, the dynamic effective mass mey and effective stiffness ke using a one-dimensional

112 spring-mass model with internal resonators can be expressed as follows [60]:

meff =m —— (1)

Repr =1 —7 <m1 - —) w? 2)

113 in which m; is the mass of the resonator in the spring-mass model as shown in Fig. 3, k1 and k>
114 respectively represent the axial spring and the shear spring of the soft coating while the angular
115  frequency is denoted by w. As seen from Fig. 4, the dynamic effective mass becomes negative
116  in the frequency range of 0 kHz to 9.1 kHz and then gradually increases to positive values.
117  Whereas in the frequency range of 23.2 kHz to 50 kHz, the effective stiffness is negative. It is
118  worth mentioning that the interested frequency range in this study is only up to 50 kHz, covering
119  the frequency band of common blast loads acting on structures [61]. The associated frequency

120  regions where meyand ke become negative are termed as the 1 bandgap and the 2™ bandgap,
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respectively. The resonators move out-of-phase against each other, leading to wave propagation
mitigation in the bandgap. The incident wave within these frequency ranges can be significantly
mitigated due to the energy being transferred and stored in the relative motions of the

resonators.

Fig. 3. The simplified spring-mass model including mass m;, axial stiffness k1 and shear

stiffness k> with respect to the continuum media and its equivalent effective model with

effective mass mefrand effective stifthess ketr.

-0.05

274 bandgap

9.1 kHz
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Fig. 4. Effective parameters of the spring-mass model to show the theoretical bandgap
regions of the meta-truss bar including the effective mass on the left-hand side and the
effective stiffness on the right-hand side. Shaded areas in blue and red indicate the bandgaps
associated with the negativity of the effective mass and effective stiffness, respectively (For
interpretation of the references to colour in this figure legend, readers are referred to the

web version of this article).

The transmission of energy of the entire system can be quantified by using the transmission
coefficients, 7, which can be computed as follows:

SRTON B (3)
T = 1_[— =| |TD

[ u(]_l)

j=1 1

j:
where u? is the displacement of the /™ unit cell, and N is the total number of the unit cells.
4. Blasting wave characteristics

Determining the dominant frequencies of the applied loading is the vital step for the engineering
design of the meta-panel. It is because the negativity of the effective parameters is only
triggered when the applied loading frequency falls into the bandgap region of the meta-panel,
leading to its favourable mitigation performance. In this study, the blast load is applied on the
front face-sheet of the meta-panel. The keyword *LOAD BLAST ENHANCED is widely
utilized in LS-DYNA to generate blast load via the Conventional Weapon Effects (CONWEP)
program, which predicts the air blast load based on empirical data from blasting tests. This
model was also adopted in the Unified Facilities Criteria (UFC 3-340-02) in graphical form for
designing structures to resist the effects of the explosion. The loading area definition is
determined by the keyword *LOAD BLAST SEGMENT whereas the function

*DATABASE BINARY BLSTFOR is utilized to compute the blast pressure. The blast

10
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pressure on the meta-panel is calculated by the equivalent amount of Trinitrotoluene (TNT),
the stand-off distance, and the angle of incidence. The blast pressure is predicted as follows
[62]:

P(t) = P.cos?8 + P;(1 + cos?6 — 2cosH) @

where P; and P: are respectively the incident pressure and reflected pressure while 8 denotes

the angle of incidence. Computation of P; and P; is based on the scaled distance, Z = R/YW,
in which R and W are the stand-off distance and the equivalent amount of TNT, respectively
[63]. In this study, the blast charge TNT is placed perpendicularly to the centre of the front face-
sheet at a distance of 0.35 m, in which the angle of incidence 6 is defined as 0. The size of the
charge is 0.4 kg which corresponds to the scaled distance of 0.41 m/kg'”. Fig. 5 (a) shows the
reflected pressure time-history of the blast loading. To obtain the corresponding frequency
spectrum, the blast time history is converted to the frequency domain by utilizing the Fast
Fourier Transform (FFT) method, the FFT spectrum of the blast load is shown in Fig. 5 (b). As
shown, the peak reflected pressure is approximately 36 MPa and the dominant blast loading

energy distributes in the frequency band up to 50 kHz.

40

T T T

’ ——e—— 0.4kg at 0.35m stand-off distance

30

20

Reflected pressure (MPa)

0 0.5 1 1.5 2

Time (ms)
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Fig. 5. Peak reflected pressure profile of the simulated blast loading generated by 0.4 kg

TNT at 0.35m stand-off distance (a-b) in time history and its FFT spectrum.

5. Comprehensive numerical investigations

The complete bandgap of the meta-truss bar generated by the arrangement of multiple
resonators is proposed in the present model and its effect on the dynamic performance of the
meta-panel is analysed in this section. The influence of the inclusion geometry on the transient
response of the meta-panel is also numerically investigated for various shapes. In addition, the

model validation is carried out to check the accuracy of the simulations in this section.

5.1 Model development and verification

The theoretical solution has been used to calculate the bandgap regions of the meta-truss bar
based on the one-dimensional spring-mass model. Due to the complexity, the infinite number
of modules and single harmonic wave input have been assumed to analytically solve the Eigen
frequencies and calculate the bandgap regions. It is not straightforward to derive the closed-

form theoretical solutions of the complex case considering the finite number of modules,

12
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boundary reflections, and various input loading conditions. In addition, the structural responses
of the meta-panel subjected to blast loading are more challenging to obtain analytically when
considering plastic deformation. To overcome the limitations mentioned above, numerical
simulations are performed to investigate the bandgap regions and the transient responses of the
meta-panel subjected to blast loadings. The results obtained from the above theoretical solutions

based on idealized conditions are utilized to verify the accuracy of the numerical simulations.

In this study, commercial software LS-DYNA is utilized to evaluate the bandgap regions of the
meta-truss bar (Fig. 2¢)) and the dynamic behaviours of the meta-panel (Fig. 2(a)). As
illustrated in Fig. 6, the entire meta-panel is modelled. In the simulation, all elements are
meshed by the solid hexahedron elements with a minimum mesh size of 1 mm after performing
a mesh convergence analysis. The interfaces between the inclusions and polyurethane are
modelled by the kinematic constraint method in which the selected segments are tied to each
other and assumed to be perfectly bonded. This contact is chosen to prevent the slide or
detachment between the meta-cores and the soft coating which is of significance to activate the
local resonance of the resonators. To obtain rigid connections, the contact between the outer
truss bar and the two face-sheets is also defined by the kinematic constraint method while the
interior contact between layers of interior surfaces of polyurethane is adopted to eliminate the
negative volume issue which often occurs due to large deformation of soft materials. In
addition, all nodes along the face-sheet edges are assumed to be constrained in all three
directions, which account for the peripherally clamped boundary of the back face-sheet. The

material properties used in LS-DYNA are listed in Tables 1-2.

13



187

188

189

190

191

192

193

194

195

196

Front face-sheet Soft coating

Resonator
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Meta-truss bar
Back face-sheet
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Fig. 6. Schematic of the finite element model used to investigate the dynamic response of
the meta-panel. The meta-panel is peripherally clamped at the back face-sheet and all

contact definition in the model is simulated by tied surface to surface.

Table 2. Johnson-Cook material parameters for aluminium [43]

Density Poisson’s Young’s A B C m n Tm T¢ &
(kg/m’) ~ rauo Modulus  (Pa)  (Pa) ® K (1)s)
(GPa)
2770 0.33 70 0.369 0.675 0.007 1.5 0.7 800 293 1.0

To verify the developed numerical model, the derived theoretical analysis of the transmission
coefficient of a single truss bar obtained by Eq. (3) is calculated to compare with the
corresponding numerical results. A meta-truss bar consisting of 6 unit cells as shown in Fig.
2(c) is numerically built. The input signal is applied at one end of the meta-truss bar by a sweep
frequency ranging from 0 — 50 kHz while the output signal is captured at the other opposite
end. It should be noted that the clamped boundary condition is adopted on the peripheral edges
of the truss bar to represent the practical boundary condition in reality. The numerical
transmission coefficient of the meta-truss bar displayed in Fig. 7 agrees closely with the

analytical result, indicating the validity of the model. In particular, it is depicted in Fig. 6 that

14
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the meta-truss bar possesses two bandgaps in the frequency ranges of [0 — 9.1] kHz for the 1%
bandgap and [23.2 — 50] kHz for the 2" bandgap while the corresponding ranges from the
numerical result are [0 — 9.3] kHz and [22.5 — 50] kHz. There is a slight bandgap disagreement
between the two approaches and oscillations of the numerical results. This is because the
infinite number of unit cores is assumed in the analytical derivation, while the numerical meta-
truss bar has a finite length with 6 unit cores. In addition, each unit core is numerically modelled
with its respective elastic material property and density instead of the lumped mass connected

with idealized lumped springs in the analytical solution.

Frequency (kHz)

N

107 10° 102 10+ 10¢ 10* 102 10° 107 104 10°
Transmission

Fig. 7. Comparison of the transmission coefficients of the meta-truss bar including the
analytical solution on the left-hand side and the numerical result on the right-hand side.
Shaded areas in blue colour indicate the theoretical bandgaps while the corresponding
numerical predictions are shown in red shaded areas (For interpretation of the references to

colour in this figure legend, readers are referred to the web version of this article).
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For further validation, a prescribed displacement u(t) with the amplitude of 10 (m) and multi-
frequency components including f; = 5 kHz, /> = 16 kHz, and /> = 30 kHz, [i.e.,u(t) =
10~*(sin[2m x 5t] + sin[2m X 16t] + sin[2m x 30t]), is applied to the input end of the
meta-truss bar and the output end is set free. Fig. 8 shows the displacement-time histories at the
two ends of the meta-truss bar (i.e. the input and the output, respectively) and the corresponding
FFT spectra. As observed, waves attenuation is observed as expected with only one input signal
of 16 kHz passing through the meta-truss bar while other signals of 5 kHz and 30 kHz, which
fall in its bandgap are eliminated. This demonstrates that the meta-truss bar possesses the wave
filtering capacity at the frequencies falling in its two bandgaps. Generally, the numerical models
and analytical predictions are well matched. The numerical model in predicting the bandgaps
and wave attenuations of the meta-truss bar is verified, which is extended to model the meta-

truss panel for the investigation of its blast mitigating performance.

Input signal
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Fig. 8. Input prescribed displacement is excited at one end of the meta-truss bar while the
output displacement is captured at the other end. The displacements of the input and output
respectively denoted by the blue solid line and red dotted line are illustrated in (a) time

histories and (b) FFT spectra.

5.2 Parametric studies

The meta-panel was found to possess superior blast mitigation capacity and outperforms other
conventional counterparts, e.g. sandwich panels with hollow trusses and solid trusses under
blast loading [42]. To obtain the favourable design of the meta-panel, systematic parametric
studies with the aims of maximizing the bandgaps of the meta-truss cores and thus its blast-
resistant performance are conducted in this section. Inclusion arrangements and inclusion
shapes are selected as parameters for investigation because with their appropriate design, the
better wave attenuation of the meta-truss bar and the enhanced performance of the meta-panel

can be achieved. The blast loading described in Section 4 is applied to all considered panels
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while the description of the meta-panel in Section 2 is referred as the reference. To evaluate the
blast mitigation capacities, the critical criteria such as peak force transmitted to the protected
structure, energy absorption, the central displacement of the back face-sheet are compared
among the panels with different core configurations. These particular criteria are chosen due to
the main functionality of the meta-panel as a sacrificial cladding is to absorb energies from the
incident loadings, therefore, minimizing force transmissions to the protected structures.
Besides, the central displacement is measured to determine the response amplitude and damage

of the meta-panels subjected to blast loading.

5.2.1 Influence of inclusion arrangement

In this section, the meta-panel with multiple types of resonators is modelled. Under blast
loading, its blast-resistant performances are expected to enhance as compared to the meta-panel
with uniform resonators, because of the complete bandgap created by its arrangement that
covers the entire targeted frequency band with most blast loading energy. For comparison, the

dynamic responses of the meta-panels with traditionally uniform resonators are also evaluated.

5.2.1.1 Influence of multiple types of meta-cores

While travelling through a meta-truss bar, stress waves can either propagate in the passband or
be attenuated in the bandgaps depending on the frequency of the applied loading. A uniform
arrangement of identical resonators, i.e., meta-cores, limits the width of the bandgaps to a
narrow frequency range. To overcome this limitation and intensify the performance of the meta-
core, instead of utilizing the same repetitive units, the meta-truss bar with multiple types of
meta-cores is proposed to maximize the width of the bandgap and minimize the corresponding
passband. It should be noted that the materials and dimensions of the face-sheets and outer tube
of the meta-truss bar remain unchanged. This proposed meta-truss bar (Fig. 9a) composes of

two zones, denoted by Zone 1 and Zone 2. Each zone has uniform unit cells with the same
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geometry, but different resonators made of tungsten (W) and aluminium (Al), with their

properties given in Table 1.

zone 1 zone 2 Tungsten corei
TNT Alurmnlum core
(a)

e EEEEEN ﬁ]

Tungsten core

(b)

EEEEEE [@]

Aluminium core

(©)

Fig. 9. Schematic diagrams of the meta-panel subjected to blast loading and the meta-truss
bars with different arrangements of resonators: meta-truss bars with (a) 3 Aluminium cores

and 3 Tungsten cores, (b) 6 Tungsten cores and (¢) 6 Aluminium cores.

Fig. 10 illustrates the analytical transmission coefficient of two zones of the meta-truss bar. The
bandgap of Zone 1 corresponding to the aluminium meta-truss core is divided into a low (LB1)
and a high (HB1) sub-band while its passband is denoted by PB;. In the frequency band structure
[64], which is an interval in the frequency domain comprising the bandgap and the passband
[65], HB1 exhibits negative effective stiffness whilst the negativity of effective mass is reflected
by LBi. Similarly, the passband of Zone 2 (PB.) corresponding to the meta-truss bar with
tungsten core lies between the first and second attenuation bands which are denoted by LB and
HB,, respectively. In theory, it is practically impossible to eliminate the passband utilizing a
uniform arrangement of the resonator due to the existence of the passband. Given these
properties, the combination of two or more zones with different resonator cores in each zone in

a meta-truss bar makes it possible to minimize or even eliminate the passband if the passband
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of one zone falls into the bandgap of another zone, and vice versa. In other words, the passbands
PB; and PB; can be eliminated by combining two different zones in its structural arrangements.
Fig. 10 shows the elimination of both passbands PB1 and PB2 using the proposed structural
combination. Specifically, PB> falls into the low bandgap of Zone 1 (LBi:), while the high
attenuation band of Zone 2 (HB2) covers all the passbands of zone 1 (PB1). This finding agrees
with those reported in the literature on locally resonant acoustic meta-material [66]. From the
theoretical point of view, a properly programmable arrangement of resonators can maximize
the bandgap width of the meta-truss bar to cover all the loading frequency bands. It means that
all the incident waves can be completely stopped by the proposed meta-truss bar. Therefore,
the meta-truss bar can be properly designed with multiple types of resonators to have their
combined bandgaps cover the entire or as much as possible the frequency band of the input
dynamic loadings for best mitigation of loading effects, hence the most effective structural

protections.
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Fig. 10. Analytical transmission coefficient profile of two zones of the meta-truss bar
incorporating two types of resonators (Aluminium and Tungsten). The passband PB; falls
into the low bandgap of Zone 1 (LB1), while the high bandgap of Zone 2 (HB:) covers the

passbands of zone 1 (PB1). The complete bandgap is formed by combining all the four

bandgaps.

The physical meaning and mechanism of wave attenuation can be well understood by observing
wave propagation through the meta-truss bar with two types of resonators. To demonstrate this,
a prescribed displacement consisting of three sinusoidal waves with the same amplitude but
different frequencies, i.e.u(t) = 10~ *(sin[2wt] + sin[2m X 4t] + sin[2m x 12t]) is used as
input to the truss bar. It is worth noting that the frequencies are chosen in such a way that each
zone attenuates different frequencies. Fig. 11 shows the longitudinal displacement profile at
different points in the central axis of the meta-truss bar denoted by A, B, and C. These
displacements represent the input signal, response at the end of Zone 1, and response at the end
of Zone 2, respectively. As shown, the peak value of the displacement is sequentially reduced
by each zone of the meta-truss bar, and two zones with different resonators can attenuate the
three harmonics, therefore only very low values of displacement are present at the end of the
meta-truss bar. This result agrees with the previous findings on locally resonant acoustic meta-
material from Comi and Driemeier [66]. In general, the newly proposed configuration with

multiple types of resonators proves to be more efficient for wave filtering.
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Fig. 11. Displacement-time history at three points, i.e. the input point (A), the middle point
(B), and the output point (C) in the meta-truss bar with two types of resonators. A
prescribed displacement excitation is applied at one end of the meta-truss bar (A), the
output displacements at the middle point (B) and the ending point (C) are presented to

prove the mitigation effectiveness.

To further clarify this effect, the responses at three different locations (one for each lattice zone),
are shown in the frequency domain in Fig. 12. After propagating through Zone 1 (point B), only
the frequencies of 1 kHz and 4 kHz are attenuated, therefore, the response has one peak at 12
kHz which falls into the passband of Zone 1. The second region of the considered meta-truss
bar (Zone 2) continues attenuating the wave energy at the frequency of 12 kHz because it falls
into the bandgap of Zone 2, leading to the complete attenuation of the input wave by the meta-
truss bar at point C. It is noted that a small amount of energy is still transmitted as indicated by

a small peak at 12 kHz in the signal after propagating through the meta-truss bar. This is because
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298  when the core starts vibrating inside the unit cell, the initial out-of-phase vibration greatly
299  attenuates the wave energy transmission through the unit. The reverse vibration of the core,
300  however, still results in a small amount of wave energy transmission. Using more meta-units

301  would further reduce the wave energy that could be transmitted through the meta-truss bar.
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Fig. 12. FFT spectrum of displacement at the three points, i.e. the input point (A), the
middle point (B), and the output point (C) in the meta-truss bar with two types of
resonators. A prescribed displacement excitation is put at one end of the meta-truss bar (A),
the output displacements at the middle point (B) and the ending point (C) are captured and
transformed to the frequency domain.
302  For further demonstration, the continuous wavelet transform (CWT) [43] is adopted to analyse

303  the wave propagation in the meta-lattice truss at three considered points in the time-frequency
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domain. In this study, a Gabor wavelet transform is chosen as the mother wavelet function
owing to its multiresolution analysis capability. Fig. 13 depicts the multi-frequency CWT
profiles at three locations along the meta-truss bar in the case of prescribed displacement
excitation with multi-frequency components. As shown, the signal energy of point A is focused
at the frequencies of 1 kHz, 4 kHz, and 12 kHz (Fig. 13a) while there is very little energy exists
in the output signal (point C), implying a complete wave attenuation phenomenon in these
frequency bands (Fig. 13c¢). Besides, Fig. 13b shows the energy reduction occurs particularly at
the frequencies of 1 kHz and 4 kHz, which fall into the bandgap of Zone 1. These bandgaps

well agree with the analytical results as discussed above.
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Fig. 13. Scalograms of displacement in the time-frequency domain at different points (a)
point A, (b) point B, and (c) point C. A prescribed displacement excitation is put at one end
of the meta-truss bar (A), the output displacements at the middle point (B) and the ending

point (C) are captured and transformed to the time-frequency domain using CWT.
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The design optimization analysis for the meta-panels considered in this study under blast
loadings is evaluated by using combinations of multiple types of meta-cores. Structural
responses (i.e. displacement of the back face-sheet and reaction force) and energy absorption
capacity of the meta-panels with uniform resonators (i.e. aluminium and tungsten) and two
types of resonators subjected to blast loading are compared. It is noted that the displacement is
recorded at the centre of the back face-sheet in all cases, and the absolute peak values are
presented wherever applicable. The blast load time history generated above as shown in Fig. 5

is used in all the analyses.

Fig. 14 shows the simulated deformation of the meta-panel and displacements on the central
symmetric plane of the back face-sheet of the three meta-panels. In particular, Fig. 14(a) shows
the deformation contour when the meta-panel is composed of the meta-truss bar with two types
of cores, and those with the meta-truss bar having only tungsten or aluminium cores are shown
in Fig. 14(b) and Fig. 14 (c), respectively. As shown, the meta-panel consisting of the meta-
truss bar with two types of resonators results in the lowest value of the peak central point
displacements of the back face-sheet, i.e. 2.6 mm, followed by 3.4 mm and 3.7 mm, respectively
for uniform resonators of W and Al. These results indicate that using two types of meta-core
together in the truss bar leads to a significant reduction of the peak response of the meta-panel
as compared to the case with the uniform meta-core. This is because the combination of these
two cores results in wider bandgaps of the meta-truss bar, therefore, leads to more effective

stress wave propagation mitigation.

Wne  om

2.6mm

(a) two types of resonators

B gy

3.4mm
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Fig. 14. Diagrams showing deformed meta-panel subjected to blast loading and the
deformation on the central symmetric plane of the bottom face-sheet of three meta-panels
with different meta-truss bar configurations (a) Aluminium and Tungsten resonator meta-

panel and (b-c) are uniform resonator meta-panels made of tungsten and aluminium,

respectively.

To further compare the dynamic response of meta-panels with different resonator arrangements,
the time histories of the reaction force around the edges are shown in Fig. 15. It is observed that
the peak reaction force is significantly affected by the resonator arrangements. When the two
types of resonators are used in the meta-panel, it results in more reduction of the reaction force
in comparison with the two meta-panels with the single type of resonators considered in the
present investigation. The lowest reaction force is observed to be 140 kN in the meta-panel with
the meta-truss bar consisting of two types of meta-cores, which is around 21% and 10% less
than that of the panel with uniform Al and W meta-cores, respectively. This is because the meta-
truss bar with two types of meta-cores has a wider frequency bandgap as demonstrated above,
therefore leads to more effective stress wave mitigation, thus less stress from the blast load is

transferred to the back face-sheet and then the supports.
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Furthermore, to gain insight into blast response mitigation, energies absorbed by individual
components, i.e. front face-sheet, back face-sheet, outer tube, and coating+core for all panels
are presented in Fig. 16. It is noted that the total energy imparted from the applied blast load to
the meta-panels is converted to kinetic and internal energies. While the internal energy is
dissipated by inelastic deformation of the face-sheet and the outer tube, the kinetic energy is
stored elastically by coating+core by their relative movements. As shown, the meta-panel with
two types of meta-cores has the highest total energy absorption (i.e. 310 J), indicating its best
protective effectiveness. This substantial increase in total energy absorption is mainly
contributed by the rising in energy absorption by the coating+core (i.e. 33%) because by
introducing two zones of resonators, the meta-core possesses a wider bandgap and filters more
stress waves from the blast loading, leading to more energy absorption. As a result, the back
face-sheet of the meta-panel with two types of meta-cores absorbs less energy (i.e. 14%)
compared to the other two meta-panels with the single type of meta-core due to its less
deformation, while the energy absorption of the front face-sheet and the outer tube remains
unchanged among the three considered panels. This effectiveness is due to the energy
absorption associated with the motion of the resonator masses. No such energy absorption
mechanism is available for the meta-panel with uniform resonators. Among the three panels
investigated, the meta-panel with two types of resonators yields the best blast effect attenuation

performance due to the merging bandgap of two different zones of resonators.

Overall, the panel with the meta-truss bar composing two types of resonators possesses better
blast mitigation and higher energy absorption capability compared to the uniform-resonator
panel, even the panel with the meta-truss bar made of tungsten cores, which is heavier because
of the higher density of tungsten than aluminium. Therefore, it is crucial to choose a proper
combination of the meta-cores for the meta-panel in such a way that it results in wider bandgaps

for better blast protection of structures.

27



200

T T T
" = == == Meta-panel with uniform core (Al)
[ R N EEC Y Meta-panel with uniform core (W)
E. a Meta-panel with two types of meta-cores
100 g
z
=2
N

3 0

©

2

9

[

=
2

kst

]

o]

~ -100

-200 I I I
0 0.5 1 1.5 2

Time (ms)
Fig. 15. Comparison of reaction force-time history curves between the three meta-panels

including meta-panel with two types of resonators and conventional meta-panels with

uniform resonators (Al or W) under blast loading.
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Fig. 16. Comparison of energy absorptions of different parts of the three meta-panels
including meta-panel with two types of resonators and conventional meta-panel with

uniform resonator (Al or W) under blast loading.

5.2.1.2 Influence of inclusion size

Besides material properties, the bandgap of the meta-core is also affected by its dimension and
geometry [50]. Therefore the desired bandgap of the meta-core can also be achieved by
adjusting the dimension and geometry of the core. In this section, the influences of the meta-
core size on the frequency bandgaps are investigated. Fig. 17a depicts the proposed meta-truss
bar which consists of two types of resonators with different radii while the meta-truss bars with
uniform aluminium resonators of 7 mm and 4 mm radius are illustrated in Figs. 17b and 17¢c,
respectively. Other parameters, namely the material properties, the diameter and the thickness

of the outer tube remain unchanged in the three meta-truss bars.

zone 1 zone 2 R=4mm
T o i@ fh

R=7mm

(@)

!R7mm
(b) meta-truss bar with uniform resonators (R=7mm)

I ﬁ]

R=4mm
(c) meta-truss bar with uniform resonators (R=4mm)
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Fig. 17. Schematic diagram of meta-truss bars with different sizes of resonators (a) non-
uniform resonator meta-truss bar with two sizes of resonators and (b-c) are uniform

resonators meta-truss bar with the core radius of 7 mm and 4 mm, respectively.

Fig. 18 illustrates the bandgaps of two meta-cores of two sizes. Same as the results presented
above, the frequency band structure of the individual zone consists of two bandgaps and one
passband as highlighted in blue and red, respectively. It can be seen that in the bandgaps denoted
by LB;i and HB; (i=1,2), combining the bandgaps of these two meta-cores generates a wider
bandgap covering the entire frequency band from 0 to 50 kHz. In other words, by introducing
two zones of resonators with different sizes, the passband PB;in the range of 0 to 50 kHz can
be eliminated, leading to complete wave attenuation. This is because that reducing the core size
by introducing Zone 2 decreases the mass of the inclusion while increasing the thickness of the
coating mass. As the result, the value of the mass and shear stiffness significantly decreases,
resulting in a higher lower bound frequency and a broader range of the 1% bandgap that
completely covers the passband of Zone 1. As a consequence, wave energy in the frequency
band of 0 to 50 kHz would be greatly mitigated by the truss bar with these two types of meta-

COrces.
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Fig. 18. Analytical transmission coefficient profile of two zones of the meta-truss bar with
two types of resonators with the radii of 7 mm and 4 mm. The passband PB> falls into the
low bandgap of Zone 1 (LB1), while the high bandgap of Zone 2 (HB>) covers the passband

of zone 1 (PB1). The complete bandgap is formed by combining all the bandgaps.

For clarification, a sweep excitation in the frequency range [0 — 50] kHz is applied to one end
of the meta-truss bar while at the central and far ends, the vibration displacements are compared
(Fig. 19). It is noted that the input displacement amplitude of the excitation is high, which
decreases at the end of Zone 1 because the bandgap of Zone 1 mitigates the transmission of
wave energy with the frequencies falling in its bandgap. The displacement amplitude reduces
almost to zero at the end of the truss bar because the remaining wave energy has frequencies
mainly inside the bandgap of Zone 2. The effectiveness of the bandgap, resulting in the
mitigation of the input excitation, is demonstrated in Fig. 18, showing the response time

histories at different locations of the truss bar.
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Fig. 19. Displacement-time history at the three points, i.e. the input point (A), the middle
point (B), and the output point (C) in the meta-truss bar with two resonator sizes. A
prescribed displacement excitation is applied at one end of the meta-truss bar (A), the
output displacements at the middle point (B) and the ending point (C) are presented to

prove the mitigation effectiveness.

Fig. 20 shows the FFT spectrum of the displacement time histories shown in Fig. 19. The effect
of the bandgap in filtering the wave energy is obvious. As shown, at point B after wave
propagating through the meta-cores in Zone 1, wave energy in the frequencies in the bandgap
of 0 — 9.1 kHz and 23.2 — 50 kHz is attenuated. After further propagating through meta-cores
in Zone 2, most wave energy is attenuated. Fig. 21 shows the multi-frequency CWT profiles of
the time histories at three locations along the meta-truss bar shown in Fig. 19. Similar

observations can be drawn again. These findings indicate that the predicted bandgaps of the
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407  meta-cores from the analytical results exist in the meta-truss bars, which effectively mitigate

408  wave propagations.
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Fig. 20. FFT spectrum of displacement at the three points, i.e. the input point (A), the
middle point (B), and the output point (C) in the meta-truss bar with two resonator sizes. A
prescribed displacement excitation is applied at one end of the meta-truss bar (A), the
output displacements at the middle point (B) and the ending point (C) are captured and

transformed to the frequency domain.
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Fig. 21. Scalograms for displacement in the time-frequency domain at different points (a)
point A, (b) point B, and (c) point C. A prescribed displacement excitation is applied at one
end of the meta-truss bar (A), the output displacements at the middle point (B) and the

ending point (C) are captured and transformed to the time-frequency domain using CWT.

Three meta-panels with the above meta-truss bars, i.e., uniform meta-cores with the radius of
7 mm and 4 mm (R7 and R4) and combined cores with both radii of 7 mm and 4 mm subjected
to blast loading are considered. For illustration, the peak displacement of the back face-sheet of
the meta-panels is shown in Fig. 22 while the reaction force of the panel around the edges is
given in Table 3. As shown, the meta-panel consisting of two resonator zones demonstrates
better performance in all criteria, with the smallest displacement of the back face-sheet, the
lowest reaction force, and the highest energy absorption among the three considered meta-

panels. In particular, the results show that the peak displacements at the centre point of the back
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face-sheet of the panel with uniform resonator (i.e. R7 and R4) are 3.7 mm and 3.9 mm
respectively, compared to 2.7 mm of the panel with meta-truss bar consisting of two sizes of

COrces.

As expected, the meta-panel with two types of meta-cores show a significant reduction in
reaction force. The peak reaction force of 137 kN is around 22% and 28% less than that of the
panel with meta-truss consisting of the uniform resonator of R7 and R4, respectively because
of the wider frequency bandgap of the truss bar with combined cores than the meta-truss bar
with uniform cores as discussed above. The energy absorption by “coating + core” of the meta-
truss bar with non-uniform cores is also higher, which leads to smaller energy absorption by
the back face-sheet of the non-uniform resonator panel, indicating smaller plastic deformation
of the back face-sheet and better protection of the panel. In addition, the meta-panel with
uniform resonators (R7) outperforms its peer with R4 against blast loading. This is because the
bandgap becomes wider with the increased mass of the resonator [67]. Overall, the panel with
the meta-truss bar composing two types of cores with wider frequency bandgaps possesses

better blast mitigation and higher energy absorption capability.
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Fig. 22. Comparison of displacement-time history curves of the back face-sheet between the
three meta-panels including meta-panel with two resonator sizes and conventional meta-

panels with uniform resonators (7 mm or 4 mm of radius) under blast loading.

Table 3. Influence of non-uniform inclusion on reaction force and energy absorption.

Reaction force (kN) Energy absorption (J)
Inclusion
Front Back Coating +
arrangement F. Truss Total
facesheet facesheet Core

Uniform (R=7 mm) 177.5 80 70 50 80 280
Uniform (R=4 mm) 190.4 81 74 50 60 265
Non-uniform 137.0 79 61 50 120 310

5.2.2 Influence of inclusion shapes

Previous studies have investigated the inclusion configurations and their effects on the bandgap
locations and the bandwidth of locally resonant acoustic meta-materials [67-71]. There is only
limited research of this effect on the meta-truss bar and dynamic behaviours of meta-panels
[69]. In this subsection, four regular shapes including cylinder, cuboid, pentagonal prism, and

hexagonal prism are considered to evaluate the influence of the core geometry on the bandgap
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characteristics and the transient responses of the meta-panel made of truss bars with those meta-
cores. The schematic diagrams of the unit cell with various inclusion shapes of meta-truss bars
embedded in the soft coating are illustrated in Fig. 23. While the inclusion shape is different,
other parameters of the meta-panel (Section 2) and the blast loading (Section 4) are kept the
same in this investigation. It is worth mentioning that the mass and the length of the inclusion

are respectively kept constant at 5.97x107 kg and 14 mm for all considered cases.

7.0 mm 12.4 mm 6.5 mm

N E\ =
eeeee 'O Of O
(d

Fig. 23. Representation and dimensions of meta-unit cells with various inclusion shapes

i

2.4 mm

including (a) cylinder, (b) cuboid, (c) pentagonal prism, and (d) hexagonal prism.

Fig. 24 shows the frequency band structures and the percentage of blast energy in the bandgaps
of the meta-truss bar with different inclusion shapes, in which the bandgap regions are shown
by solid bars while dashed line and solid line denote the complete passbands and the blast
loading energy in the bandgap region, respectively. It is worth mentioning that the percentage
of the blast loading energy fall in the bandgap is calculated by dividing the energy falling in the
bandgaps by the total blast loading energy. It can be observed that the frequency band structures
change pronouncedly for different cases, indicating the effect of the shape inclusion on the
bandgap regions. In Fig. 24, the lower bound and upper bound of the band structures are
evaluated by solving Egs. (1) and (2). As shown, the cuboid core generates the widest first
bandgap from 0 to 10.9 kHz, while the cylinder core has a narrowest first bandgap from 0 to

9.1 kHz among the four considered core geometries. This can be attributed to the relationship
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between the shear stiffness (k2) which is related to the lateral surface area and the width of the
1* bandgap. It was reported that the 1% bandgap width increases with the shear stiffness [40].
Of all the considered shapes, the cuboid has the largest surface area in the transverse direction

which corresponds to the largest shear stiffness.

On the other hand, there are no substantial variations regarding the 2" bandgap width and the
lower bound frequency of the 2" bandgap by varying the inclusion shape. Therefore, the meta-
truss with the cuboid core has the narrowest passband and hence the best wave mitigation
capacity, as shown in Fig. 24. These results are consistent with those reported in the previous
findings on locally resonant acoustic meta-material [69] and meta-concrete [67]. Specifically,
cuboid inclusion could decrease the passband width from 14.1 kHz to 13 kHz as compared to
the cylindrical shape. It shows that the pentagonal and hexagonal prism inclusions generate the
narrower passband width by 0.7 kHz and 0.2 kHz, respectively as compared to the cylinder
inclusion. Although there is no significant difference regarding the bandgap width in the 2™
bandgap, the shape of the inclusion could influence the 1% region of the bandgap which is the
dominant frequency region of the blast loading, therefore is more critical to blast loading

mitigation of the meta-panel.
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Fig. 24. Frequency band structures of the meta-truss bar with different inclusion shapes to
show the proportion of blast energy falling into their bandgaps including the bandgap
frequency on the left-hand side and the fractional blast energy on the right-hand side.

Shaded areas in blue and red respectively indicate the bandgaps associated with the 1% and

2" bandgaps while the passband is denoted by the dotted line. The boxed number indicates
the proportion of blast energy falling into the bandgap (For interpretation of the references

to colour in this figure legend, readers are referred to the web version of this article).

Fig. 25 presents the blast energy percentage in the passband of the meta-truss bar with the
considered inclusion shapes. The blast loading energy in the passband of the meta-truss bar can
be calculated by the area enclosed by the FFT spectrum of the blast loading in the passband as

illustrated in Fig. 25. As shown in Fig. 24, the highest percentage of blast energy falling into
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the bandgap of the meta-truss bar with cuboid shape core is 75.5%, because the meta-truss bar
with cuboid shape cores has the widest 1% bandgap. The maximum passband corresponds to the
inclusion with cylindrical shape and the blast loading energy fall in this passband is 28.8%,
followed by 27.9% and 25.5% for the pentagonal and hexagonal shapes, respectively. The truss

bar with the cuboid cores has the least percentage of blast energy transmission of 24.5%.
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Fig. 25. Effect of inclusion shape on blast energy percentage in the passband of the meta-
truss bar. The shaded area indicates the passband of the meta-truss while the dotted line
denotes the upper bound of the 1% bandgap and lower bound of the 2" bandgap. The red
dashed line represents the cuboid resonator, followed by the magenta, the black, the blue

for pentagonal prism, hexagonal prism and cylinder resonator, respectively (For
interpretation of the references to colour in this figure legend, readers are referred to the

web version of this article).
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As expected, it can be observed from Fig. 26 that the meta-panel with cuboid inclusion shows
a reduction in the central displacement of the back face-sheet and reaction force compared to
the panels with other meta-truss bars. The varying inclusion geometries effectively affect the
bandgaps, especially the 1% bandgap which covers the dominant frequency band of the blast
loading, leading to the enhanced performance of the meta-panel. Consequently, the total energy
absorption of the meta-panel with cuboid inclusion is the highest (i.e. 296 J) while the smallest
energy absorption is associated with the meta-truss bar with cylindrical cores as shown in Fig.
27. 1t is worth noting that the energy absorption of other components including the front face-
sheet and the outer tube is similar among all the considered panels due to the same stiffness.
The back face-sheet of the panel with cylindrical inclusion experiences the largest deformation,
implying higher energy absorption of the back face-sheet compared to other considered cases.
As expected, the meta-core with the cuboid inclusion absorbs the most amount of energy, in
which the most energy is the combination of the kinetic energy of the core and the internal
energy of the coating. The least amount of energy absorption by the coatings and the cores
corresponds to the cylindrical case, which is 80 J, followed by 85 J, and 90 J respectively for
the hexagonal, and pentagonal cases. The best mitigation effectiveness of the meta-panels with
cuboid resonators over the other resonator shapes is expected due to the smallest percentage of
blast energy falling in its passband, as shown in Fig. 25. For a typical blasting wave, as shown
in the FFT spectrum, the energy associated with the low-frequency range is significantly greater
than that in the high-frequency range. Thus, though the resonator shape does not significantly
affect the bandgap in the high-frequency range, it enhances the dynamic performance of the
meta-panel by attenuating more energy falling in the low-frequency range. Particularly, the
meta-truss bar with the cuboid resonator has the widest first bandgap among all the considered

resonator shapes, indicating its best performance in resisting blast loading.
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In general, the transient responses of the meta-panel significantly rely on the band structures of
the meta-truss bar which are affected by the geometry of the inclusion. Although the cuboid
shape exhibits better performances, due to the complex fabrication process and aligning with
the cylindrical shape of the truss bar, the inclusion of cylindrical shape is recommended for

practical application.
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Fig. 26. Comparison of displacements and reaction forces between four meta-panels with
different inclusion shapes under blast loading. The shaded areas in blue represent the
displacement on the right-hand side while the reaction force is indicated by the red shaded
areas on the right-hand side (For interpretation of the references to colour in this figure

legend, readers are referred to the web version of this article).
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Fig. 27. Comparison of energy absorption of the meta-panel embedded with various
inclusion shapes under blast loading. The red solid line represents the cuboid resonator,
followed by the magenta dotted line, the black dash-dotted line, the blue dashed line for

pentagonal prism, hexagonal prism and cylinder resonator, respectively (For interpretation
of the references to colour in this figure legend, readers are referred to the web version of

this article).

6. Conclusions

In this study, the dynamic response of the proposed meta-panel is examined to demonstrate its
enhanced blast resistance capacity as compared to the conventional meta-panel. Using non-
uniform inclusions in the meta-truss bar composing of multiple types of resonators by changing
core materials, sizes, and/or geometries significantly enhances the transient performance of the
meta-panel. Therefore, an appropriate design of core arrangements of the meta-truss bar can

lead to better wave propagation mitigation and hence structural protection. Also, the frequency
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band structure of the meta-truss core depends on the shape of inclusion and the cuboid inclusion
is found to have the widest bandgaps among the four shapes considered in this study, therefore
the meta-panel with cuboid resonator performs the best in blast loading effect mitigation.
However, the inclusion of a cylindrical shape is recommended for practical application due to
its easy fabrication. The results obtained in this study demonstrate the possibility of properly
adjusting the materials, sizes, and geometries of resonator cores in the meta-truss bar to achieve
the desired bandgaps for effective wave propagation mitigation, hence better structural

protection performance of the meta-panel.
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List of Figures

Fig. 1. Schematic diagram of the meta-panel consisting of two plates and meta-truss cores
functions as a sacrificial cladding to protect the main structure against blast loading.

Fig. 2. Design of meta-panel (a) Schematic view of the meta-panel with a partial view cut to
display the embedded meta-cores, (b) a module constituent forming the meta-truss bar includes
the outer tube, the coating and the resonators, and c¢) meta-truss bar is made of 6 modules and
its sectional dimension.

Fig. 3. The simplified spring-mass model including mass m, axial stiffness k1 and shear
stiffness k2 with respect to the continuum media and its equivalent effective model with
effective mass mefrand effective stiffness ketr.

Fig. 4. Effective parameters of the spring-mass model to show the theoretical bandgap regions
of the meta-truss bar including the effective mass on the left-hand side and the effective stiffness
on the right-hand side. Shaded areas in blue and red indicate the bandgaps associated with the
negativity of the effective mass and effective stiffness, respectively (For interpretation of the
references to colour in this figure legend, readers are referred to the web version of this article).
Fig. 5. Peak reflected pressure profile of the simulated blast loading generated by 0.4 kg TNT
at 0.35m stand-off distance (a-b) in time history and its FFT spectrum.

Fig. 6. Schematic of the finite element model used to investigate the dynamic response of the
meta-panel. The meta-panel is peripherally clamped at the back face-sheet and all contact
definition in the model is simulated by tied surface to surface.

Fig. 7. Comparison of the transmission coefficients of the meta-truss bar including the
analytical solution on the left-hand side and the numerical result on the right-hand side. Shaded
areas in blue colour indicate the theoretical bandgaps while the corresponding numerical
predictions are shown in red shaded areas (For interpretation of the references to colour in this
figure legend, readers are referred to the web version of this article).

Fig. 8. Input prescribed displacement is excited at one end of the meta-truss bar while the output
displacement is captured at the other end. The displacements of the input and output
respectively denoted by the blue solid line and red dotted line are illustrated in (a) time histories
and (b) FFT spectra.

Fig. 9. Schematic diagrams of the meta-panel subjected to blast loading and the meta-truss bars
with different arrangements of resonators: meta-truss bars with (a) 3 Aluminium cores and 3

Tungsten cores, (b) 6 Tungsten cores and (c) 6 Aluminium cores.
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Fig. 10. Analytical transmission coefficient profile of two zones of the meta-truss bar
incorporating two types of resonators (Aluminium and Tungsten). The passband PB; falls into
the low bandgap of Zone 1 (LB1), while the high bandgap of Zone 2 (HB>) covers the passbands
of zone 1 (PB1). The complete bandgap is formed by combining all the four bandgaps.

Fig. 11. Displacement-time history at three points, i.e. the input point (A), the middle point (B),
and the output point (C) in the meta-truss bar with two types of resonators. A prescribed
displacement excitation is applied at one end of the meta-truss bar (A), the output displacements
at the middle point (B) and the ending point (C) are presented to prove the mitigation
effectiveness.

Fig. 12. FFT spectrum of displacement at the three points, i.e. the input point (A), the middle
point (B), and the output point (C) in the meta-truss bar with two types of resonators. A
prescribed displacement excitation is put at one end of the meta-truss bar (A), the output
displacements at the middle point (B) and the ending point (C) are captured and transformed to
the frequency domain.

Fig. 13. Scalograms of displacement in the time-frequency domain at different points (a) point
A, (b) point B, and (c¢) point C. A prescribed displacement excitation is put at one end of the
meta-truss bar (A), the output displacements at the middle point (B) and the ending point (C)
are captured and transformed to the time-frequency domain using CWT.

Fig. 14. Diagrams showing deformed meta-panel subjected to blast loading and the deformation
on the central symmetric plane of the bottom face-sheet of three meta-panels with different
meta-truss bar configurations (a) Aluminium and Tungsten resonator meta-panel and (b-c) are
uniform resonator meta-panels made of tungsten and aluminium, respectively.

Fig. 15. Comparison of reaction force-time history curves between the three meta-panels
including meta-panel with two types of resonators and conventional meta-panels with uniform
resonators (Al or W) under blast loading.

Fig. 16. Comparison of energy absorptions of different parts of the three meta-panels including
meta-panel with two types of resonators and conventional meta-panel with uniform resonator
(Al or W) under blast loading.

Fig. 17. Schematic diagram of meta-truss bars with different sizes of resonators (a) non-uniform
resonator meta-truss bar with two sizes of resonators and (b-c) are uniform resonators meta-
truss bar with the core radius of 7 mm and 4 mm, respectively.

Fig. 18. Analytical transmission coefficient profile of two zones of the meta-truss bar with two

types of resonators with the radii of 7 mm and 4 mm. The passband PB; falls into the low
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bandgap of Zone 1 (LB1), while the high bandgap of Zone 2 (HB:z) covers the passband of zone
1 (PB1). The complete bandgap is formed by combining all the bandgaps.

Fig. 19. Displacement-time history at the three points, i.e. the input point (A), the middle point
(B), and the output point (C) in the meta-truss bar with two resonator sizes. A prescribed
displacement excitation is applied at one end of the meta-truss bar (A), the output displacements
at the middle point (B) and the ending point (C) are presented to prove the mitigation
effectiveness.

Fig. 20. FFT spectrum of displacement at the three points, i.e. the input point (A), the middle
point (B), and the output point (C) in the meta-truss bar with two resonator sizes. A prescribed
displacement excitation is applied at one end of the meta-truss bar (A), the output displacements
at the middle point (B) and the ending point (C) are captured and transformed to the frequency
domain.

Fig. 21. Scalograms for displacement in the time-frequency domain at different points (a) point
A, (b) point B, and (c) point C. A prescribed displacement excitation is applied at one end of
the meta-truss bar (A), the output displacements at the middle point (B) and the ending point
(C) are captured and transformed to the time-frequency domain using CWT.

Fig. 22. Comparison of displacement-time history curves of the back face-sheet between the
three meta-panels including meta-panel with two resonator sizes and conventional meta-panels
with uniform resonators (7 mm or 4 mm of radius) under blast loading.

Fig. 23. Representation and dimensions of meta-unit cells with various inclusion shapes
including (a) cylinder, (b) cuboid, (c) pentagonal prism, and (d) hexagonal prism.

Fig. 24. Frequency band structures of the meta-truss bar with different inclusion shapes to show
the proportion of blast energy falling into their bandgaps including the bandgap frequency on
the left-hand side and the fractional blast energy on the right-hand side. Shaded areas in blue
and red respectively indicate the bandgaps associated with the 1% and 2" bandgaps while the
passband is denoted by the dotted line. The boxed number indicates the proportion of blast
energy falling into the bandgap (For interpretation of the references to colour in this figure
legend, readers are referred to the web version of this article).

Fig. 25. Effect of inclusion shape on blast energy percentage in the passband of the meta-truss
bar. The shaded area indicates the passband of the meta-truss while the dotted line denotes the
upper bound of the 1 bandgap and lower bound of the 2" bandgap. The red dashed line
represents the cuboid resonator, followed by the magenta, the black, the blue for pentagonal
prism, hexagonal prism and cylinder resonator, respectively (For interpretation of the references

to colour in this figure legend, readers are referred to the web version of this article).
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Fig. 26. Comparison of displacements and reaction forces between four meta-panels with
different inclusion shapes under blast loading. The shaded areas in blue represent the
displacement on the right-hand side while the reaction force is indicated by the red shaded areas
on the right-hand side (For interpretation of the references to colour in this figure legend,
readers are referred to the web version of this article).

Fig. 27. Comparison of energy absorption of the meta-panel embedded with various inclusion
shapes under blast loading. The red solid line represents the cuboid resonator, followed by the
magenta dotted line, the black dash-dotted line, the blue dashed line for pentagonal prism,
hexagonal prism and cylinder resonator, respectively (For interpretation of the references to

colour in this figure legend, readers are referred to the web version of this article).
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