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ABSTRACT ARTICLE HISTORY
Mechanical metamaterials have garnered significant attention in materials and Received 20 March 2025
mechanics due to their unique geometric designs and tunable properties. However, Accepted 3 July 2025
metamaterials that allow for simultaneous multi-parameter control remain relatively KEYWORDS

scarce. This study introduces a multifunctional mechanical metamaterial where density,  pechanical metamaterials;
Young’s modulus, Poisson’s ratio, and thermal expansion coefficient are coordinately composite structure;
tunable through a combination of geometric design and material distribution. The adjustable performance;
influence of geometric and material parameters on the effective properties of the interfacial strain mismatch
proposed metamaterial was systematically investigated through analytical solution,

finite element simulation and experimental measurement. The results demonstrate

that adjusting geometric parameters enables the structure to achieve a combination

of lightweight characteristics, high adaptability, and negative Poisson’s ratio.

Furthermore, the introduction of heterogeneous materials, leveraging the thermal strain

mismatch at their interfaces, allows for simultaneous control over the structure’s thermal

deformation, enabling either negative or positive thermal expansion. These combined

properties are difficult to achieve with existing natural or artificial materials. This work

can provide potential applications in flexible devices, smart structures, and thermal

management.

Designing multifunctional mechanical metamaterial
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1. Introduction

Mechanical metamaterials have garnered significant attention in the field of materials and mechanics
because of their unique geometric design and tunable properties [1-4]. These metamaterials can exhibit
some extraordinary mechanical properties, such as negative Poisson’s ratio [5-8] (PR) and thermal expansion
coefficient [9-12] (CTE), which are difficult to achieve with conventional materials in nature. In recent years,
researchers have been making continuous efforts to further expand the functions of mechanical metama-
terials, so that they can simultaneously regulate multiple parameters to meet the needs of more complex
applications. For example, the bi-material composite lattices demonstrate that unconventional properties
like negative PR and negative CTE can be simultaneously achieved through strategic geometric arrange-
ments [13-18]. The concept of multifunctional mechanical metamaterials came into being, which aims to
realize the coordinated control of several key mechanical parameters such as PR and CTE.

Based on different deformation modes, the multifunctional mechanical metamaterials can be primarily
categorized into tension-dominated [15,19-24], bending-dominated [25-27], and hybrid types [13,28,29].
Each type possesses its own advantages and disadvantages. For instance, tension-dominated types typically
exhibit higher stiffness but offer a narrower range of achievable PR and CTE values. While bending-
dominated types can achieve a broader range of PR and CTE values, they generally possess relatively
lower stiffness. In contrast, hybrid types can achieve an intermediate range of stiffness, PR, and CTE values,
involving more trade-offs among these properties. Despite notable advancements in the field of multi-
functional metamaterials, significant limitations exist in current designs. Many designs prioritize the
enhancement of certain mechanical performance, such as stiffness [11,30-32], but fall short in adaptability
and versatility for various applications. On the other hand, while structures exhibiting a combination of
auxeticity and tunable thermal expansion have been reported, their accessible parameter ranges remain
constrained. For instance, reported negative PR values are mostly unable to reach below —1 [13,29,33,34],
and the majority of achievable CTE is limited to a range between 98 and —661 ppm/°C, [13] due to inherent
structural constraints. While notable exceptions exist, such as the work by Tian et al. [35], who demonstrated
a functional mechanical metamaterial based on a rotating rectangular geometry and bi-material distribution,
thereby expanding the accessible ranges for both negative PR and CTE, such studies often present incom-
plete analyses. They primarily focused on characterizing the PR and CTE of their proposed structure, but
a comprehensive analysis of crucial properties such as density and Young's modulus (YM) is notably absent.
Furthermore, a corresponding analytical model capable of predicting and explaining the observed behavior
remains to be developed. These challenges underscore the need for more holistic design strategies and
comprehensive analytical frameworks to fully realize the potential of multifunctional metamaterials.

In this work, we propose a bi-material multifunctional mechanical metamaterial that can achieve coordi-
nated control over density, YM, PR, and CTE. To elucidate the underlying mechanisms governing the
behavior of this metamaterial, we derived an analytical model that is verified with finite element simulations.
This model was employed to systematically analyze the influence of key geometric parameters - the rotation
angle, rotating-rectangle aspect ratio, and in-plane thickness of material and the material distributions — on
the aforementioned properties, including density, YM, PR, and CTE. Based on these analyses, we demonstrate
that judicious geometric design can achieve a structure that integrates lightweight characteristics (density <
0.44 g/cm3), high adaptability (YM < 67 MPa), and auxetic behavior (Figure 1, PR up to —1.47). Furthermore,
by incorporating heterogeneous materials, we exploit the interfacial thermal strain mismatch between these
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Figure 1. Multifunctional mechanical metamaterial with thermal shrinkage and auxetic behavior.
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materials to achieve macroscopic thermal deformation control (CTE from —630 ppm/°C to 850 ppm/°C),
allowing for tunable thermal contraction or expansion (Figure 1). This work provides an analytical framework
of the performance of multifunctional mechanical metamaterial and further expansion of the adjustable
performance parameters.

2. Models and methods
2.1. Geometry of the multifunctional mechanical metamaterial

As illustrated in Figure 2, the multifunctional mechanical metamaterial has a two-dimensional lattice
configuration, composed of periodically arranged heterogeneous rectangular beams with two materials,
denoted by material 1 (M1) and material 2 (M2). This structural system is constructed by expanding
a representative volume element (RVE) shown in Figure 2 through two-dimensional array replication in
the x-y plane. The RVE contains four rotating rectangles with mirror symmetry and connecting beams, with
its geometrical characteristics determined by six key parameters: length a and width b of the rotating-
rectangle, rotation angle 6, in-plane thickness of M1 (t;) and M2 (t,), and lateral extension length r. The out-of
-plane thickness of all components is uniformly set to a fixed valueh. To ensure structural feasibility, the
following geometric constraints must be met: 1) t; +t, < 2R, 2) b < a, 3) 0<0<45°.

2.2. Analysis of effective thermoelastic constants

Since the structure does not require significant strain for each beam, it is assumed that both materials (M1
and M2) behave thermoelastically linear. The associated material parameters (M1 and M2) are E; and E; for
YM, v; and v, for PR, and a; and a, for CTE. From a macroscopic perspective, the structure can be treated as
a homogeneous continuum medium with effective thermoelastic properties. Owing to its geometric sym-
metry, the system exhibits thermoelastic orthotropy. In the current configuration, the coordinate axes align
precisely with the orthogonal principal axes of the unit cell (Figure 2), thereby eliminating shear-tension
/compression coupling terms in the effective stiffness tensor and nullifying non-axial components of the
thermal expansion tensor. Given the exclusive focus on planar thermoelastic behavior, the effective con-
stitutive relationship derived through volume-averaged thermoelastic Hooke's law can be formulated as:

6xx ;11 ;12 0 Exx - axxAT
6yy == C12 C22 70 Eyy —_ ayyAT (1)
6xy 0 0 C66 ngy

Multifunctional mechanical metamaterial with adjustable performance

Material 1 Material 2

S— _'—

_— -

1t

2D periodic arrangement structure Representative volume element

Figure 2. The multifunctional mechanical metamaterial and it's representative volume element.
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where a,, and ay, represent the effective CTE. Based on Eq (3), we can conveniently evaluate the effective YM
Ex and Eyy, and PR v,, and vy, through the following expressions:

e 2)
Eyy _ 6”62622:6122 3)
Vyy = 2 (4)
Vi = S2 (5)

Leveraging the structural periodicity and symmetry, the effective thermoelastic properties are determined
through computational homogenization of a quarter-RVE domain under periodic boundary conditions. Each
constituent beam is explicitly modeled as a Timoshenko beam with a rectangular cross-section. The closed-
form expressions for the effective thermoelastic parameters — including orthotropic effective YM (E,, and Ey),
PR (v, and vy,), and CTE (a,« and a,,) — are derived in detail in Appendix A of Supplementary Material.

2.3. Finite element analysis

A two-dimensional parametric numerical model was established based on finite element analysis (FEA) to
numerically determine the effective thermoelastic constants of the multifunctional deformable structure.
The geometric modeling strictly follows the configuration characteristics of RVE, including the distribution of
materials and symmetric arrangement of rotating rectangles. Linear elastic constitutive models were
employed. The beam components were discretized using Timoshenko beam elements. Through the mesh
sensitivity analysis (Figure S1 of Supplementary Material), a global mesh size set to 0.001 mm to achieve
optimal balance between computational efficiency and accuracy. For the boundary condition, periodic
boundary conditions defined by Equation (8) were applied to the unit cell (Figure 3). The static implicit
solver combined with Newton-Raphson iteration method was employed for solution.
ulypper _ u;ower — éij (XjUPPW _ leyower)7 (i7j — 172>
u,(ight o u;eft — EU ()(inght o X]{eft) ’ (I,] _ 1’2)

uupper
) S
= -
ulower

Figure 3. A representative volume element with periodic boundary conditions.
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ight . o
Here, utPP¢’, ulewer, 4™ and ul® denote the displacement components along the i -direction at corre-

sponding points on the upper, lower, left, and right boundaries, respectively. g; represents the components

of the macroscopic homogeneous strain tensor (satisfying g; = &;), while x“PP¥" — xlower and x/9ht _ yleft
y J J J J J

correspond to the periodic spacing vectors in the vertical and horizontal directions, respectively.

2.4. Experiments

Due to the multifunctional mechanical metamaterial being composed of two different materials, and
considering the feasibility of the process, a multi-material fused deposition modeling 3D printer was used
for the integrated fabrication of the specimens. The polyvinyl alcohol (PA) and polyamide (PVA) were used as
the component material of the multifunctional mechanical material. The dynamic mechanical analysis
(MCR102e, Anton Paar) and electronic universal testing machine (ST100KN, Tinius Olsen) were used to
measure key performance parameters such as the storage modulus, YM, PR, and CTE of PVA and PA materials.
The storage modulus of both materials exhibits minimal variation within the temperature range of 20-50°C
(Figure S2a of Supplementary Material). The thermal strain of both materials changes linearly within this
temperature range (Figure S2b of Supplementary Material). Therefore, constant values for YM and CTE are
used in the theoretical and simulation models. The static tensile stress-strain curves for both materials are
presented in Figure S1c of Supplementary Material. Through determined, the relevant material properties
were shown in Table 1.

The specimens and specific printing process are shown in Figure 4: the geometric configuration of the
printed sample is consistent with the theoretical representative unit, and through a dual-nozzle cooperative

Table 1. Material properties of PA and PVA.

aterial
Parameter PVA PA

Density 1.37 g/cm? 1.12 g/cm?
YM 1460 MPa 928 MPa
PR 0.32 0.34
CTE 42 ppm/°C 102 ppm/°C

Figure 4. The specimens and specific printing process of the multifunctional mechanical metamaterial.
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printing process, PVA/PA materials are alternately deposited to achieve a specific distribution of the
heterogeneous materials. The out-of-plane thickness of all printed samples is 1 mm. By optimizing the
process parameters (Table S1 of Supplementary Material), ensure that the manufacturing tolerance of the
prepared samples is within £0.13 mm. The equivalent performance of the fabricated structure was tested
through temperature and mechanical loading: 1) The specimen was placed on a heated platform and
uniformly heated from 20°C to 50°C; 2) The specimen was subjected to uniaxial tensile testing using
a universal testing machine. During the loading process, macroscopic deformation of the specimen was
recorded using a Nikon digital camera. Finally, the boundary dimension changes of the specimen under
different loads were measured using image processing software Imagel) to calculate the equivalent
performance.

3. Analysis of effective performances

This section systematically analyzed the macroscopic effective performance characteristics of multifunc-
tional mechanical metamaterial through theory and FEA. For the analysis, all length quantities are
normalized against the rectangle length g, elastic moduli against the YM Epya of PVA, and CTE against
that of PA app of PA. In all examples in this section, the in-plane thicknesses of M1 and M2 are equal
(t; = t3), and the rotating-rectangle length a is 0.05 m. In this section, unless otherwise noted, M1 and
M2 are PA and PVA, respectively.

3.1. Relative porosity

Considering the RVE as shown in Figure 2, under the idealized assumption of neglecting interface over-
lapping effects, the theoretical mass density (p,) and porosity (n,) of the multifunctional mechanical
metamaterial can be derived from the volume fraction theory as:

_2tipy((a+b+2r) cos 6—2rsin6) + 260, (a+b+\/az+b2+2r) @)
r— (2r cos 6+b sin 6-+a cos 6)(2r cos O-+a sin O-+b cos )
n — 2t1((a+b+2r) cos 6—2rsin6) + 2t, (a+b+\/ a’+b? +2r) @)
;=

(2r cos B+b sin 6+a cos 6) (2r cos B+a sin 6+b cos 0)

where p, and p, represent the densities of M1 and M2, respectively. Analytical expressions of Equations (7)
and (8) reveals that the relative mass density of the structure exhibits a linear dependence on the densities of
its constituent materials (04, p,), and that the porosity is exclusively determined by the geometric parameters
(a, b, r, 8, t;, t;), demonstrating independence from material properties.

Figure 5 illustrates the influence of geometric parameters on the relative porosity of multifunctional
mechanical metamaterials. Comparative analysis of four characteristic configurations (Figure 5a) demon-
strates that increasing rotating-rectangle width b, rotation angle 6, and lateral extension lengthrenhances
the effective area of the RVE. Consequently, under constant in-plane thickness (t; and t;) of M1 and M2, these
dimensional expansions induce significant porosity reduction through RVE area amplification, as evidenced
in Figure 5b. Conversely, the in-plane thickness (t; and t;) of M1 and M2 modifications regulate porosity
through an alternative mechanism: while maintaining constant RVE area, adjustments in t; or t, alter the
volumetric distribution of constituent materials, resulting in a systematic porosity elevation with increasing
thickness (Figure 5b). Through simultaneously adopting rotating-rectangle width b, rotation angle 6 and
lateral extension length r to their geometric limits (here t;/a = t;/a = 0.04), extreme parameter combina-
tions yield the maximum (0.34) and minimum (0.20) relative porosity values (Figure 5c). Furthermore, since
rotation angle 8 and lateral extension length r change the RVE's geometric size in both x and y directions,
while rotating-rectangle width b only affects the y direction size, the first two parameters are much better
than the latter in regulating the relative porosity.

3.2. Effective young’s modulus

The effective YM is derived in Appendix (A.14) and (A.20) of Supplementary Material. We find that
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Figure 5. The influence of geometric parameters on relative porosity: (a) four typical structures with different geometric
parameters, (b) the relationship between t; /a and relative porosity, () the relationship between b/a, 6 and r/a and relative
porosity.
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Here ¢, and ¢3 are functions of geometric parameters (a, b, 6, t;, t;)and material parameters (E;, E>, E>),
given in Equation (B.73) of Appendix B of Supplementary Material. L and W represents the length and width
of the quarter RVE, expressed as 2rcos 6 4+ asin 6 + b cos 8 and 2rcos 0 + bsin8 + acos 6.

The influence of geometric parameters on the effective YM of multifunctional mechanical metamater-
ials is shown in Figure 6. The stress distribution of the RVE under tensile loading in x or y directions
(Figure 6a) indicates that the maximum stress always occurs at the lateral extension of the rotating
rectangle (here b/a = 0.8, r/a=0.2, 06 =5° and t;/a = t,/a = 0.04). This is due to the fact that, during
the stretching process, the lateral extension is simultaneously subjected to the coupled deformations of
tension/compression, bending, and shear of the three beams connected at the rotating rectangle. The in-
plane thickness (t; and t,) of M1 and M2 shows a positive correlation with the effective YM (E, and Eyy)
in both the x and y directions (Figure 6b,c). When the aspect ratio (b/a) of the rotating rectangle is 1, the
effective YM exhibits orthotropic isotropy, i.e. E, = E'yy; When the aspect ratio (b/a) of the rotating
rectangle is less than 1, it changes to orthogonal anisotropy and the effective YM E,, in the y direction is
less than that E in the x direction. Additionally, it can be observed that the YM in both directions
decrease as lateral extension length r increases and increase as rotation angle 6 increases (Figure 6d,e);
rotating-rectangle width b exhibits an inverse regulation characteristic — its decrease causes the modulus
in the x-direction to increase while the modulus in the y direction decreases. It is worth noting that,
compared to lateral extension length r and rotating-rectangle width b, the modulus in both directions is
significantly more sensitive to changes in rotation angle 6, indicating that rotation angle 0 plays
a dominant role in modulus regulation.

m

3.3. Effective poisson’s ratio

The effective PR is derived in Appendix (A.15) and (A.21) of Supplementary Material. We find that
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between b/a,6 and r/a and E,, (e) the relationship between b/a, 6 and r/a and E'yy.

(10)

Figure 7 shown the influence of geometric parameters on the effective PR of multifunctional
mechanical metamaterials. By comparing the morphological evolution before and after stretching
(Figure 7a), it is evident that the RVE exhibits a lateral expansion behavior when stretched in the x/
y directions, showing an auxetic character (here b/a=10.8, r/a=0.2, 8 =5° and t;/a =t,/a = 0.04).
When the aspect ratio (b/a) of the rotating rectangle is less than 1, the effective PR exhibits
orthotropic anisotropic behavior: the absolute value of the effective PR v, along the x direction is
significantly greater than the absolute value of v,, along the y direction (Figure 7b,c). Linear incre-
ments in the in-plane thickness (t; and t;) of M1 and M2 induce proportional reductions in PR
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magnitudes for both directions. Within the given parameter range (b/a=0.8—-1, 6 =1°—10° and
r/a=0.1 —0.2), the effective PR consistently maintains negative values (Figure 7d,e). Lateral extension
length r and rotating-rectangle width b have a symmetric effect on effective PR: a decrease in either of
them reduces v,, while increasing v,,. Conversely, reducing rotation angle 6 simultaneously enhances
both directional the absolute values of effective PR. Comparatively, the effective PR exhibits heigh-
tened sensitivity to rotating-rectangle width b variations relative to other two geometric parameters (r
and 6).

3.4. Effective thermal expansion coefficient

The effective PR is derived in Appendix (A.27) of Supplementary Material. We find that
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Here g, and g3 are expressed through geometric parameters (a, b, r, 6, t;, t;) and material parameters (£,
E;, v2, aj, a3), as provided in Equations (B.84) of Appendix B of Supplementary Material.

According to Equation (A.27), the effective CTE of multifunctional mechanical metamaterials is
dependent not only on the microstructural geometry but also on the thermal expansion properties
of its constituent materials. If the constituent materials have the same CTE, the effective CTE will be
identical to that of the constituent materials, regardless of the microstructural configuration.
Therefore, to achieve tunability of the CTE, it is necessary to employ two materials with different
CTEs, applying them separately to the non-inclined and inclined beams, respectively. This leverages
the thermal strain mismatch at the interface of the dissimilar materials to change macroscopic
thermal deformation of structures.

To realize tunable macroscopic thermal contraction or expansion, two material combinations are
considered: M1 and M2 are PA and PVA, respectively (Figure 8); and M1 and M2 are PVA and PA,
respectively (Figure 9). Figure 8 illustrates the influence of geometric parameters on the effective
CTE of multifunctional mechanical metamaterial when M1 is PA and M2 is PVA (a; = apa >0y = apya).
Under these conditions, the RVE exhibits macroscopic thermal contraction upon heating (Figure 8a,
hereb/a =0.8,r/a=10.2, 6 =5° and t;/a = t,/a = 0.04) Similarly, when the aspect ratio b/a of the
rotating rectangle is less than 1, the effective CTE exhibits orthotropic anisotropy, with the absolute
value of the CTE a, along the x direction being smaller than that a, along the y direction
(Figure 8b,c). The absolute values of the CTEs in both directions decrease linearly with increasing
the in-plane thickness (t; and t;) of M1 and M2. Consistent with the trend observed for the effective
PR, the effective CTEs in both directions remain negative (Figure 8d,e) within the given parameter
range (b/a=0.8—1,6=1°—10° and r/a = 0.1 — 0.2). Lateral extension lengthrand rotation angle 6
have the same effect on the effective CTEs in both directions; a decrease in either of them leads to
an increase in the absolute values of the CTEs in both directions. A decrease in rotating-rectangle
width b reduces the CTE a,, along the x direction while increasing the CTE a,, along the x direction.
The variation of rotation angle 8 has a more significant influence on the effective CTEs in both
directions, whereas the influences of other two parameters (b and r) are relatively smaller.

Figure 9 shows the influence of geometric parameters on the effective CTE of multifunctional
mechanical metamaterial after interchanging the positions of PA and PVA (a; = apya <a; = apa). The
results indicate that, in this case, the RVE exhibits macroscopic thermal expansion upon heating
(Figure 9a), and all effective CTEs are positive (Figure 9b-e). The influence of the geometric
parameters on the effective CTE remains consistent with the case where M1 and M2 are PA and
PVA, respectively.

3.5. Synergistic adjustment

The above analysis indicates that the density, YM, PR, and CTE of the multifunctional mechanical
metamaterial are synergistically influenced by its geometric parameters. When material parameters
and other geometric parameters are fixed, increasing the relative in-plane thickness (t;/a and t,/a)
enhances density and YM, whereas it reduces the absolute values of PR and CTE. When material
parameters and in-plane thickness are fixed, decreasing the aspect ratio b/a increases density and
the absolute value of CTE (a,,) while decreasing the absolute value of YM (E,) and the absolute
value of PR (vy); similarly, decreasing the rotation angle 6 increases density and the absolute value
of CTE while decreasing the absolute value of YM and the absolute value of PR (v,); and decreasing
the relative lateral extension length r/a increases density, YM, and the absolute value of CTE while
decreasing the absolute value of PR (V). In summary, the synergistic adjustment of the various
properties of this multifunctional mechanical metamaterial affects each other, necessitating trade-
offs among its properties during design and fabrication.
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4. Experimental verification
4.1. Elastic constant test

A representative metamaterial was fabricated using fused deposition modeling 3D printing technology, and
its PR and YM were tested and compared with theoretical and FEA results, as shown in Figure 10. The M1 and
M2 of the representative metamaterial are PA and PVA, respectively. Its geometric parameters were shown in
Figure 10a. From Figure 10a, it is evident that the specimen exhibits a distinct outward expansion in the
orthogonal direction during uniaxial tension. The measured PR from the experiment (Exp.) is approximately
—1.36, which closely matches the theoretical and FEA values (1.47). During the uniaxial tensile test, the stress-
strain curve of the specimen demonstrates a linear variation from strain 0 to 17%, indicating good structural
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stability. The measured YM from the Exp. is approximately 0.831 MPa, slightly higher than the theoretical and
FEA results, with a maximum relative deviation of about 20%. This deviation is primarily attributed to the
combined effects of inevitable manufacturing tolerances in the complex geometry, which can lead to subtle
positive deviations in key dimensions like beam thickness and rotation angle, and potential differences
between the effective material properties within the printed specimen and the nominal values obtained
from bulk coupon tests. Furthermore, simplifications in the analytical model and boundary conditions in the
FEA versus experiments may also contribute.
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4.2. Thermal expansion coefficient test

In the CTE tests, two types of metamaterials with different material distributions were fabricated, as shown in
Figure 11. Figure 11a shows that when M1 and M2 are PA and PVA respectively, the specimen exhibits
significant thermal shrinkage deformation in orthogonal directions during heating. The experimentally
measured CTEs in orthogonal directions for this specimen are approximately —354 and —564 ppm/°C
(Figure 11a), with a maximum deviation of 12% from theoretical and FEA results. When the positions of
the two materials are exchanged while keeping geometric parameters unchanged (i.e. M1 and M2 are PVA
and PA respectively), the specimen exhibits significant thermal expansion deformation in orthogonal
directions during heating (Figure 11b). The experimentally measured CTEs in orthogonal directions for this
specimen are approximately 539 and 755 ppm/°C (Figure 11b), with a maximum deviation of 11% from
theoretical and FEA results. These results demonstrate that the proposed metamaterials can be successfully
manufactured using fused deposition modeling 3D printing technology, and the experimentally obtained
properties show good agreement with theoretical and FEA predictions. Furthermore, it can be foreseen that
the stress concentrations at material interfaces are typically higher than in other regions, making interfaces
vulnerable to delamination failure for the multifunctional mechanical metamaterials composed of hetero-
geneous materials.

5. Comparison with other materials

To illustrate the unique properties achievable, Figure 12 presents a performance comparison between two
multifunctional mechanical metamaterials and natural and artificial materials, and metamaterials reported in
existing literature. Two multifunctional mechanical metamaterials (Figure 12a) possess identical geometric
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parameters (here b/a = 0.8,r/a = 0.1,0 = 1° and t; /a = t,/a = 0.04) but distinct material distributions (blue
symbol: M1/M2 =PA/PVA; red symbol: M1/M2 = PVA/PA). Compared to conventional material systems, the
structures designed in this study exhibit the following characteristics: (1) low densities (blue symbol: 0.42 g/cm3;
red symbol: 0.44 g/cm®) on the order of magnitude of natural materials and low YM E,, (blue symbol: 67 MPa;
red symbol: 46 MPa) on the order of magnitude of foams (Figure 12c); (2) simultaneous negative PR v, (blue
symbol: —1.47; red symbol: —1.47) and amplified, positive (blue symbol: =630 ppm/°C) or negative (red symbol:
850 ppm/°C) CTE ay, (Figure 12d). The coupled realization of negative PR and negative CTE is typically difficult
to achieve in natural materials (with a few exceptions such as zeolites) and existing artificial materials. However,
the proposed configuration, through synergistic geometric design and material distribution, overcomes this
limitation. Furthermore, PR in this study is higher than that reported in existing literature (Figure 12d), while CTE
is almost the same.

6. Conclusions

In summary, this paper reports a multifunctional mechanical metamaterial that achieves tunable density,
stiffness, Poisson’s ratio, and thermal expansion coefficient through careful geometric design and material
distribution. A combination of theoretical analysis and finite element simulations was used to systematically
investigate the influence of various geometric parameters on the effective properties of the metamaterial.
The study found that adjusting the dimensions of the rotating rectangles, the rotation angle, the in-plane
thickness of the constituent materials and lateral extension length allows for effective control over the
relative porosity, effective Young’s modulus, Poisson’s ratio, and thermal expansion coefficient. Notably, by
modifying the material distribution, the metamaterial can exhibit either macroscopic thermal contraction or
thermal expansion upon heating. Compared to conventional material systems, the designed metamaterial
integrates low density, high adaptability, negative Poisson’s ratio, and a tunable (positive or negative)
thermal expansion coefficient. This combination of properties is rarely achieved in natural or existing artificial
materials. Furthermore, the theoretical and numerical results showed good agreement, validating the
accuracy of the theoretical model. This work not only provides a theoretical foundation for the design and
optimization of multifunctional mechanical metamaterials but also offers new avenues for their application
in smart structures and thermal management.
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