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Mechanical metamaterials are complicated artificial materials composed of periodically interconnected micro-
structures, exhibiting extraordinary mechanical properties not available in natural materials. However, the
periodically interconnected design model results in most current metamaterials suffering from following limi-
tations: i) lack of modularity and repairability, ii) damage transmittability, iii) weak scalable fabrication and
limited fabrication dimensions, and iv) single functionality. Inspired by the connection mechanism of mortise-
tenon structures and the configuration of brick-mortar structures, 4D printed mortise-tenon mechanical-elec-
tromagnetic multifunctional pixel metamaterials (MPMs) are developed in this work. The innovative binding
constraint, derived from the Hanfu silk ribbon, has been proposed, achieving reliable connection of the MPM
while suppressing damage transmission. The modular structure design strategy of the PMM enables large-scale
and scalable manufacturing, while also achieving repairability. The developed mechanical-electromagnetic
MPMs have multifunctional properties, including lightweight, energy absorption, electromagnetic wave ab-
sorption (RLpin —32.84 dB) and reconfigurability, which have a wide range of application prospects in the field of

electromagnetic stealth equipment.

1. Introduction

Mechanical metamaterials are complicated artificial materials
composed of rationally designed periodic arrangements cells, exhibiting
mechanical properties not found in natural materials.[1-7] The diverse
configurations and highly customisable performance of mechanical
metamaterials creat opportunities for designing macroscopic physical
properties, contributing to the development of advanced functional
devices.[8-12] The evolution of metamaterials is toward programma-
bility, high designability and multifunctionality with the widespread
application of metamaterials in aerospace, flexible electronics, etc.

However, the properties of mechanical metamaterials depend on the
configuration of the microstructures, meaning that the geometrical pa-
rameters and mechanical properties of the fabricated metamaterials are
fixed, resulting in the lack of adaptability and reconfigurability.[13,14]
The periodic interconnection design pattern facilitates the propagation
of damage among cells, leading to the rapid expansion of damage.
[15,16] Meanwhile, the periodic interconnect design model limits the
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large-scale, scalable fabrication, modularity, and repairability of meta-
materials. The scale of metamaterials is constrained by the dimension of
the fabrication platform, which is difficult to realize large-scale fabri-
cation. When the damage occurred in the cells of the metamaterial, the
periodic interconnection model leads to the failure of the whole meta-
material and lack of repairability. More importantly, the research on
metamaterials is mostly devoted to exploring the innovative design of
configurations to broaden the extraordinary mechanical properties,
while neglecting the development of structural-functional integrated
metamaterials (such as mechanical and electromagnetic).

Shape memory polymer (SMP), a typical type of stimulus-responsive
materials, can recover from the temporary configuration to its original
configuration under external stimulus (thermal, magnetic, electrical,
etc.), exhibiting variable stiffness, active deformation, etc. [17-23] 4D
printing combined 3D printing technology with SMP, where the per-
formance/functionality of the printed object can adaptively change over
time. 4D printing mechanical metamaterials combine fine structural
design with stimulus-responsive materials to enable the alteration of its
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configuration/performance in response to external stimuli.[24-28] 4D
printing endows metamaterials with programmability and reconfigur-
ability in terms of configuration and mechanical properties, increasing
the design freedom of metamaterials.[29-33] The typical pixel meta-
materials consist of uncoupled constrained mechanical pixels and
additional structures to fix the mechanical pixels (frames, etc.).
[15,16,34] The independent mechanical pixels effectively prevents
damage transmission while endowing the pixel metamaterials with
modularity and repairability. However, the mechanical pixels in typical
pixel metamaterials carry loads independently and cannot transfer loads
to each other. The additional structure only maintains the configuration
without involved in the deformation, which undoubtedly increased the
weight of the metamaterial.

The most current mechanical metamaterials suffer from following
limitations: i) the lack of modularity and repairability, ii) damage
transmittability, iii) weak scalable fabrication capability and limited
fabrication dimensions, and iv) single functionality. Here, 4D printed
mortise-tenon mechanical-electromagnetic multifunctional pixel meta-
materials (MPMs) consisting of multifunctional pixels (MPs) with
brick-mortar structure were developed, which realized the integration
of load-bearing, lightweight and electromagnetic wave (EMW) absorp-
tion capacity. Inspired by the silk ribbon of Hanfu (Chinese traditional
dress), the binding constraint method between MPs were innovatively
proposed to transfer loads between MPs without increasing the weight of
metamaterials. The universality of the mortise-tenon design model was
verified by employing typical additive manufacturing processes and
printing filament. It was necessary to select the materials and cell types
of metamaterials according to the usage requirements in practical ap-
plications. The MPM broke through the dimensional limitations of the
fabrication platform, and enabled large-scale, modular, repairable, and
scalable manufacture of metamaterials. The application prospects of
mechanical-electromagnetic MPM in energy absorbing devices and
electromagnetic stealth equipment were verified.

2. Results and discussion
2.1. Design of mechanical-electromagnetic MPM

Chinese architecture are constructed via mortise-tenon structures,
connecting the discrete parts into the large-scale structure (Fig. 1A).
Inspired by the connection mechanisms of mortise-tenon structures, the
mortise-tenon mechanical-electromagnetic MPM with modularity,
scalable manufacturing and repairability were designed (Fig. 1B1). The
designed mechanical-electromagnetic MPM consisted of MPs with the
brick-mortar structure arrayed (m, n) along the (x, 2) axis, respectively
(Fig. 1B1 and Fig. 1B2). In the construction of brick-mortar structures
with cement mortar, the cement mortar was uniformly spread, and then
the bricks were placed on top of the mortar to provide the robust
connection of the brick-mortar structure (Fig. 1C). The developed MPs
consisted of n, multifunctional mortise-tenon metamaterials connected
in series with modularization ability (Fig. 1B2). The multifunctional
mortise-tenon metamaterials were constructed using mortise-tenon
metamaterials and multistage ordered transition metal carbides/ni-
trides TizCoTx@graphene oxide (MXene@GO) composite aerogel as
“brick” and “mortar”, respectively (Fig. 1B2 and Fig. 1D). MXene ex-
hibits the characteristics of large specific surface area, high electrical
conductivity, abundant surface functional groups, and lightweight.
[35,36] The efficient absorptivity of MXene for the EMW was mainly
attributed to its high specific surface area, efficient dielectric loss of the
multipolarization mechanism, and the interfacial loss of the unique
nanostructures. More importantly, MXene with 3D porosity is the
lightweight and efficient absorber due to the abundant porosity, which
not only contributes to the improvement of impedance matching, but
also reduces the density, making it more favorable for EMW absorption.
[37-41].

The mortise-tenon metamaterials (Ly x Ly x L;) consisted of 12
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independents, interlocking discrete connecting parts (Part 1 to Part 12),
as shown in Fig. 1D2 and Movie S1. Among the 12 parts of the mortise-
tenon metamaterials, Part 1 and Part 2, Part 3 and Part 4, Part 5 and Part
6, Part 7 and Part 8 had the same configuration. Part 1 and Part 2 were
the main parts, Part 3 ~ Part 12 were the connecting parts. The parts
were mortise and tenon jointed with each other through the concave-
convex configuration to form the whole structure (Fig. 1D and
Fig. S1). The mortise-tenon metamaterials integrated irregular discrete
parts into the cube/rectangular/complex configuration by interlocking
and mortising the discrete parts, which can maintain its configuration
and exhibit macroscopic constitutive behavior under external loads
(Fig. S1).

Scalable connecting mortise-tenon parts for interconnecting mortise-
tenon metamaterials were constructed by arraying specific parts to make
reliable, stable connections of the developed MP without redundant
materials/structures. Fig. 1B and Movie S2 exhibit the CAD model and
assembly process of MP (n, = 3) by connecting mortise-tenon meta-
materials via mortise-tenon connecting parts, respectively. Table S1
shows the CAD model for the connecting parts between mortise-tenon
metamaterials. The mortise and tenon configuration characteristics
endowed the integrated MP with modularity and repairability, and the
configuration and arrangement of each mortise-tenon metamaterials in
the MP were enabled to be designed according to the requirements. The
designed MPs were uninterconnected discrete structures, and the addi-
tional structures such as frames were used to fix the MPs in the most
researches, which prevented the MPs from transferring loads to each
other and increased the weight of the metamaterial. Hanfu, traditional
Chinese clothing, which is constrained the wide clothes by silk ribbons
to maintain convenient movement of wearer (Fig. 1E). Inspired by the
binding method of silk ribbon, the ribbon type binding method of MPM
was proposed to ensure the load transfer and restrain the damage
transfer between MPs, which further improved the modularity and
maintainability of metamaterials without increasing the weight.

The lightweighting of multifunctional metamaterials was realised by
introducing Octet(Fig. 1F1), Kelvin (Fig. 1F2), 3D Re-entrant (Fig. 1F3),
and 3D chiral (Fig. 1F4) lattice metamaterial cells into each mortise-
tenon parts (Fig. 1F). Table S1 shows the CAD models of the mortise-
tenon connecting parts and the corresponding names based on the
Octet cells. The parts of the mortise-tenon metamaterial were assembled
according to the process shown in Movie S1. The geometric parameters,
Lyi, Ly;, Ly, di, R, t, were controlled the configuration and mechanical
properties of the mechanical metamaterial cells (Fig. 1F). Ly;, Ly;, Ly
represented the lengths of the cells in the x ,y, and z directions,
respectively. d; represented the ligament diameters of the i-type cells (i
=1L k,1,¢). L k,r, and c represented Octet, Kelvin, 3D Re-entrant, and 3D
chiral lattice metamaterial cells, respectively. R, and t, represented the
circular radius and thickness of 3D chiral lattice metamaterial cells,
respectively. The mortise-tenon metamaterials (Ly x Ly x L, =73 mm x
73 mm x 70 mm) were obtained by assembling each mortise-tenon parts
consisting of metamaterial cells. Fig. 1G ~ 1I exhibit the CAD models of
multifunctional pixel metamaterials, multifunctional pixels and multi-
functional mortise-tenon metamaterials composed of lightweight cells.
Fig. 1J exhibit the CAD models of the developed Octet(Fig. 1J1), Kelvin
(Fig. 1J2), 3D Re-entrant(Fig. 1J3), and 3D chiral (Fig. 1J4) mortise-
tenon metamaterials.

2.2. Modular and scalable fabrication of mechanical-electromagnetic
MPM

The mortise-tenon metamaterials were fabricated by assembling the
mortise-tenon parts (Fig. 2A), and the integration state was highly
dependent on the fabrication accuracy. For example, the poor accuracy
might result in fabricated mortise-tenon parts outside of the design di-
mensions, leading to the integrated metamaterial interference fit and
initial assembly stresses. If the fabricated mortise-tenon parts were less
than the design dimensions, the connection strength and stability of the
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Fig. 1. (A) The mortise-tenon structures of Chinese architectures. (B) The CAD models of mortise-tenon type mechanical-electromagnetic MPM: (B,) MPM; (B3) MP.
(C) The brick-mortar structure. (D) The multifunctional mortise-tenon metamaterials: (D;) assembly view; (D3) exploded view of mortise-tenon metamaterials. (E)
The silk ribbons of Hanfu. (F) The lightweight metamaterial cells: (F;)Octet, (F3)Kelvin, (F3)3D Re-entrant, and (F4)3D chiral. (G) The mechanical-electromagnetic
MPM composed of lightweight metamaterial cells. (H) Multifunctional mortise-tenon metamaterials and (I) exploded view of the MP. (J) The CAD models of mortise-
tenon metamaterials consisting of different lightweight cells: (J;) Octet; (J) Kelvin; (J3) 3D Re-entrant; (J4) 3D chiral.
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Fig. 2. The fabricated Octet mortise-tenon metamaterials: (A) the mortise and tenon parts. Mortise-tenon metamaterials fabricated by (B) rigid-SMP, (C) PLA-SMP
and (D) aluminum alloys. The scale bar is 20 mm. (E) The fabrication process of the multifunctional metamaterials with brick-mortar structure. (F) The SEM and EDS

scanning results of the mortar (MXene@GO composite aerogel).

metamaterial were affected. The components of the developed mortise-
tenon metamaterials were porous configurations, and traditional pro-
cesses such as inverted molding and subtractive manufacturing were
difficult to meet the preparation requirements, which required the
adoption of additive manufacturing methods. The fabrication of meta-
materials was performed by conventional additive manufacturing
methods to verify the universality of the proposed mortise-tenon design
method. The feasibility of fabricating metamaterials such as rigid-SMP
UV sensitive resin, polylactic acid-SMP (PLA-SMP) and aluminum al-
loys with different stiffnesses, as well as fabrication techniques such as
LCD photopolymerization printing technology, fused deposition mold-
ing, and selective laser melting were verified. Fig. 2B ~ 2D and
Figs. S2-S6 demonstrate the integrated metamaterials fabricated by
different materials and printing processes, which were fabricated with
high accuracy. Movie S3 demonstrates the assembly and disassembly of
the mortise-tenon metamaterials. The assembled metamaterials were
enabled to fasten discrete parts via the mortise and tenon mechanism,
maintaining its configuration and bearing loads. Meanwhile, the

discrete structural design strategy endowed the developed meta-
materials with highly modular function, which allowed customisation of
the configuration/mechanical properties and repair of the meta-
materials by replacing the mortise-tenon parts.

Fig. 2E demonstrates the fabrication process of the mechanical-
electromagnetic multifunctional metamaterials. The 3D hierarchical
network structure was constructed by inserting GO nanosheets between
MXene shells. Stabilized MXene@GO dispersions were developed due to
the similar hydrophilicity and negative charge of these two materials.
Then, the polyvinyl alcohol (PVA) molecular chains were inserted be-
tween the MXene@GO nanoshells to form the hydrogel and aerogel with
the interpenetrating network structure. The multifunctional meta-
materials with brick-mortar structure was fabricated by integrating
“brick” (the mortise-tenon metamaterials) with “mortar” (MXene@GO
composite aerogel). Fig. 2F exhibits the SEM results of the porous
structure with multistage ordered layers of MXene@GO composite
aerogel. The porous configuration of the aerogel reduced the weight
while increasing the contact area between the electromagnetic wave and



X. Xin et al.

the aerogel, which improved the electromagnetic wave absorption
ability. The EDS scans of MXene@GO composite aerogel demonstrated
the distribution of the C, O, and Ti, confirming that the MXene was
uniformly distributed in the matrix. Fig. 2E and Fig. S2B exhibit the
optical image of the fabricated mechanical-electromagnetic multifunc-
tional metamaterials with brick-mortar structure. In the process of
freeze-drying to form composite aerogel, the fluidity of the hydrogel
precursor was restricted by the mortise-tenon metamaterial, which
made the composite aerogel tightly wrapped around the metamaterial to
form the composite reinforced structure similar to reinforced concrete
structure. In addition, the surface functional groups on the MXene and
GO nanosheets (hydroxyl group -OH on MXene and carboxyl group
—COOH on GO) were able to form hydrogen bonding interactions with
the metamaterial ligaments, which ensured the tight bonding between
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the metamaterials and the MXene@GO composite aerogel.

2.3. Mechanical properties characterization of mortise-tenon
metamaterials

Fig. 3A illustrates the Octet mortise-tenon metamaterial with di-
mensions Ly x Ly x L, which consists of the connecting parts (Part 3 ~
Part 12) and the main parts (Part 1 and Part 2) with Octet cells. The
dimensions of Partl and Part2 were Ly x Ly x L, which were composed
of four Lyp x Lyo x Ly Octet lattice metamaterials and connecting layers
(Fig. S1K). The effect of the distribution number of Octet cells along the
x,y, and z directions of the four Octet lattice metamaterials in Part]l and
Part2 on the effective mechanical properties of metamaterials was
investigated. There were 13 distribution types of the Octet cells, the

~ d,

3x

c4

e

| |

Fig. 3. The design models of the Octet mortise-tenon metamaterials: (A) The metamaterial consisted of connecting parts and main parts (Partl and Part2), each
consisting of Octet-type lattice cells. (B) The main parts (Partl and Part2) composed of four Octet lattice metamaterials and connecting layers. The 13 types of Octet
lattice metamaterials with different geometrical configurations. (C) The Octet mortise-tenon metamaterials consisting of Octet lattice metamaterials with different

geometrical configurations.
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distribution number of the cells along (x, y, z) direction were (1, 1, 1), (1,
2,1),(1,3,1),(1,4,1),(2,1,1),(2,2,1),(2,2,2),(3,1,1), (3,3, 1), (3,
3,3),(4,1,1), (4,4, 1), (4, 4, 4), respectively (Fig. 3B). The 13 types
mortise-tenon metamaterials were obtained by assembling the Partl ~
Part2 with different geometrical configurations and connecting parts.
The 13 types mortise-tenon metamaterials were named according to the
distribution number of cells along the x ,y, and z directions in Partl and
Part2 for convenience of description (Fig. 3C). For example, the mortise-
tenon metamaterials with (2, 2, 2) distribution of the cells along (x, y, 2)
in the main parts was named 2 x 2 x 2.

Fig. 4A ~ 4D and Fig. S8 exhibit the compressive displacement-force
curves of the developed Octet mortise-tenon metamaterials fabricated
by rigid-SMP. The developed metamaterials exhibited different
compressive mechanical responses along the x ,y, and z directions due to
the different configurations along the x ,y, and z axis (Fig. 4A ~ 4C).

A B
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When the metamaterial was subjected to the compressive load along the
x-axis, the displacement-force curves of the metamaterials with lower
density (1 x 1 x 1 and 2 x 2 x 2) exhibited the initial linear elasticity
region, plateau stress region, and the rapidly increasing densification
region (Fig. 4A). The displacement-force curves of metamaterials with
higher density (3 x 3 x 3 and 4 x 4 x 4) exhibited the initial linear
elastic region, followed by the load decreasing stage. This phenomenon
was due to that as the increase of the Octet cells density, the plateau
region load was higher than the fracture load of the mortise-tenon parts,
leading to fracture and collapse of the connecting parts.

When the Octet mortise-tenon metamaterials were subjected to
compressive loads along the z- and y-axis, the displacement-force curves
of the developed metamaterials exhibited elastic region, plateau region
and densification region, as shown in Fig. 4B ~ 4D. The mortise-tenon
metamaterials joined discrete parts of each other into the whole by
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Fig. 4. The mechanical properties of the developed Octet mortise-tenon metamaterials with different geometrical configurations. Compressive displacement-force
curves of the metamaterial along (A) x, (B) y, and (C) z axis. (D) The compressive properties along the z-axis of metamaterials with cells gradient distribution. (E) The
programmability of the mechanical properties of metamaterials under compressive loading by shape memory properties. (F) Compressive properties along the z-axis
of metamaterials fabricated by PLA-SMP. The comparison results of the optical images with FEA of the deformation process of the metamaterials under compressive

loading along the z-axis: (G)1 x 1 x 1; (H) 2 x 2 x 2.
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mortise-tenon connection method. The metamaterial first produced
elastic deformation under compression load, which led to smaller fitting
gaps between the connecting parts, and improved the integrity of the
metamaterial, so that the metamaterial remained integral during the
deformation process. The ligaments in the metamaterial produced
buckling and plastic deformation with further increase of the load,
which led to the plateau region in its compressive displacement-force
curve. The metamaterial entered the densification region due to the
mutual contact between the ligaments. The area enclosed by the elastic
and platform regions represented the energy absorption ability. Among
the 3 directions, the metamaterials along the z-axis realized energy-
absorbing characteristics (Fig. S12). The load values of the plateau re-
gion of the metamaterial increased with the increase of the density of the
cells.

Fig. 4G ~ 4H and Fig. S9 demonstrate the deformation process of the
metamaterial subjected to z-axis compressive loading, which the finite
element analysis (FEA) reproduced with high accuracy. Fig. S9 exhibits
the distribution of maximum principal strains and Mises stresses in the
mortise and tenon metamaterials under different deformations. The cells
in the mortise-tenon metamaterials reached the yield stress of the parent
material, which caused the Octet cells underwent flexural deformation
and collapse. During the compression process, the connecting parts
connected to the main parts and mortised with each other to maintain
the configuration of the metamaterial. The integrity and mechanical
properties of the mortise-tenon metamaterials were relatively poor
compared with the seamlessly printed and non-assembly method
methods. In the compression process, the maximum principal strain and
maximum Mises stress of the mortise-tenon metamaterial appeared at
the joints between the connecting parts. This was mainly due to the fact
that the mortise- —tenon parts were in contact and extruded with each
other, which led to the stress concentration phenomenon in each part,
reducing the mechanical properties and stability of the metamaterial.
However, the mortise-tenon metamaterials were able to maintain the
interconnected configuration and exhibit energy-absorbing properties
during the compressive deformation process. It was worth noting that
the connecting parts were composed of Octet cells, which exhibited the
same mechanical properties as the main parts.

The developed metamaterials exhibited programmable and recon-
figurable properties of the configuration and mechanical properties,
utilizing the shape memory properties. The specific implementation of
shape memory programming and reconfiguration of metamaterials was
as follows: 1) Heating and loading: The metamaterial with the original
configuration was heated above the glass transition temperature (Tg)
and then deformed by the applied loads (g4, applying circumferential
compressive loads in this work); 2) Cooling and unloading: While
maintaining the deformation &, the metamaterial was cooled to room
temperature. 3) Load independent (i.e., programmability): The meta-
material maintained the programmed configuration (i.e., £qrge) after
unloading and carried external loads. The geometrical parameters of
metamaterials with the programmed configuration were different from
those of the original configuration, resulting in different mechanical
properties to the original configuration (i.e., programmability of me-
chanical). In the €srger, the mortise-tenon metamaterial still enabled the
high connection strength and maintained its configuration. 4) Reheating
and recovery: When the temperature was reheated to T, the meta-
materials were recovered from its programmed configuration to its
original configuration, resulting in the mechanical properties recovering
to its original state (i.e., reconfigurability, Movie S4). Compared with
typical metamaterials, 4D-printed metamaterials exhibited properties
such as reconfigurable configurations, tunable mechanical properties,
and self-adaptation, which improved the design freedom of meta-
materials. Fig. 4E demonstrates the programmable properties of the
compressive displacement-force curves of the mechanical meta-
materials. It was worth noting that the metamaterials were programmed
under circumferential compressive loading. The cells of the meta-
materials with temporary configurations were compacted, leading to the
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programmed metamaterials with high stiffness. When subjected to
compression along the z-axis, the energy absorption of the meta-
materials with the original and programmed configurations was ~ 7.6
kJ and 26.5 kJ, respectively (Fig. S13).

The metamaterials with rigid-SMP were able to maintain the whole
conformation during deformation due to the high toughness of rigid-
SMP (Young’s modulus ~ 300 MPa, fracture strain ~ 40 %). The flexi-
bility of the rigid-SMP enabled the mortise-tenon connecting parts to
deform together. Even if the connecting parts were deformed signifi-
cantly, it still allowed the parts to mortise into each other to maintain
the whole configuration. In addition, the compressive mechanical
response of the Octet mortise-tenon metamaterials fabricated by low-
toughness materials (PLA-SMP, Young’s modulus ~ 1.4 GPa, fracture
strain ~ 9 %[14]) was also characterized, as shown in Fig. 4F and
Fig. S10. Compared with rigid-SMP, PLA-SMP possessed higher Young’s
modulus. Therefore, the PLA-SMP Octet mortise-tenon metamaterials
exhibited higher effective stiffness and energy-absorption properties
(Fig. S12). It can be obtained from the mechanical property character-
ization that the components of the developed mortise-tenon meta-
materials still maintain high connection performance for materials with
low-toughness materials.

The Kelvin, 3D Re-entrant, and 3D chiral mortise-tenon meta-
materials fabricated by rigid-SMP were developed to verify the univer-
sality of the proposed design strategy (Fig. 5A). Similar to the Octet
mortise-tenon metamaterials, the Kelvin, 3D Re-entrant, and 3D chiral
mortise-tenon metamaterials were composed of connecting and main
parts, which each part composed of the corresponding metamaterial
cells. Fig. 5B ~ 5G demonstrate the compressive properties of the met-
amaterials with different cell types. During compression along y and z
axis, the displacement-force curves of the metamaterials with lower
density exhibited elasticity region, plateau region and densification re-
gion, while the metamaterials exhibited higher connection strength
along the z-axis. In particular, metamaterials with 3D Re-entrant cells
exhibited plateau regions under compressive loading along the z-axis,
resulting in better energy absorption properties (Fig. S12).

2.4. Mechanical properties characterization of mechanical-
electromagnetic MPM

The multiple mortise-tenon metamaterials were mortised to each
other by arraying specific connecting parts, to achieve large-scale,
modular integration of the mechanical metamaterials. There were four
connection modes from Connection mode I to Connection mode IV.
Connection mode I (full-size connecting parts): The full-size of the bi-
directional six-connected parts were obtained by arranging Part3 and
Part4, Part5 and Part6, Partl0 and Partl2 along the x ,y, and 2z di-
rections, respectively, where the numbers of arrays were the same as the
number of the mortise-tenon metamaterials contained in this direction
(Fig. 6A and Fig. S11A). Connection mode II (modular connecting
parts): The modular unidirectional six-connected parts (modular con-
necting parts) were obtained by arraying two of Part3 and Part4, Part5
and Part6, Part10 and Part12 along x ,y, and z directions, respectively.
Modular connecting parts were arranged in a staggered manner to
achieve stable connection between mortise-tenon metamaterials
(Fig. 6B and Fig. S11B). The Connection mode I utilized full-size con-
necting parts, resulting in the fabrication size of the metamaterials
limited by the fabrication platform. In contrast to Connection mode I,
the fabrication of modular connected parts was not limited by
manufacturing dimensions and exhibited standardization and modu-
larity, enabling large-scale and scaled-up fabrication of metamaterials.
However, the assembly process of Connection mode II was too
cumbersome for rapid repair and modular integration of metamaterials.
For the connection performance of mortise-tenon metamaterials, the
connection strength and stability of Connection mode I were higher than
that of Connection mode II, which was due to the fact that Connection
mode I utilized full-size connecting parts while Connection mode II used
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Fig. 5. (A) The developed Kelvin, 3D Re-entrant, and 3D chiral mortise-tenon metamaterials with different geometric configurations. The compressive mechanical
properties of Kelvin mortise-tenon mechanical metamaterials: (B) y-direction, (C) z-direction. The compressive mechanical properties of 3D Re-entrant mortise-tenon
mechanical metamaterials: (D) y-direction, (E) z-direction. The compressive mechanical properties of 3D chiral mortise-tenon mechanical metamaterials: (F) y-di-

rection, (G) z-direction.

alternate connecting parts.

Connection mode III (pixel type connection along z-axis): The pixel
type connection along the z-axis consisting of unidirectional double
connection parts and cable ties was obtained by removing the x- and y-
direction connection parts in Connection mode II. The MP was devel-
oped by connecting multiple mortise-tenon metamaterials applying
Connection mode III. The MPM with stabilized connections were con-
structed by tying the discrete MPs (Fig. S11C-D). Connection mode IV
(pixel type connection along x-axis or y-axis): The pixel type connection
methods along the x- or y-directions were obtained by removing the y-/
z-direction or x-/z-direction connection parts in Connection mode II (i.
e., modular connecting parts of Part 3 and Part 4), respectively. The CAD
models of modular connecting parts of Part 3 and Part 4 are shown in
Table S1. Movie S2 demonstrates the assembly process of MP by con-
necting 3 mortise-tenon metamaterials utilizing Connection mode IV.
Then the discrete MPs were connected to form the MPM utilizing the
bundling method. Fig. 6C ~ 6D and Fig. S11E-F illustrate the pixel type
connection along x-axis. Due to the high load-bearing capacity of
mortise-tenon metamaterials along the z —axis, the optimal load-bearing
direction for MPM was along the z-axis. Connection mode III was the
alternate distribution of modular connecting parts along the z-axis (i.e.,
MPs were distributed in the xy-plane). When the MPM with connection
mode III was subjected to the compressive load along the z-axis, the MP
was subjected to buckling deformation (slender beam) along the z-axis,
which reduced the structural stability and the load carrying capacity of
the MPM. The Connection mode IV was the alternating distribution of
modular connecting parts along the x-axis/y-axis (i.e., MPs were

distributed along the yz/xz plane). MPM was the short beam with high
stability when it was subjected to compression load along the z-axis.
Therefore, the MPM integrated by Connection mode IV possessed higher
connection performance compared to Connection mode III.

The scalable and modular MPs were designed by connecting n, = 3
Octet mortise-tenon metamaterials (2 x 2 x 2 and 3 x 3 x 3) via
Connection mode IV, as shown in Fig. 6E. The MPs with different me-
chanical properties were obtained by integrating mortise-tenon meta-
materials with different configurations (Fig. 6F). The MPM was
developed by arraying the MPs along the y-axis and z-axis and tied with
cable ties. Fig. 6G illustrates the mortise-tenon MPMs consisting of 3 x 3
x 3 and 2 x 2 x 2 Octet mortise-tenon metamaterials (MPMy; and
MPMj), respectively, each MPM containing 9 MPs (i.e., 27 Octet
mortise-tenon metamaterials).

The displacement-force curves of the MPM exhibited contact, elastic,
plateau, and densification regions under compressive loading along the
z-axis (Fig. 6H). In the initial stage, the MPs contacted each other under
compressive loading and formed the force-transfer paths. The MPM
underwent elastic deformation as the load increased until the ligaments
buckled, resulting in the plateau region in the displacement-force curve.
The MPM was compacted with the increase of load, leading to the sig-
nificant increase in its effective stiffness (i.e., densification region). The
plateau region load values of MPMj; was higher than that of MPMy,
which was attributed to the higher density of cells in MPMyy;. The energy
absorption (EA) of MPMj; and MPMy;; was ~ 1222.0 kJ and 2296.1 kJ,
respectively (Fig. S14).
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Fig. 6. Mortise-tenon metamaterials with different connection modes: (A) Connection mode I, (B) Connection mode II, (C) Connection mode IV. (D) The MPs were
integrated by employing Connection mode IV to connect multiple mortise-tenon metamaterials, and the MPMs were fabricated by arraying multiple MPs and
bundling. (E) The MPs were designed by connecting 3 Octet mortise-tenon metamaterials via Connection mode IV. (F) The MPs with different geometrical con-
figurations. (G) The developed MPM: The MPM consisting of 3 x 3 x 3 (left, MPMy) and 2 x 2 x 2 (right, MPMy)) Octet mortise-tenon mechanical metamaterials. (H)
The compression displacement-force curves of the MPMy; and MPMy; . The scale bar is 20 mm.

2.5. Electromagnetic properties and application prospects of mechanical-
electromagnetic MPM

Fig. 7A demonstrates the variation of the complex permittivity (e =
€-je") of the “mortar” of mechanical-electromagnetic MPM (Mxene@GO
composite aerogel) in the frequency range of 1-18 GHz. ¢ and ¢” denoted
the storage and attenuation of electromagnetic energy, respectively. The
loss tangent (tan &, = £“/¢") was utilized to represent the dielectric loss
ability of the composite aerogel. The ¢ and &” of composite aerogel
decreased with the increase of frequency, demonstrating its favorable
frequency dispersion characteristics. The tan &, values ranging from 0.57
to 0.12 indicated that the composite aerogel exhibited excellent
dielectric loss ability (Fig. 7A). The EMW dissipation mechanism of the
composite aerogel was primarily via dielectric loss owing to the unadded
magnetically sensitive particles. The dielectric loss consisted of polari-
zation loss and conductive loss according to the basic mechanism of
EMW attenuation. The dipolar polarization was attributed to asym-
metric charge distribution caused by structural defects and heteroatomic
dopants. Repeated rotation of the electric dipole with the asymmetric
charge distribution led to polarization relaxation behavior due to its
inability to change in synchrony with the frequency of the alternating
electromagnetic field. The conductive loss acted as an attenuating factor
of electromagnetic energy for conductive EMW absorbing materials. The
induced microcurrent (magnetic field-induced eddy currents and elec-
tric field-induced currents) contributed to the conversion of electro-
magnetic energy into Joule heat under the electromagnetic field. In
addition, the porous configuration of the aerogel enabled the EMW to be
reflected and absorbed multiple times in the voids, realizing the efficient

absorption of EMW. The reflection loss (RL) of the aerogel with different
thicknesses was evaluated in the frequency range of 1-18 GHz (Fig. 7B
~ 7C). The MXene@GO composite aerogel exhibited the significant
RLpin value of —43.81 dB at 2.2 mm thickness and 12.75 GHz.

The mechanical-electromagnetic MPM was developed by combining
MPs (1, = 1) and cable tie. The RL of developed MPM in the frequency
range of 1 ~ 18 GHz was evaluated along the perpendicular to the
aerogel filling direction (Fig. 7D). The porous characteristics of the
mechanical-electromagnetic MPM were able to scatter the incident
electromagnetic waves and absorbed by the MXene@GO composite
aerogel. The porous configuration of MXene@GO composite aerogel
resulted in the reciprocal reflection and absorption of electromagnetic
waves in the pores, realizing the highly efficient absorption of electro-
magnetic waves. When the RL was less than —10 dB, the absorbing
material exhibited at least 90 % of the electromagnetic loss. Therefore,
the mechanical-electromagnetic MPM possessed more than 90 % elec-
tromagnetic loss capability in the frequency range of 9.86 GHz ~ 14.40
GHz and 14.81 GHz ~ 15.66 GHz (Fig. 7E). The RLpy;, value of the
mechanical-electromagnetic MPM was -32.84 dB at 15.28 Hz(Fig. 7E).
It was worth noting that the mechanical and electromagnetic functions
of the developed mechanical-electromagnetic MPM were realized by
mortise-tenon metamaterials and MXene@GO composite aerogel,
respectively. The aerogel had the porous configuration, which had
relatively poor mechanical properties and had small effect on the overall
mechanical properties of the metamaterials. The absorption ability of
the mechanical-electromagnetic MPM for vertically incident electro-
magnetic waves was demonstrated in this work, due to the filling di-
rection of the aerogel and the optimal load bearing direction of the
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Fig. 7. (A) The dielectric loss properties of the MXene@GO composite aerogel. (B) 3D representation and (C) 2D representation of RL values of composite aerogels
with different thicknesses at 1-18 GHz. The (D) schematic and (E) RL of the EMW absorption performance test of mechanical-electromagnetic MPM. (F)~(G) The
developed mechanical-electromagnetic MPM possessed the wide application prospect in the UAVs and absorber.

mortise-tenon metamaterials were both in the z-axis.

The mortise-tenon connection type developed in this work had the
ability to satisfy different printing methods and materials. Through
efficient, low-cost production and highly reproducible assembly process,
the metamaterials eliminated scale limitations and realized ultra-large

10

dimensions beyond the fabrication scale of 3D printers. The mortise-
tenon discrete assembly provided several benefits which distinguished
it from existing manufacturing methods for the metamaterials, including
increased functionality, repairability, reconfigurability, and scalability.
Due to the discrete characteristics of the structure, damaged parts can be
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removed and replaced. The key to the mass commercial application of
mortise-tenon metamaterials is automated assembly. By combining
automated assembly methods, it is foreseen that this research will hold
promise for realizing metamaterials on the macro scale. The developed
mechanical-electromagnetic MPM possessed modularity, lightweight,
energy absorption and electromagnetic absorption capabilities,
providing potential applications in the electromagnetic stealth equip-
ment. For example, the frame structure of the low-detection UAV can be
designed utilizing the developed mechanical-electromagnetic meta-
materials, realizing electromagnetic stealth characteristics while
meeting the lightweight and load-carrying functions of the UAV (Fig. 7F
and Fig. 7G). The UAV architecture was integrated and fixed by
mortising and tenoning the components to ensure its mechanical prop-
erties. The mechanical-electromagnetic MPM converted the incident
EMW into other energies, such as heat, to achieve the dissipation of
EMW. In addition, mechanical-electromagnetic MPM exhibited the po-
tential to replace metal shells utilized for electromagnetic interference
(EMI) shielding to absorb microwave noise signals generated by UAV.

3. Experimental section
3.1. Design and fabrication of mechanical metamaterials

The CAD models of the metamaterials were constructed by Siemens
PLM Software UG NX10.0 and exported in “stl” file format. The resin-
based and metal-based metamaterials were fabricated utilizing UV
light-cured LCD printing technology, FDM printing technology and SLM
technology. The dimensional fit between the parts of the mortise-tenon
metamaterial was realized through multiple iterations of design and
high-precision preparation. The design process for metamaterials was as
follows: The CAD model of the mortise-tenon component was estab-
lished in UG NX software, and then the mortise-tenon metamaterial was
assembled in the assembly mode of the software (Movie-S1 and Movie-
S2). In the assembled CAD model, we observed whether there was
mutual interference and excessive clearance between the mortise-tenon
parts, and modified the CAD model. Subsequently, the mortise-tenon
parts were fabricated and assembled, and the relevant parameters of
the CAD model were adjusted again according to the printed objects.

3.2. The characterization and simulation of compression properties of
metamaterials

The nonlinear behavior of metamaterials was investigated by the
Zwick-010 tensile machine with an environmental chamber and the
compression rate was 2 mm min L. The camera (Canon DS126571) was
utilized to record the optical images of the metamaterials during the
testing process. The commercial finite element software ABAQUS (3DS
Dassault Systemes, France) was employed to calculate the nonlinear
deformation behavior of the developed metamaterials.

3.3. The fabrication of MXene@GO composite aerogels

Polyvinyl alcohol (PVA, 1788), as the phase of matrix and encap-
sulation, was obtained from Aladdin Chemical Reagent Co., Ltd.
(Shanghai, China). The MXene nanoshell with the diameter of 2 ~ 50
pm, was purchased from Xinxi Technology Co., Ltd. (Foshan, China).
The Graphene oxide (GO) dispersion, with the concentration of 10 mg
mL~}, was utilized to form an interlayer network and purchased from
Maclin Biochemical Co., Ltd. (Shanghai, China). The GO dispersion was
diluted to 2 mg mL™}, and 40 mL of the GO dispersion was sonicated for
2 h and then MXene nanosheets were added to it (MXene:GO = 5:1).
Subsequently, the mixed solution was sonicated for 1 h and then
magnetically stirred at room temperature for 2 h, resulting in the
insertion of GO nanosheets into the interlayers of MXene sheets, thereby
forming a 3D hierarchical network structure to form the MXene@GO
dispersion. The PVA powder was added to the above mixed solution and
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magnetically stirred at 90 °C for 2 h, resulting in the insertion of PVA
molecular chains between the MXene@GO nanosheets to form the
hydrogel precursor solution. The hydrogel precursor solution was
poured into the mold where the mechanistic metamaterial was placed to
fill the voids of the metamaterial structure, and the hydrogel EMW-
absorbing layer was formed on the bottom surface of the metamaterial
after three freeze-thaw cycles. Finally, the MPM with brick-mortar
structure were constructed by freeze-drying method.

3.4. The electromagnetic properties of MXene@GO aerogels and
mechanical-electromagnetic MPM

MXene@GO composite aerogel scattering parameters (S11, S12, S21,
and S22) were measured by the vector network analyzer (E5071C) in the
frequency range 1-18 GHz. The values of electromagnetic parameters
such as complex permittivity (¢’, ¢’) were obtained according to the S-
parameters. RL was calculated based on transmission line theory as
follows:

Zin —Zo
Zin + ZO

where, Z¢ and Z;j, were the free-space impedance and absorber input
impedance, respectively. ¢ was the light velocity, and f represented the
thickness.

The RL of mechanical-electromagnetic MPM was measured utilizing
the bow method reflectance test system (Fig. 7D). The test equipment
mainly included transmitting antenna, receiving antenna, bow frame,
transmission cable, metal sample platform, cone-shaped EMW-
absorbing material, and network vector analyzer, etc. The mechanical-
electromagnetic MPM (180 mm x 180 mm x 87 mm) was placed on
the sample platform and in the center of the bow frame. The transmitting
and receiving antennas were mounted on bow frames which were sus-
pended above the sample platform.

RL = 20log

4. Conclusion

In summary, the mortise-tenon mechanical-electromagnetic multi-
functional metamaterial were developed in this work to overcome the
limitations of the lack of modularity, large-scale fabrication and single
functionality suffered by mechanical metamaterials. The mortise-tenon
metamaterial can be interlocked with each other to withstand external
loads while maintaining the configuration of the metamaterial. Most
importantly, the MPs in the mechanical-electromagnetic MPM enabled
the transmission of loads to each other, while demonstrating the ad-
vantages of modularity, no redundant connection structure, service-
ability, and scalable manufacturing. The mechanical and
electromagnetic properties of the mechanical-electromagnetic MPM in
energy absorption, integrated material-structure-function EMW
absorber were verified, which possessed a wide application prospect in
the electromagnetic stealth equipment.
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