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Abstract: Materials exhibiting negative Poisson’s ratio (NPR) effects possess several advantageous
properties, including high specific strength, specific stiffness, and impact resistance. As a result, they
hold significant importance in various industries such as aerospace, medicine, transportation, sports,
and other related fields. In the realm of natural materials, the NPR effect is infrequent. Consequently,
the creation of an NPR structure necessitates a manual design. In this paper, we present an architected
lattice system inspired by ancient Chinese window grills. The proposed system exhibits a unique
combination of chiral and re-entrant properties. Experiments and numerical simulations were
conducted in order to quantify the variation in NPR and elucidate the deformation mechanism of
window grill structures. We observed a significant NPR effect in our designed structure, which was
found to be dependent on the geometric parameters of the structure. The present study provides a
foundation for the development of a new category of partially auxetic lattice metamaterials and the
expansion of their design possibilities.

Keywords: mechanical metamaterial; negative Poisson’s ratio; finite element analysis; tensile test

1. Introduction

With the advancement of contemporary engineering technology, there is a growing
need for materials that possess specialized functionalities. However, specialized materials
are not readily available in nature. Therefore, the challenge lies in the logical design of
artificial microstructure metamaterials that possess advanced physical and mechanical
properties. In recent years, there has been a significant increase in the design of mechanical
metamaterials with both two- and three-dimensional structures. These designs have been
inspired by biological characteristics and macrostructures [1–6]. As a result, these metama-
terials exhibit a wide range of functional characteristics [7–15] and have the potential to be
applied in various fields. For instance, structures can be designed to obtain materials with a
negative Poisson’s ratio (NPR). NPR materials have been specifically engineered to possess
several notable mechanical properties, including improved resistance to in-plane indenta-
tion, increased fracture toughness, an elevated transverse shear modulus, and enhanced
dynamic performance. Hence, these materials possess significant potential for applications
in medical devices, sports engineering, shock absorption, and the aerospace industry.

In 1985, Almgren [16] made an attempt to establish structures with an NPR theo-
retically by utilizing the ideal structures of rods, hinges, and springs. In the same year,
Kolpakov [17] introduced a novel method that could be utilized for calculating the NPR
of a structure. In 1991, Evans [18] called materials with an NPR by the name “auxetics”.
Then, the classification of auxetic was introduced by Ting [19] and Branka [20]. NPR
materials have been found to exhibit distinct mechanical properties that deviate from those
of conventional materials, leading to significant interest in them among researchers [21,22].
For instance, Cardoso [23] conducted an analysis on the occurrence of coupled NPR and the
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negative coefficient of thermal expansion. Zhang [24] conducted an analysis on the energy
absorption properties of NPR materials. The properties of NPR materials primarily rely on
the structural system designs. However, there are also alternative mechanisms that result in
a negative Poisson’s ratio [25–34]. Numerous studies have been undertaken to investigate
the effects of various NPR topologies [35–42]. The two primary structures observed in NPR
materials are the re-entrant topology [43–45] and the chiral topology [46–48].

In recent years, there has been a surge in the proposal of different types of two-
dimensional and three-dimensional chiral auxetic materials. These designs capitalize on
the displacement and ligament bending deformation characteristics exhibited by chiral
components. Wojciechowski [25] demonstrated the existence of a negative Poisson’s ratio
within a chiral and elastically isotropic phase of a thermodynamic model at the molecular
level. And, he successfully solved a specific category of chiral and elastically isotropic
molecular models at absolute zero temperature, thereby demonstrating the existence of
a negative Poisson’s ratio [49]. The author also later discussed the role of the center of
symmetry in planar models of auxetics [50]. Lakes et al. [51] introduced the concept of
six-fold chiral negative Poisson’s ratio structures and conducted an investigation into their
mechanical properties using a linear elastic model. Alderson et al. [52] proposed designs for
four-fold chiral, anti-four-fold chiral, three-fold chiral, and anti-three-fold chiral structures
with a negative Poisson’s ratio.

In addition to the conventional unit designs, various researchers have put forth in-
novative metamaterials that exhibit local chiral deformation characteristics. For instance,
a two-phase anti-four-chiral structure with an adjustable Poisson’s ratio and optimized
mechanical performance was designed using a bandgap penalization method [53]. Ad-
ditionally, a multi-material chiral mechanical metamaterial exhibiting the most optimal
negative Poisson’s ratio and stiffness was synthesized through the integration of a point-
wise smart interpolation model and a bimaterial interpolation method [54]. Furthermore,
the advancement of 3D printing technology has opened up new avenues for the production
of three-dimensional chiral materials. Jiang et al. [55] introduced structures exhibiting a
significant negative Poisson’s ratio effect when subjected to large deformation conditions
through the utilization of multi-material 3D printing technology. Mizzi et al. [56] have
also proposed the fabrication of star-shaped perforated chiral metamaterials using 3D
printing technology.

The investigation of re-entrant structures primarily centers around the dynamics of
impact, which can be ascribed to the symmetry and lattice properties inherent in these
structures. These characteristics render re-entrant structures more efficient in withstand-
ing impact forces. Yu et al. [7] introduced a novel foam-filled two-dimensional negative
Poisson’s ratio concave hexagonal honeycomb structure that exhibits a high specific en-
ergy absorption capacity. Chen et al. [57] successfully enhanced the rigidity of a stretch-
dominated lattice by incorporating reinforcing ribs that were oriented perpendicular to
the concave direction within conventional stretching unit cells. Saxena [58] conducted an
investigation on the properties of negative thermal expansion in concave triangular cell
structures made from two distinct materials, highlighting their potential advantages in the
field of composite materials. Xiao [59] conducted a comprehensive investigation into the
alterations in negative Poisson’s ratio observed in honeycomb structure materials when
subjected to dynamic compression conditions.

Inspired by the architectural design of ancient Chinese window grills, we have pro-
posed a lattice structure that integrates both chirality and re-entrant characteristics. The
structures investigated in this paper pertain to the anti-four-fold chiral class of structures,
and there exists a multitude of structures that fall within this classification. For instance,
Pozniak [60] conducted an investigation on the influence of disorder in anti-chiral rectan-
gular structures using the finite element method (FEM). Strek [61] conducted a study on
the significant deformations of a structure that bears resemblance to those discussed in this
paper, utilizing the finite element method (FEM). Tabacu [62] conducted a comprehensive
analysis to investigate anti-tetra-chiral structures. There have been studies conducted on
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the molecular level regarding tetra-chiral auxetic systems that exhibit similarities [63–65].
Furthermore, Lim conducted a comprehensive investigation into different auxetic struc-
tures that are derived from ancient geometrical patterns [66,67]. In addition, Hoover and
Hoover examined intricate mechanisms of auxeticity [30]. Last but not least, it has been
observed that certain cooperative mechanisms exist in axial 3D models of many-body
systems that exhibit square symmetry in the plane perpendicular to the axis. For instance,
Narojczyk studied the purely geometric models of atomic auxetic systems [68] and auxetics
with molecular inclusions [69].

In the present study, the utilization of static tensile tests and finite element numerical
simulation analysis allowed for the quantification of variations in NPR and the elucidation
of the deformation mechanism of lattice structures. The structure exhibited a significant
NPR effect, and the magnitude of this effect was dependent on the geometric parame-
ters. This study aims to extend the existing research model of NPR structures, thereby
establishing a robust foundation for examining the performance of chiral and re-entrant
NPR structures.

2. Structural Design and Methods
2.1. Unit Cell Design

Based on the geometric characteristics of traditional Chinese window grills, a lattice
metamaterial was developed that demonstrated re-entrant and chiral properties. The
structure depicted in Figure 1b was derived from the design of the traditional Chinese
window grill illustrated in Figure 1a. The unit cell depicted in Figure 1c was derived
through the process of duplicating, rotating, and reflecting the quarter unit cell. The lattice
materials depicted in Figure 1d were acquired through the arrangement of the unit cell.
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The geometrical parameters of the unit cell are shown in Figures 1 and 2. In this study,
a is the length of the chiral cross, b is the diameter of the re-entrant circle, C is the unit
cell length, d is the side length of a quarter unit cell, t is the thickness of the chiral cross
or re-entrant circle, θ is the chiral cross deflection angle, and r is the arc radius connecting
the cross structure and the concave structure. The C and t are constant values, which were
52 mm and 3 mm, respectively. The relationship of some parameters can be expressed
as follows:

C = 2d (1)

r =
a
2
− t (2)
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Because of the fixed total length of the quarter unit cell d, an increase in a leads to a
decrease in b. Therefore, we defined the length ratio (a/b) and the deflection angle (θ) as
the independent variables of structural geometric parameters. a is the length of the cross
and b is the diameter of the concave arc. The two are connected by an arc with a radius of r
and a center angle of θ.

Thus, 4 independent parameters are defined in this study. They are length ratio (a/b),
deflection angle (θ), unit cell length (C), and the thickness of the chiral cross or re-entrant
circle (t). After defining the geometrical parameters and their relationships, we could
explore the influences of changes in structural geometrical parameters on NPR.

2.2. Design of Re-Entrant and Chiral Structures

To investigate the influence of geometric parameters on NPR, this study incorporated
the length ratio (a/b) and the deflection angle (θ) as variables that represented the structural
geometric parameters.
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To examine the influence of geometric parameters on the NPR phenomenon in a
structure, a comprehensive set of 90 unique models, consisting of re-entrant and chiral
lattice structures, were generated specifically for finite element numerical simulation. The
NPR of typical representative units (as shown in Figure 3) was observed and subsequently
subjected to comparison. The transverse representation is employed to illustrate structural
components at different deflection angles (θ) ranging from 0◦ to 45◦, including increments
of 5◦ (i.e., 0◦, 5◦, 10◦, 15◦, 20◦, 25◦, 30◦, 35◦, 40◦, and 45◦). On the other hand, the utilization
of the vertical representation is employed to visually depict the various structural units at
distinct length ratios, such as 0.237, 0.343, 0.621, 0.810, 1.046, 1.771, 2.367, 3.290, and 7.202.
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Figure 3. Quarter structure unit consisting of different length ratios (a/b) and deflection angle (θ).

2.3. Model Production

We used a 3D printer utilizing stereolithography appearance (SLA) technology to
manufacture the specimens. The printer can be seen in Figure 4b. The primary benefit of this
technology lies in its ability to produce printed specimens with a high level of accuracy. The
principle underlying SLA technology involves the rapid curing of a liquid photosensitive
resin to form a solid structure when exposed to laser or UV irradiation (Figure 4a).

The fabrication process could be divided into two distinct steps. First and foremost, the
utilization of software was employed to conduct computer-based modeling of samples. The
process involved converting the three-dimensional model into a series of two-dimensional
images using slicing software. Secondly, the sliced images were subsequently transmitted
to the printing platform, where the photosensitive resin underwent curing into the shape
depicted in the sliced image through the process of UV irradiation. The aforementioned
procedure was iteratively executed, with each layer being added successively, until the
entire model was fully constructed.
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2.4. The Material Parameter of Samples

Through 3D printing, the dog bone samples were fabricated as shown in Figure 5a.
Static tensile tests were performed using a university testing machine (FBS-HW10KNW)
at room temperature, according to the standard GB/T1040-79. The loading speed was
5 mm/min. Figure 5b shows the stress–strain curves of the samples. The other material
parameters of elasticity modulus, Poisson’s ratio, and density were E = 2.51 GPa, γ = 0.41,
and ρ = 1.774 × 103kg/m3.
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2.5. Experimental Tests

To investigate the negative Poisson’s ratio phenomenon in the window grill structure,
we opted for a specific structure with a length ratio (a/b) of 2.367 and a deflection angle (θ)
of 35 for both sample printing and experimental analysis. The sample had a longitudinal
arrangement of 6 unit cells and a lateral arrangement of 3 unit cells, as depicted in Figure 6a.
Additionally, the thickness of the chiral cross or re-entrant circle was t = 3 mm and the
angle of inclination was θ = 35◦. The thickness of the lattice metamaterial measured 10 mm.

The experiment utilized a CMT410G microcomputer-controlled electronic universal
testing machine and an OSG030-815UM high-speed camera with a resolution of 5 million
pixels. The experimental procedure is depicted in Figure 6b.

First, the upper and lower fixtures were utilized to securely fasten the two ends of the
specimen, as depicted in the section highlighted in Figure 6a. The distance between the
upper and lower fixtures were adjusted in accordance with the standard GB/T 1040-79.
The proper clamping of the test specimen for the window structure was of the utmost
importance. It was imperative to maintain the vertical orientation of the specimen to
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prevent any occurrence of bending deformation during the testing procedure. Proper
maintenance of the distance between the fixture and the end of the specimen was crucial to
prevent fracture at the end caused by concentrated local stress.
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Secondly, in this experimental setup, the lower end of the test piece remained fixed,
while the upper end was subjected to a tensile force. The tensile speed for the applied load
was set at 2 mm/min. The test was terminated at various points when the tensile load
reached 600, 700, 800, 900, 1000, 1100, and 1200 N.

Thirdly, the utilization of a high-speed camera enabled the capturing of images at
a frequency of 0.2 s during the static tensile experiment. According to the Saint-Venant
principle, the stress experienced by an elastomer located far from a load action zone is
solely determined by the combined force acting on it.

To isolate the impact of the load on the NPR, we specifically chose the central region
of the specimen as the designated calculation area. The displacement alterations of four
distinct points (A, B, C, and D) as depicted in Figure 6a were measured. The NPR could be
determined by utilizing formulas 3 to 5.

2.6. Finite Element Analysis

The static simulation was performed using the commercially available software AN-
SYS 14.0. First, a model was created with identical dimensional and material parameters, as
described in Section 2.3 regarding the specimens. In the simulation of the static tensile test,
the fixed constraints were applied to the bottom of the ancient window grill system, while
the upper end of the test piece was subjected to the same loading conditions as outlined in
Section 2.4. The schematic diagram is depicted in Figure 7a.

Secondly, it was important to maintain consistent boundary and loading conditions
while employing finite element techniques to analyze the negative Poisson’s ratios of
90 distinct structures, as depicted in Figure 3. The objective of this study was to examine
the impact of geometric parameters on the negative Poisson’s ratio values and understand
how changes in these parameters influenced the mechanical behavior of the structures.
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Figure 7. Schematic of the simulation (a) and calculation of Poisson’s ratio (b).

The numerical simulation of the window grill structure fell under the category of thin
plate bending problems, primarily due to its dot matrix structure which exhibited a high
level of regularity. Thus, the element utilized for meshing was plane-182, which fell under
the category of linear elements.

To exclusively examine the impact of load on the NPR, we opted to analyze the central
region of the specimen as the designated calculation area (see Figure 7b). The blue arrow
symbolizes the direction of active stretching, while the green arrow represents the direction
of passive expansion. The red box denotes the calculation area for the NPR. To minimize
potential errors, we performed calculations for two Poisson’s ratios and subsequently
obtained their average value. The calculation process can be outlined as follows:

v1 = −
ε′1
ε1

= −
∆AC
AC

∆AB
AB

(3)

v2 = − ε′2
ε2

= −
∆BD
BD

∆CD
CD

(4)

v =
v1 + v2

2
(5)

when utilizing ANSYS software to analyze stress and strain in the stretching process, it was
observed that a finer mesh division led to more precise calculation results. However, once
the grid had been divided to a certain extent, additional division had a minimal effect on
the outcomes.

In order to mitigate the occurrence of redundant and erroneous calculation durations,
we consulted the research conducted by Pozniak et al. [33] and imposed a constraint on
the maximum length of the segment, denoted as dmax. The dependence of the result on
the mesh was plotted, as depicted in Figure 8b. The findings suggested that the influence
on the negative Poisson’s ratio was not substantial when the grid length ranged from 0.5
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to 3. In order to ensure the precision of the outcomes and minimize the utilization of
computational resources, the maximum length of the element edge (dmax) was established
at 1.5.
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3. Results and Discussions
3.1. Experiment Result

The deformation process of the unit cell in the specimen, captured by a high-speed
camera prior to and following tension, is depicted in Figure 9a. The observed transverse
expansion in the cell could be attributed to the longitudinal stretching, which indicated
the manifestation of an NPR effect in the designed window grill structure. Furthermore,
Figure 9b demonstrates that despite the fluctuation in the maximum tensile force of the
specimen, the NPR value remained consistently constant. The structural nature of the
NPR was primarily characterized by its independence from material or load factors. Man-
ifestations of NPR generally entailed the manipulation of a structure through processes
such as folding, rotating, or bending. An augmentation in longitudinal tension led to a
corresponding increase in transverse expansion, consequently causing a modification in
the NPR of the structure.
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3.2. Finite Element Numerical Simulation Result

Figure 10a,b depict the longitudinal and transverse displacement diagrams acquired
through finite element analysis. When the specimen underwent longitudinal tension, it
experienced transverse expansion, leading to the occurrence of an NPR effect. The outcomes
of this numerical simulation exhibited congruity with the findings of the experimental study.
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experiment and the simulation (c), and the deformation process of the window grill structure (d).

Figure 10c displays the outcomes of the static tensile experiments and finite element
simulations, with the inclination of the curve indicating the Poisson’s ratio. The simu-
lation exhibited a negative Poisson’s ratio of −0.09, whereas the experimental average
negative Poisson’s ratio was −0.07. The results obtained from the experiment and the
simulation exhibited a high degree of similarity, thereby providing substantial evidence
for the accuracy of the finite element simulation discussed in Section 3.4. It was observed
that the strain–strain dependence in the experimental data was non-linear, in contrast to
the linear dependence observed in the simulations. The presence of human error, experi-
mental instrument error, and other factors during the experimental process can account for
this phenomenon.

In addition, we conducted an examination of the structure of individual cells while con-
sidering the effects of periodic boundary conditions. The lattice structure of an 8 × 8 unit
cell was analyzed under identical boundary conditions and loads as the original lattice
structure. The negative Poisson’s ratio in the central region, as depicted in Figure 11a,
was determined using the same methodology outlined in Section 2.5. The results of the
calculations are presented in Figure 11b. The slope depicted in the figure indicates a neg-
ative Poisson’s ratio, and our analysis revealed that the negative Poisson’s ratios of the
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two samples were closely aligned. However, under periodic conditions, the single-cell
structure exhibited reduced stress and strain changes when subjected to the same load,
which could be attributed to the larger scale of the lattice structure.
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3.3. The Deformation Mechanism

In order to enhance the observation of the deformation mechanism of the model,
this study employed the zoom-in feature of Ansys software to amplify the results of the
numerical simulation analysis by a factor of 30,000. The central unit cell of the overall lattice
structure was then selected for detailed observation and analysis. In order to effectively
illustrate the alterations in displacement resulting from structural stretching, the outcomes
of the numerical simulation for stretching were extracted and imported into AutoCAD for
data manipulation. The original unit cell and the stretched unit cell were overlaid in order
to visualize the deformation, as depicted in Figure 10d.

The comparison and analysis of the deformation process were conducted for both the
pre-stretching and post-stretching stages of the specimen. When a uniaxial force was exerted
in the vertical direction on the model, the entire structure exhibited simultaneous expansion
in both the horizontal and vertical dimensions. The active bar units were defined as the
bar units aligned with the direction of tension, whereas the passive bar units were those
orthogonal to the load direction. Due to the constraints imposed by the neighboring bar
unit cells, the stimulated bar units exhibited vertical mobility, whereas the passive bar units
exhibited horizontal mobility. The extent of deformation in the rod element was assessed
based on the angular displacement between the rods, which progressively increased as
the structure experienced expansion due to tension. Variations in the deformation of the
angle between the active and passive rods were observed. In chiral bar unit cells, the active
bar elements underwent compression or stretching in the vertical direction, resulting in
rotational motion and propelling the passive bar elements.

3.4. The Influence of Geometric Parameters on NPR

The findings from Section 3.2 demonstrate a robust correlation between the numerical
analysis results and the experimental findings. In order to conduct an analysis on the
influence of geometric parameters on NPR, we chose the side length of the chiral cross
(a), outer diameter of the re-entrant structure (b), and (θ) as the variables, as depicted in
Figure 1. However, due to the constant overall length of the individual cell, the value of
b varied as a increased. Therefore, the a/b ratio, also known as the length ratio, and the
deflection angle (θ) were designated as the variables representing the structural geometric
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parameters. The application of numerical analysis techniques facilitated the computation
of negative values for Poisson’s ratios.

The results of the finite element numerical simulations for the NPRs of the window
grill lattice structures are presented in Figure 12. The simulations were conducted for
combinations of nine different length ratios (a/b) and ten deflection angles (θ). Figure 12a
depicts the variation in the NPR of a window grill lattice structure with an increasing
deflection angle (θ) and constant length ratio. As the deflection angle (θ) increased, the
influence of NPR tended to diminish. The observed decrease in strength could be ascribed
to the constriction of the expansion area of the re-entrant structure when exposed to
longitudinal static stretching at higher deflection angles. As a consequence, the application
of compression mitigated the horizontal expansion phenomenon of the structure on a
macroscopic scale. Consequently, as the deflection angle (θ) increased, the presence of the
re-entrant structure led to a weakening of the NPR effect.
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When the length ratio (a/b) fell within the range of 3.290 to 7.202 and the deflection
angle (θ) exceeded 30◦, the NPR effect was observed to be enhanced. This enhancement
could be attributed to the presence of the largest geometric dimensions in the chiral structure
and the smallest geometric dimensions in the re-entrant structure. As the deflection angle (θ)
increased, the re-entrant structure underwent further compression, resulting in a reduction
in its geometric size. Consequently, the chiral structure played a crucial role in the non-
planar re-entrant effect, thereby promoting the overall effect.

It was observed that the NPR effect increased when the length ratio (a/b) was 0.343
and the deflection angles (θ) ranged from 0◦ to 25◦. The observed outcome could be
ascribed to the specific configuration of the chiral cross structure. To offer a comprehensive
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elucidation of this matter, this article delineates the concave chiral deflection angle, as
illustrated in Figure 11d. When the length ratio was 0.343, the re-entrant chiral deflection
angle approached 41◦, which was the value closest to 45◦. This phenomenon amplified the
adverse Poisson’s effect on the structure. Additionally, the deflection angle did not impede
the range of the concave chiral torsion angle, which spanned from 0 to 25◦.

Figure 12b illustrates the variation of the NPR effect as the length ratio (a/b) increased
while the deflection angle (θ) was constant. As the length ratio (a/b) increased, the NPR
effect exhibited a sharp increase followed by a sharp decrease and gradual increase. The
influence of the change in the length ratio (a/b) on the NPR effect was found to be greater
than that of the deflection angle.

Through the finite element analysis results (see Figure 12), it was determined that the
lattice structure of the ancient Chinese window grill demonstrated an NPR effect when
exposed to static tension. When the length ratio (a/b) was 0.343 and the deflection angle
(θ) ranged from 0◦ to 20◦, the structure exhibited its maximum NPR effect, with an NPR
value of approximately −0.6. At the same time, it could be inferred that the impact of
the deflection angle on the negative Poisson’s ratio of the structure followed a gradual
trajectory, whereas the influence of the length ratio on the negative Poisson’s ratio exhibited
fluctuations. Particularly when the length ratio fell within the range of 3.5 to 7, irrespective
of variations in the angle, the negative Poisson’s ratio demonstrated an amplified tendency.

In order to validate the rationality of the numerical simulation findings, we consulted
the studies conducted by other researchers and conducted a comparative analysis of
the outcomes. One of the structures designed by Gaspar [70], which was similar to the
structure of our study, exhibited a negative Poisson’s ratio as low as −0.6. This validation
substantiates the findings of our research. At the same time, in contrast to prior research,
this article provides a more comprehensive analysis of the impact of geometric parameters
on the negative Poisson’s ratio. It investigates the influence of various deflection angles
and length ratios on the negative Poisson’s ratio of structures.

4. Conclusions

NPR structures are widely used in aerospace, sports, and medical fields because they
are lightweight and have high strength, impact resistance, and seismic resistance. This study
proposed a novel NPR structure based on ancient Chinese window grills. The structure
combined chiral and re-entrant structures. Static tensile tests were conducted to verify
the NPR effect of the structure, and finite element numerical simulation experiments were
conducted to study changes in the NPR effect of the structure under changing geometric
parameters. The following conclusions were obtained:

1. The ancient Chinese window lattice structure exhibited an NPR effect under
static tension.

2. The deformation mechanism was explored. The unit cell rotated when subjected to
longitudinal tension and the concave part opened outward under tensile force. The overall
structure exhibited outward expansion at the macro level.

3. As the deflection angle increased, the re-entrant structure weakened the NPR effect.
As the length ratio increased, the NPR effect increased sharply, decreased sharply, and,
finally, slowly increased.

4. The strongest NPR effect of the structure was observed at a length ratio of 0.343 and
deflection angles of 0◦–20◦, and the NPR ratio reached −0.6.

It can be envisioned that the proposed design strategy can be extended to any other
structure that combines re-entrant and chiral properties, providing insights into the develop-
ment of a new class of architected metamaterials with potential applications in construction
engineering, sports protection, aerospace, biomedical sensors, and semiconductors. In the
next step, we plan to study the low-speed impact resistance of the Chinese ancient window
grill structure to explore the energy dissipation characteristics of the NPR structure.
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