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 A B S T R A C T

Mechanical metamaterials have recently driven significant advancements, and this field has 
currently been extended to break the reciprocity principle in static mechanics and wave 
propagation. Here, we demonstrate a type of three-dimensional mechanical metamaterials 
that possess nonreciprocal static elastic behaviors and tunable dynamic wave properties. The 
metamaterial is designed with suitably tailored microstructure asymmetry, which exhibits 
vastly different deformation configurations upon loading from different sides. Such contrast in 
deformation induces distinct force–displacement responses, which gives nonlinear elastic moduli 
that are dependent on both the magnitude and direction of applied loads. We fabricate such 
metamaterials with 3D printing technique at the microscale. The non-reciprocal mechanical 
behavior is validated by analytical means, simulations, and experiments. Besides, tunable 
band structure characteristics are obtained when the metamaterial is loaded in opposite 
directions or by different magnitudes. The band structure deforms in asymmetrical ways, which 
indicates flexible control on transmit–prohibit switching of elastic waves propagation (in certain 
frequency ranges), and this is realized by only switching the external mechanical loading 
direction. These peculiar behaviors show great prospects in enabling unidirectional elasticity 
and wave transmission within a solid material, paving avenues to new one-way functional 
devices.

. Introduction

Mechanical metamaterials reshape the physical property boundaries of solid materials and display rich extraordinary charac-
eristics in both static and dynamic regimes (Florijn et al., 2014; Frenzel et al., 2017; Kadic et al., 2019; Reis et al., 2015; Ji 
t al., 2021; Surjadi et al., 2019; Chen et al., 2021; Li et al., 2023; Hu et al., 2023; Ni et al., 2024; Wang et al., 2025). Recently 
echanical metamaterials have been extended to the non-reciprocal regime that goes beyond the Maxwell–Betti reciprocity theorem. 
he law of reciprocity indicates that the signal propagates in symmetrical manner through a material or a system. Non-reciprocal 
etamaterials can generate asymmetrical transmission of signal or energy between two space locations when only switching the 
ropagating directions. Note that the Maxwell–Betti reciprocity theorem is derived under some basic assumptions including the fact 
hat the system under analysis is linear, which implies a path to obtain non-reciprocity by breaking these limitations. If homogeneous 
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Fig. 1. Structure design of the nonreciprocal mechanical metamaterial. (a) Unit cell and (b) an array composed of 3 × 3 × 3 unit cells. (c, 
d) Scanning electron micrograph of the micro-lattice samples fabricated via direct laser writing technology: they are same structures but with 
opposite up-and-down order. Panels (e, f) show the samples from the top view. In all panels, the scale bars denote 50 μm.

and isotropic constituents are used, a nonreciprocal structure often meets two requirements: asymmetrical geometry and nonlinear 
deformation. Asymmetrical geometry is obvious in the sense that different responses can be generated upon switching directions. 
In addition, Maxwell–Betti reciprocal law states that a mechanical structure (either symmetrical or asymmetrical) is reciprocal in 
its linear stage. Therefore, suitably introducing nonlinearity is another necessary condition to achieve non-reciprocity (Lamb, 1887; 
Achenbach, 2003; Li et al., 2024).

For most natural elastic materials, their corresponding coefficients (e.g., Young’s modulus) are often independent of the load 
conditions. By contrast, nonreciprocal mechanical metamaterials can exhibit different elasticities in tension and compression. This 
paves new avenues in directing, controlling, and modulating mechanical signals and energy in ways that are previously impossible 
in the reciprocal regime. Furthermore, as non-reciprocal mechanical metamaterials can exhibit different elasticities at different load 
conditions, they have significant potentials as diodes, rectifiers or topological insulators (Nadkarni et al., 2016; Librandi et al., 2021; 
Trainiti and Ruzzene, 2016; Süsstrunk and Huber, 2015; Attarzadeh and Nouh, 2018; Attarzadeh et al., 2019).

To date, non-reciprocity is mostly realized in dynamic regime by breaking the time-reversal symmetry with the help of external 
excitation, active materials or changing boundary conditions (Wang et al., 2015; Nassar et al., 2020; Palermo et al., 2020; Xu 
et al., 2020; Zhang et al., 2021). In static mechanics, non-reciprocity is less investigated and is often activated by asymmetrical 
microstructures that induce distinct deformations along different loading directions. In 2017, Coulais et al. first proposed the concept 
of static non-reciprocity in 2D metamaterials using fish-bone microstructures (Coulais et al., 2017). Their developed metamaterials 
exhibit vastly different output displacements under excitation from various sides, as well as one-way displacement amplification. 
Consequently, static nonreciprocity was further developed to non-reciprocal elastic moduli (Shaat et al., 2020; Shaat, 2020; Shaat 
and Park, 2023), shock resistance (Wang et al., 2023b), Janus property with plug-switch orientation (Zhang et al., 2024), self-
regulated non-reciprocal motions (Li et al., 2022), etc. Apart from 2D lattice structures, recently researchers have explored static 
non-reciprocity in 3D metamaterials, e.g., 3D chiral metamaterials with Poynting effects (Dong et al., 2024) and asymmetric 
elasticity (Montazeri et al., 2025), composite hydrogels with asymmetrical shear responses (Wang et al., 2023a).

Motivated by the design path of asymmetrical deformation modes, here we demonstrate a new 3D mechanical meta-structure 
that is capable of transferring deformation in a non-reciprocal manner. The metamaterial shows asymmetrical mechanical responses 
and its elastic modulus depends on both the magnitude and direction of the applied force. An analytical model is established to 
capture the nature of asymmetrical deformation patterns and their resulting non-reciprocal force–displacement responses. Microscale 
metamaterial samples are fabricated by 3D printing technology, and the non-reciprocal properties are verified by means of 
experimental and simulated analysis. We also study the band structures of elastic waves in the proposed metamaterial, where the 
asymmetric deformation induces strong difference between the first band gap characteristics.
2 
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Fig. 2. Deformation and Mises stress profile of the mechanical metamaterial with external forces exerted on opposite ends along (a) 𝑥-axis and 
(b) 𝑧-axis, respectively. The direction-dependent deformation patterns will give rise to nonreciprocal behavior in the static state and elastic waves. 
The black lines depict the pristine configuration of the structure. (c) The coordinate systems employed for a beam with initial bending curvature, 
where 𝑥𝑜𝑧 and 𝜉𝑜𝜂 describe the pristine and deformed shapes, respectively. (d) The force state of a representative connector beam. (e) Force 
analysis of representative connector beams which are attached to a base beam under applied loads.

2. Metamaterial design

We depict the features of proposed 3D mechanical metamaterials in Fig.  1(a, b). The unit cell, with a uniform spatial period 
of 𝑙 = 100 μm, is composed of base beams and tilt connectors whose diameters are 𝑑1 = 19.25 μm and 𝑑2 = 5.5 μm, respectively. 
In the asymmetrical configuration, all the connectors undergo a rotation of 𝜃 = 10◦ with regard to the base beam’s normal. This 
inclination angle 𝜃 is defined as the angle between the base beams and the inclined connectors (ranging from 0 to 90◦), which 
serves the purpose of introducing asymmetry within the structure. Nonreciprocity in the elastic modulus is induced by tilting the 
connectors with respect to the base beam’s normal. When 𝜃 = 0, the structure becomes axially symmetric, corresponding to the 
symmetric case. The elastic non-reciprocity is dependent on the geometrical asymmetry, where the angle 𝜃 = 0 can be used to tailor 
the intensity of non-reciprocity.

We have fabricated two sets of samples with polymers using two-photon lithography 3D Direct Laser Writing (Photonic 
Professional GT+, Nanoscrible GmbH), as shown in Fig.  1(c–f). The two sets of samples have opposite up-and-down order so that 
compressive loading is always implemented from the top end during the mechanical testing. The customized commercial negative 
tone IP-S resin (Nanoscrible GmbH) was employed as the raw material which has a density of 𝜌 = 1200 kg m−3, a Poisson ratio of 
𝜈 = 0.4 and a Young modulus of 𝐸 = 3 GPa. A drop of IP-S resin was deposited on an ITO-coated glass substrate with dimensions 
25 mm × 25 mm × 0.7 mm and photo-polymerized with a femtosecond laser operating at 𝜆 = 780 nm and an objective of 25×. After 
printing, the samples were developed for 30 min in propylene glycol methyl ether acetate (PGMEA) solution to remove the unexposed 
photoresist and rinsed for 5 min in Isopropyl alcohol (IPA) to clear the developer. A laser power of 100 mW and a galvanometric 
scan speed of 100 mm/s were used for the whole fabrication process.

3. Results and discussion

3.1. Asymmetrical structural deformation

We present the different deformation patterns of the developed metamaterials under mechanical stimuli from different directions 
in Fig.  2. The base beams are designed with larger sizes than the connectors to minimize their buckling and generate quasi-rigid 
movement when the structure encounters external loads. The inclination of the connectors induces different types of promotion 
on the base beams to move following external forces, thus generating deformation asymmetries. It is observed that the connectors 
undergo significant buckling when pushed from the left end P (i.e., loading condition 𝐹P) while showing minor deflection when 
pushed from the right end Q (i.e., loading condition 𝐹Q), as shown in Fig.  2(a). Such asymmetrical deformation profiles will promote 
different force–displacement responses that imply elastic non-reciprocity. The contrast in the deformation patterns can be attributed 
to the difference in force states in the structure. When an external force 𝐹P (or 𝐹Q) acts on the end P (or Q) of base beam, it 
decomposes into two components, i.e., axial force 𝐹P sin 𝜃 (or 𝐹Q sin 𝜃) and transverse force 𝐹P cos 𝜃 (or 𝐹Q cos 𝜃). Because of these 
two force components, the tilt connector exhibits a combined deformation of transverse deflection and axial compression/tension. In 
one direction, the structure is deflected and stretched; in the opposite direction, the structure is deflected and compressed to buckling. 
The asymmetrical deformation and stress states are depicted in Fig.  2(a, b). This contrast leads to different axial displacements of 
3 
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the structure upon switching the direction of the applied force. Even if the magnitude is kept unchanged, the opposite direction 
forces produce different displacements.

Note that we take the deformation in 𝑥𝑜𝑧 plane as a typical case to show the mechanical response characteristics. A displacement 
𝑢P→Q on the right end Q is generated when the structure is pushed from the left end P (indicated as loading condition 𝐹P). Similarly, 
a displacement 𝑢Q→P is generated on the left end P when pushed from the right end Q (indicated as loading condition 𝐹Q). One can 
certainly investigate the behavior from the 𝑦𝑜𝑧 and 𝑥𝑜𝑦 plane views, as the same phenomenon will be observed thanks to the rotary 
geometry similarity. Even in the considered 𝑥𝑜𝑧 view, one can actually recover the load conditions depicted in Fig.  2a by flipping 
and rotating the view in panel Fig.  2b. This characteristic will be further clarified in subsequent results.

To derive more insights into the asymmetrical deformation profiles and force states, we develop an analytical model. We start 
from force analysis and deformed configurations on a typical element which is composed with a base beam and a tilt connector, as 
depicted in Fig.  2d. Here beam III is fixed and beam I is encountered with external forces. Upon forces from different ends (e.g. 𝐹𝑥), 
the base beam is moved rigidly and the free end is translated by 𝜇𝑙 or 𝜇𝑟 along the horizontal direction with invariant tilt angle 𝛾
with respect to the base beam. Here 𝛾 = (90◦ − 𝜃) is the complementary angle of 𝜃 and it is used for more convenient depiction. 
We should note that in the first-step movement of the base beam, the tilt beams deform from a straight state to bending/buckling 
configurations; in subsequent steps, force analysis on the tilt beam should start from its curved configuration with initial stress/strain 
taken into consideration. Therefore, a geometrically exact beam model is employed here, which considers the initial extension–
bending coupling of the tilt connectors and is thus closer to the true stress state. We realize that such a model can accurately 
capture the deformation of three-dimensional curved beams; however, here it is simplified to a two-dimensional form as the tilted 
connectors deform in a plane face approximately.

The model is described by three sets of coordinates, as depicted in Fig.  2c. The global coordinate system XOZ is fixed to the 
ground and is used as a reference for initial curvatures. The system 𝑥𝑜𝑧 describes the shape of undeformed beams, where axis 𝑧
depicts the reference line of the beam. Here 𝐢𝑥, 𝐢𝑧 are employed as the unit vectors along axis 𝑥, 𝑧, respectively. We have 

d
d𝑠

[

𝐢𝑧
𝐢𝑥

]

= 𝐤
[

𝐢𝑧
𝐢𝑥

]

, (1)

where 𝑠 is the initial arc length of the bent beam. The matrix 𝐤 is the initial curvature matrix which represents the derivative of 
unit vectors 𝐢𝑧 and 𝐢𝑥 along the axes 𝑧 and 𝑥 with respect to 𝑠, and is expressed as 

𝐤 =
[

0 𝑘
−𝑘 0

]

(2)

with 𝑘 denoting the initial bending curvature.
Similarly, the coordinate system 𝜉𝑜𝜂 describes the shape of deformed beams, where axis 𝜉 denotes the reference line of the beam. 

Here 𝐢𝜉 , 𝐢𝜂 are used as the unit vectors along axis 𝜉, 𝜂, respectively. We have 

d
d𝑠

[

𝐢𝜉
𝐢𝜂

]

= 𝐊
[

𝐢𝜉
𝐢𝜂

]

. (3)

The matrix 𝐊 is the deformed curvature matrix which represents the derivative of unit vectors 𝐢𝜉 and 𝐢𝜂 along the axes 𝜉 and 𝜂 with 
respect to 𝑠. K is expressed by 

𝐊 =
[

0 𝜌
−𝜌 0

]

, (4)

where 𝜌 denotes the bending curvature of the deformed beam.
Both 𝜉𝑜𝜂 and 𝑥𝑜𝑦 are orthogonal curvilinear coordinate systems, and they are correlated by the transformation matrix 𝐓

[

𝐢𝜉
𝐢𝜂

]

= 𝐓
[

𝐢𝑧
𝐢𝑥

]

=
[

𝑇11 𝑇12
𝑇21 𝑇22

][

𝐢𝑧
𝐢𝑥

]

, (5)

where 𝑇𝑖𝑗 denote elements of the transformation matrix 𝐓 which are expressed by 

𝑇11 = 𝑇22 =
1 +𝑤′ − 𝑢𝑘

1 + 𝜖
, 𝑇12 =

𝑢′ +𝑤𝑘
1 + 𝜖

, 𝑇21 =
−𝑢′ −𝑤𝑘
1 + 𝜖

. (6)

Here 𝑢,𝑤 are the displacements of the beam end with respect to axes 𝑧, 𝑥, and 𝜖 is the axial strain on the reference line. The symbol 
()′ = 𝑑()∕𝑑𝑠 is used with respect to system 𝜉𝑜𝜂.

Differentiating Eq. (5) and combining it with Eq. (1), we get 
d
d𝑠

[

𝐢𝜉
𝐢𝜂

]

=
(d𝐓
d𝑠

+ 𝐓𝐤
)

[

𝐢𝑧
𝐢𝑥

]

=
( d𝐓
d𝑠

+ 𝐓𝐤
)

𝐓−1
[

𝐢𝜉
𝐢𝜂

]

, (7)

We then substitute Eq. (7) into Eq. (3) to obtain 
d𝐓
d𝑠

= 𝐊𝐓 − 𝐓𝐤 (8)

The force on the free end is decomposed into two force components 𝐹𝜉 and 𝐹𝜂 and one moment of magnitude 𝑀 . Note that all 
the forces, moments, rotations and displacements are functions of the variable 𝑠, which indicates the undeformed arc length of the 
4 
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beam. Specifically, we have the following governing equations for the forces (Pai and Nayfeh, 1994; Pai and Palazotto, 1996) 
⎧

⎪

⎨

⎪

⎩

d𝐅
d𝑠

+𝐊T𝐅 = 𝟎

d𝑀
d𝑠

− (1 + 𝜖)𝐹𝜂 = 0
(9)

where 𝜖 indicates axial strain, 𝐅 = [𝐹𝜉 , 𝐹𝜂]T denotes stress resultant in system 𝜉𝑜𝜂, and 𝑀 is stress moment around the axis 
perpendicular to system 𝜉𝑜𝜂. The displacements are determined by 

d𝐮
d𝑠

= 𝐤𝐮 + (1 + 𝜖)
[

𝑇11
𝑇12

]

+
[

−1
0

]

(10)

where 𝐮 = [𝑤, 𝑢]T indicates the displacements with respect to the axes 𝑧, 𝑥.
Considering that 𝑇 2

11 + 𝑇 2
12 = 1, we have 6 unknown variables in total, i.e., 𝐹𝜉 , 𝐹𝜂 , 𝑀 , 𝑇11, 𝑤, 𝑢 in the governing equations (Pai 

and Palazotto, 1996). The boundary conditions of flexible beams are 
𝛿𝐮 = 0, 𝛿𝜃 = 0, (11)

where 𝜃 is rotation around axis 𝜂 and 𝛿𝜃 (𝛿𝐮) is virtual rotation (displacement). The force state of tilt beams is shown in Fig.  2d, 
where one end (fixed end) is fixed on the ground and another end (free end) is fixed on the horizontal base beam. When a force is 
applied on the base beam, the free end of the tilt connector is translated (indicated by 𝑢𝑙 or 𝑢𝑟) along the horizontal direction and 
retains its tilt angle, which indicates that it is subjected to two forces 𝐹𝑧, 𝐹𝑥, and one moment 𝑀 . The boundary condition of the 
fixed end is 

{

𝑇11 = 1

𝑢 = 𝑤 = 0
(12)

The boundary condition of the free end is 
⎧

⎪

⎨

⎪

⎩

𝑇11 = 1

𝑤 = 𝑢𝑙(𝑟) sin 𝜃

𝑢 = 𝑢𝑙(𝑟) cos 𝜃

(13)

We emphasize again that all the forces, moments, rotations, and displacements are functions of the undeformed arc length of 
the beam. In the periodic cell of our proposed metamaterials, we note that the base beam is attached with tilt connector beams of 
different arc length on its two sides (𝑠 or 𝑠∕2). One can obtain the mechanical forces 𝐹 ′

𝜉 , 𝐹 ′
𝜂 , 𝑀 ′ by substituting different arc lengths 

and boundary conditions into the above equations (the top panel in Fig.  2e). However, the same set of mechanical forces 𝐹𝜉 , 𝐹𝜂 , 𝑀
will be retrieved at the end of the base beam due to periodic conditions (the bottom panel in Fig.  2e). Therefore, the integral force 
on the end of beam I is approximately presented by 𝐹𝑒 = 4𝐹𝑡, where 𝐹𝑒 is the force subjecting to base beam, 𝐹𝑡 is the component 
of 𝐅 driving beam I to move. Besides, beam II will be deflected and will contribute to the displacement of beam I. However, such 
influence is safely ignored in the analytical model due to the large contrast of diameters (and thus bending stiffness) between the 
base beam and the tilt connector.

In order to solve Eqs.  (9) and (10), which are ordinary differential equations with two-point boundary values, we use the multiple 
shooting method. Note that the Jacobi matrix exhibits singularity as the initial curvature of the tilt connector is 0. This singularity 
will break the iteration process. Here we propose a revised method where the straight beam is replaced by a micro-bending beam 
with enough small initial curvature 𝑘 to approximate a straight one. The properties of micro-bending beams are the same as those 
of straight beams with initial curvatures. We use a micro-bending beam with a small (even to the degree of negligible curvature, 
e.g., 𝑅 = 1∕𝑘 = 1000 μm) instead of straight beams to compute the force–displacement relation of the proposed structure. As shown 
in Fig.  3a, the relation curve indicates that the tilt beams are unstable when they are pushed from the left end (P) whereas they 
are not when pushed from the right end (Q). It shows an apparent difference between opposite directions, which can result in the 
non-reciprocity of the metamaterials. The good agreement between theoretical and Finite Element Method (FEM) results validates 
the accuracy of the developed theory model (Fig.  3a, b). We obtain identical force–displacement responses when the lattice structure 
is loaded in 𝑥 direction and 𝑧 direction, which is due to the rotational geometry similarity (Fig.  3c). With this phenomenon in mind, 
in subsequent sections we only investigate the mechanical behavior with the compressive loading implemented in the 𝑧 direction.

3.2. Non-reciprocity in static mechanics

We move to experimental and numerical investigation on the non-reciprocal mechanical behavior of the designed metamaterial 
lattices under compressive deformation. For the 3D micro-scale samples used in the testing (Fig.  4), the lattice structures and the 
fixed boundaries (realized by two side blocks) were printed from the bottom to the top. In the compressive deformation tests, the 
loads are applied on opposite ends of the metamaterial lattices in sequence. Home-made experimental setup was built and used, 
which could characterize static mechanical behaviors at the microscale. The setup consists of a flat compression stage, a force sensor, 
a digital camera equipped with a 50× objective lens, an LED light, and a computer. The whole setup works in a dark environment, 
and the only source of light is the LED. In this way, the 50× objective can capture the deformation configurations of the samples. 
Specifically, the samples were placed between a fixed glass substrate and the compression stage. The stage was driven by a stepping 
5 
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Fig. 3. Nonreciprocal mechanical responses for (a) a tilt connector beam, (b) a unit cell, and (c) an array composed of 3 × 3 × 3. Results in 
panel (c) are obtained by FEM, which depicts the identical mechanical responses when loaded in different directions. For clarity, in the inserts 
we denote the different loading conditions.

Fig. 4. Experimental and simulated demonstration of the non-reciprocal deformation of the metamaterial. (a) Simulated and (b) experimental 
results for compressive deformations under different strains 𝜀𝑧, which corresponds to the loading situation 𝐹Q. (c, d) Same as panels (a, b), but 
corresponds to the loading situation 𝐹P. In all panels, the deformation of the tilt connector beam is marked by the white line.

motor with the force sensor attached. During the testing, we applied compressive displacements of 30 μm on the samples via the 
stage. Force–displacement responses were obtained and recorded by the sensing device and then displayed on the computer. Note 
that the position was directly read from the stage, but was only used to monitor the deformation of the structure. The true strain was 
obtained via subsequent image cross-correlation analysis. The compression was divided into 30 steps with each step being 1 μm, and 
it was carried out at a speed of 1 μm∕s. For numerical simulations, the commercial software Abaqus 2025 was employed. Identical 
3D geometry models were built for simulations and for 3D printing to reduce the difference between experiments and simulations. 
6 
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The lattice structures were fixed at left/right sides while compressive displacement was applied on the top end. Specifically, in the 
‘‘Interaction’’ section, we created reference points that are coupled with all top-end surfaces. In the coupling, the reference point 
constrained all degrees of freedom of the top ends. Then compressive displacement is applied to the reference point. Finally, in 
the ‘‘Results’’ section, the surface integration sub-option under the derived values was employed to output the reaction force in the 
𝑧-direction.

To reveal the nature of variations of the elastic constants under different-direction loading, the deformations are reported in 
Fig.  4 for different compressive strains 𝜀𝑧, i.e., 0, 10%, 20% and 30%, respectively. We apply compressive input displacements on the 
samples, then measure and record corresponding reaction forces. The reaction force is divided by the cross-section of the samples to 
compute the effective stress 𝜎𝑧, and the deformation between top and bottom boundary surfaces, divided by the 𝑧-direction size of the 
samples, is employed to indicate effective strain 𝜀𝑧. It is worth noting that the tilt connectors undergo buckling–compression coupling 
in one direction while encountering bending-stretching in another direction, as marked by the white lines in Fig.  4. The deformed 
shapes obtained from simulations are generally in good agreement with experimental results. This asymmetrical deformation is the 
key element that produces non-reciprocal elastic constants. As a note, in the experimental testing, the samples are fixed to blocks 
on two sides to produce fixed boundary conditions, while in simulations, periodic boundary conditions are implemented on the 
unit cell. This induces the discrepancy of deformed configurations (and subsequent mechanical responses) between simulations and 
experiments, especially for the unit cells located in the inner domain of the lattices. However, the results are convincing enough for 
our proof-of-concept demonstration.

Distinct force–displacement responses are observed for opposite loading directions in Fig.  5a. The good agreement between 
experimental and FEM results validates the effectiveness of our proposed design. We mention in passing that the discrepancies 
between experiments and simulations are mainly attributed to imperfections in fabrications, testing errors, and differences of 
applied boundary conditions (as depicted above). Besides, the computational model only considers geometric non-linearity of the 
metamaterials, while the plasticity of the constitutive material is ignored. Further insight into the nonreciprocal property is obtained 
by studying the nonreciprocity of material deformation using 

𝛼 =
|𝐹P𝑢Q→P − 𝐹Q𝑢P→Q|

𝐹P𝑢Q→P + 𝐹Q𝑢P→Q
, (14)

where 𝐹P and 𝐹Q denote the magnitudes of reaction forces obtained from P and Q end, respectively; 𝑢P→Q and 𝑢Q→P are displacements 
induced at their corresponding opposite ends. Note that we take the scalar value of all forces and displacements for clarity. According 
to Eq. (14), the metamaterial exhibits symmetrical deformations and obeys 𝛼 = 0. By contrast, asymmetrical deformations and 
generally nonlinear elastic material behavior will be presented if 𝛼 ≠ 0. Note that deformation non-reciprocity is often characterized 
by displacement/strain differences produced by applying forces with the same magnitude but opposite directions (Coulais et al., 
2017; Shaat et al., 2020). In our experiments and simulations, we apply compressive displacements instead, thus, the reaction 
forces are employed to demonstrate deformation non-reciprocity. As depicted in Fig.  5b, obvious deformation non-reciprocity is 
observed throughout the compression process, and the non-reciprocity parameter is not constant but robustly dependent on the 
applied compressive strains.

We then consider the energy absorption behavior of the lattice structures along opposite loading directions. The energy absorption 
behavior is studied by the mechanical work, which is defined as the work performed by the uniaxial compression force 𝐹P (or 𝐹Q) 
at P (or Q) end, up to the deformation displacement 𝑢P (or 𝑢Q) taken as a magnitude of 30 μm, and is expressed as (Chen et al., 
2022b,a; Zhang et al., 2025) 

𝑊P = ∫ 𝐹P ⋅ 𝑑𝑢P (𝑊Q = ∫ 𝐹Q ⋅ 𝑑𝑢Q). (15)

Here we use 𝑊P and 𝑊Q to denote the mechanical work corresponding to different loading directions, respectively; 𝑢P and 𝑢Q are 
the input displacements at the end that the compression force is applied. An obvious energy absorption difference is observed when 
the lattice is compressed from different ends, as indicated in Fig.  5a. We further quantify the distinct capacity for energy absorption 
by using 

𝛽 =
|𝑊P −𝑊Q|

𝑊P +𝑊Q
. (16)

The experimental and FEM results are plotted in Fig.  5c, where we observe that the energy absorption capacity in positive direction 
is more than 1.5 times larger (EXP) than that in the negative position.

Now we move to investigate the elastic modulus derived along opposite loading directions. Here the nonlinear elastic modulus is 
expressed as 𝐸 = 𝜎𝑧 (1+ 𝜀𝑧)∕ ln (1 + 𝜀𝑧), where 𝐸P→Q and 𝐸Q→P denote the Young’s modulus in the loading directions corresponding 
to P → Q and Q → P, respectively. To give a more vivid physical description, we choose 𝐸Q→P∕𝐸P→Q to reveal the contrast of elastic 
constants along opposite directions. In Fig.  5a, we have observed different reaction forces for an input compressive displacement 
upon switching the applied loading direction, which indicates directional elastic modulus. This behavior is further validated by the 
results shown in Fig.  6a, where the elastic modulus in the positive direction is at least two times larger than that in the negative 
direction, and 𝐸Q→P∕𝐸P→Q > 1 is observed throughout the compression process. Besides, the elastic modulus is not a constant, 
but robustly depends on both the magnitude and the direction of the applied load. This indicates a nonlinear and robustly tunable 
elastic modulus for the proposed metamaterials. With the increment of compressive strains, 𝐸Q→P∕𝐸P→Q increases and then gradually 
decreases. The change in variation trend is mainly attributed to the configuration transition in the loading conditions 𝐹P. Actually, 
the compression–buckling pattern in tilt connectors turns to stretching–bending as the compression increases, whereas the latter 
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Fig. 5. Demonstration of the non-reciprocal mechanical behavior. (a) Simulated and experimental results for force–displacement responses are 
depicted by curves and dots, respectively. (b) Deformation non-reciprocity 𝛼 is plotted as the function of compressive strain. (c) Asymmetrical 
behavior in energy absorption capacity 𝛽 is obtained and presented from experimental and FEM results, respectively.

Fig. 6. Asymmetrical elastic behaviors. (a) Variations of the nonlinear elastic modulus indicated by 𝐸Q→P∕𝐸P→Q. Simulated and experimental 
results are depicted in red and black, respectively. Structural geometry effects on the asymmetrical elastic modulus: (b) tilt angles and (c) diameter 
ratio. The parameter analysis results are obtained from FEM analysis.

pattern dominates the tilt connector during the whole compression process in the loading conditions 𝐹Q. This indicates that the 
structural deformation turns out to be consistent, hence the deformation contrast (accordingly the non-reciprocity) is reduced.

Given the match between FEM analysis and experiments (Fig.  5), we then investigate the structural geometry effects on 
the nonlinear elastic modulus by FEM. When the metamaterial lattice is loaded from opposite ends, the microstructures exhibit 
asymmetrical deformations. This difference in deformation patterns results in the contrast in mechanical behavior and generates high 
non-reciprocity. Intuitively, the tilt angle 𝜃 is the nonreciprocity indicator to be considered. Therefore, we construct metamaterial 
lattices with different tilt angles, i.e., 0◦, 5◦, 10◦, and 15◦, as shown in Fig.  6b. All loading conditions are the same as those employed 
in the experiments. Identical elastic moduli are obtained along opposite directions when the tilt angle is 𝜃 = 0, where symmetrical 
structures are recovered. In such cases, the structure is mirror-symmetric, from which its response immediately follows mirror-
symmetric behavior. The elastic modulus is constant and independent of both the magnitude and direction of the applied load. As 
the tilt angle increases, 𝐸Q→P∕𝐸P→Q is noticeably increased by approximately 500% (from 1 to 5.9), due to an increase in the tilt 
angle 𝜃 = 0 ←←→ 15◦.

The asymmetrical deformation of tilt connectors plays the key role in producing mechanical non-reciprocity. However, in the 
deformation configurations, we observe buckling of the main beam, which is not desired for the proposed metamaterials. Here, the 
effect of beam diameters (𝑑1∕𝑑2) on the elastic modulus is studied. Generally, a larger value of 𝑑1∕𝑑2 denotes stronger resistance 
to buckling of the main beam and less impact on the designed non-reciprocity behavior. As shown in Fig.  6c, the nonlinear elastic 
modulus ratio 𝐸Q→P∕𝐸P→Q is observed increasing due to the increment of beam diameters 𝑑1∕𝑑2. Specifically, the maximum value of 
𝐸Q→P∕𝐸P→Q is increased by approximately 350%, from 1.13 (for geometry size 𝑑1∕𝑑2 = 1.0) to 5.13 (for geometry size 𝑑1∕𝑑2 = 5.0).

As depicted above, the asymmetrical elastic behavior of the proposed metamaterial lattices can be tailored by changing the 
beams’ diameter (𝑑1, 𝑑2) and tilt angles (𝜃). Mechanical characters can be also tuned by the magnitude and direction of applied 
load. This will pave broad avenues and offer much flexibility in tailoring mechanical propagation and energy absorption.

3.3. Tunable band structures

We then investigate band structures of the non-reciprocal mechanical metamaterials. As discussed above, the proposed meta-
material shows different elastic constants depending on the loading direction and strain, behaving like different materials. Here, 
we highlight a potential application to tunable phononic band gap structures. It is well-known that the dispersion of elastic waves 
8 
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Fig. 7. The band structure for elastic waves propagating along 𝑧-direction for different configurations. The applied strains are (a) 10%(P → Q), 
(b) 0 and (c) 10%(Q → P), respectively. We mention in passing that the structure is pushed on different sides, rather than pulling-pushing on one 
side. The band gaps are highlighted in red. (d) The frequency range of the first band gap is plotted as a function of the pre-displacement.

is highly dependent on the density and the modulus of materials. The direction-sensitive deformation pattern of the metamaterial 
gives rise to different configurations and elongation, and thus causes a modulation of the volume. This leads to modulated relative 
density since the overall mass is conserved. The load-dependent variations of Young’s modulus further contribute to the change of 
the dispersion relation. The phononic band structure for elastic waves propagating in the 𝑧 direction is shown in Fig.  7. We realize 
that geometry parameters (e.g., the diameter of beams) will certainly play a role in band structures following the principle of local 
resonance. Herein, the diameter 𝑑1 = 11 μm is employed to elevate the first band gap discrepancy upon different loading directions. 
The essential fact is that the selected parameter is to optimize the metamaterial’s dynamic characteristics without affecting its static 
mechanical properties. The band structures can certainly be further optimized, but are not further discussed here.

As apparent in Fig.  7d, the first band gap of the structure appears in the range between 454 kHz and 589 kHz when a strain of 
5% is applied along the 𝑧 direction. It does not shift significantly with the applied strain, as exemplified by the right panel where 
the strain increases gradually to 15%. Besides, the size of the band gap does change as a result of the reconfiguration process, but 
such variations are not significant. However, we demonstrate a tunable band gap dependent on both the direction and magnitude of 
external mechanical stimulus. This phenomenon is consistent with our previously designed mechanical metamaterials (Dudek et al., 
2023). We find that the band structure is deformed in an asymmetrical manner, as distinct band gap characteristics are induced 
for the metamaterial when external loads of the same magnitude but opposite direction are applied. Specifically, ‘‘transmission’’ or 
‘‘prohibition’’ of an elastic wave (in a certain frequency range) can be flexibly tuned by simply switching the direction of applied 
loads.

If we switch the direction of applied strains, i.e., to the loading conditions 𝐹P, no band gap is observed. The metamaterials 
present distinct band gap characteristics under different loading directions 𝐹Q and 𝐹P. This contrast indicates that elastic waves can 
propagate or be prohibited through the mechanical metamaterials by tuning the direction of applied mechanical strains. The results 
show that without rebuilding the system, the transition of geometry configurations can be tailored to actively control the formation 
of band gaps, which benefits the design of vibration dampers and sensors. Potential applications of the developed metamaterials are 
listed. First, elastic wave dispersion relies on both the applied strain and the original geometry, implying a high degree of design 
flexibility. Second, even after the structure is fabricated, its wave propagation property is not fixed but can be changed without 
rebuilding it. Various dispersion properties can be tuned and tailored only via external mechanical excitation, which reduces the 
operation requirements to obtain adjustable dispersion behaviors.

4. Conclusion

In this work, we have proposed 3D mechanical metamaterials possessing tailorable non-reciprocal elastic modulus, asymmetrical 
deformation, and direction-dependent energy absorption capacity. By suitably designed asymmetries, the metamaterial displays 
strong non-reciprocity for static applied forces. The resulted elastic modulus is not a material constant, but dependent on both the 
9 



Q. Ji et al. Journal of the Mechanics and Physics of Solids 206 (2026) 106403 
magnitude and direction of the applied load. Furthermore, the nonlinear elastic modulus can be tailored by changing the tilt angle 
and diameter ratio: it is increased approximately by 200% (from 1 to 3), due to an increase in the tilt angle 𝜃 = 0 ←←→ 30◦, and is 
elevated by approximately 350%, from 1.13 (for geometry size 𝑑1∕𝑑2 = 1.0) to 5.13 (for geometry size 𝑑1∕𝑑2 = 5.0). An obvious 
contrast in the band structures of elastic waves is also demonstrated, i.e., band gaps are formulated when the metamaterial is loaded 
from one direction, while no band gap appears when the structure is loaded from another direction. Therefore, one can transmit 
or prohibit the propagation of elastic waves (in a certain frequency range) by simply changing the direction of applied loads. The 
proposed metamaterial paves a feasible way to realize static one-way functionalities, and can find potential applications in impact 
energy absorption, low-frequency vibration attenuation, and so forth.
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