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 A B S T R A C T

Honeycomb metastructures are widely applied due to their lightweight and high specific strength characteris-
tics. However, their energy absorption and load-bearing capacities remain limited. Hybrid designs integrating 
multiple structural forms have shown potential for enhanced mechanical performance. This paper presents 
a novel hybrid re-entrant honeycomb metastructure, termed the re-entrant elliptical double-arrow hybrid 
honeycomb (REDA). The design replaces the horizontal walls of the re-entrant honeycomb (RH) with double-
arrow units and incorporates thin-walled ellipses at the concave corners and horizontal midpoints to improve 
structural performance. To validate its effectiveness, the energy absorption performance of the proposed REDA 
is evaluated through key indicators, and a theoretical model of the plateau stress is derived to support 
its mechanical interpretation. Results show that the REDA exhibits markedly improved energy absorption, 
with specific energy absorption up to five times higher than that of the RH structure under the same wall 
thickness conditions, and increasing by 202.07%, 138.30%, 67.16%, and 52.14% compared to the re-entrant 
hollow-circle honeycomb (RHC), RH, star-shaped re-entrant honeycomb (SRH), and elliptical annular re-entrant 
honeycomb structure (EARE), respectively, at the same relative density. A mini truck impact test further 
demonstrates the reliable mechanical response of the proposed structure under impact loading, with the 
insertion depth reduced by approximately 45.5% and 57.1% compared to the RH1 structure under low and 
high mass conditions, respectively, and by 35.7% and 45.1% compared to the RH2 structure, highlighting its 
potential for applications in vehicle protection, vibration mitigation, and personal safety equipment.
1. Introduction

Honeycomb metastructures are widely used in aerospace [1], au-
tomotive engineering [2,3], medical devices [4], load-bearing equip-
ment [5,6], and energy-absorbing systems [7–9], owing to their
lightweight nature [10,11], high porosity, and excellent specific energy 
absorption [12]. Among various configurations, the re-entrant hon-
eycomb (RH) structure, characterized by its negative Poisson’s ratio 
(NPR) [13,14], offers unique mechanical advantages such as enhanced 
indentation resistance [15,16], improved shear modulus [17,18], supe-
rior fracture toughness [19], as well as excellent impact resistance [20,
21], and specific energy absorption [22,23]. The inward-facing ge-
ometry of RH cells promotes energy absorption under compression, 
but conventional RH structures cannot simultaneously ensure high 
stiffness, deformation stability, and imperfection tolerance, limiting 
their practical application.

∗ Corresponding author.
E-mail address: whliao@cuhk.edu.hk (W.-H. Liao).

To overcome the limitations of conventional honeycomb structures, 
researchers have attempted to employ data-driven methods to optimize 
cell geometries and predict energy absorption performance [24–28]. 
However, machine learning depends on large datasets and has limited 
generalization capability. In contrast, hybrid honeycomb designs com-
bine multiple cell geometries to achieve synergistic energy absorption, 
stiffness, and impact resistance. Geometric customization further ex-
pands the design space and enhances mechanical tunability, offering 
a promising route for advanced structural performance.

Recent work on hybrid and re-entrant honeycombs has focused 
on regulating deformation modes to balance structural stability and 
energy absorption. By introducing innovative unit geometries such as 
narrow-rib cells [29], diamond-shaped cells [30–32], concentric-wall 
designs [33], concave-arc cells [34], inclined-wall configurations [35], 
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and curved-wall designs [36], researchers have achieved better control 
over deformation modes, thereby enhancing structural stiffness and en-
ergy absorption capacity. Zhang et al. [37] enhanced stiffness and aux-
etic behavior through a wedge-shaped configuration. Tatler et al. [38] 
boosted energy absorption performance in their modified re-entrant 
cell structure by embedding circular walls. Zhu et al. [39] proposed 
an elliptical-arc re-entrant honeycomb (EARE) to enhance stiffness and 
alleviate the inherent stiffness-deformability trade-off in traditional 
designs. The introduction of the elliptical annular structure leads to a 
distinctive deformation mode characterized by staged collapse behavior 
and enhanced longitudinal support during compression. For instance, 
Chen and Wang [40] enhanced the specific Young’s modulus and shear 
modulus through re-entrant hollow-circular honeycomb (RHC) designs, 
The introduction of hollow-circular junctions modifies the deformation 
mode by redistributing local stress and improving in-plane stiffness. Li 
et al. [41] proposed a star-rhombic honeycomb (SRH) that hybridizes 
rhombic and star-shaped cells, where the added diagonal struts enhance 
both load-bearing capacity and energy absorption while maintaining 
auxetic properties. While Mo et al. [42] introduced a hierarchical 
auxetic star-shaped honeycomb, in which internal supports significantly 
enhance energy absorption and deformation stability. Qi et al. [43–
45] proposed a re-entrant circular honeycomb with double-arc walls, 
which exhibits an X-shaped deformation mode under compression and 
enhanced energy absorption due to the formation of additional plastic 
hinges. Zhou et al. [46] developed the reinforced composite-wall hon-
eycomb structure, which enhanced compressive strength and impact 
stability through layered design. Alomarah et al. [47,48] proposed 
a butterfly-shaped auxetic metamaterial (BSAM) and its 3D variants, 
which achieve two distinctive plateau regimes by sequentially collaps-
ing weaker and stronger layers within the unit cell, thereby enhancing 
energy absorption. These studies demonstrate that tailored cell ge-
ometries can effectively improve load-bearing and energy absorption 
performance. However, existing designs often exhibit insufficient stiff-
ness and unstable deformation during compression, which may lead 
to non-uniform collapse, uneven stress redistribution, and fluctuating 
stress responses. Recent studies have shown that the energy absorption 
capability of cellular structures is strongly influenced not only by 
stiffness and relative density, but also by deformation stability, collapse 
coordination, and the evolution of load-transfer paths during com-
pression. Therefore, regulating the deformation mode and promoting 
progressive energy dissipation have become important design strategies 
for improving the mechanical performance of advanced auxetic and 
re-entrant honeycomb metamaterials.

To clarify these limitations, a comparative analysis was conducted 
among SRH, RH, RHC, and EARE unit cells. The SRH structure intro-
duces star-shaped internal reinforcements to improve the deformation 
behavior and load-bearing performance of the cellular structure. The 
additional internal members help distribute deformation more uni-
formly during compression and enhance the initial structural stiffness. 
However, its plateau stress and energy absorption capacity remain 
relatively low, indicating that the star-shaped reinforcement provides 
only limited improvement in load transfer and plastic energy dissi-
pation [41]. When compressed along the in-plane directions, the RH 
structure tends to exhibit non-uniform deformation, often accompanied 
by global buckling, indicating that its deformation behavior is not 
inherently stable [47,49]. In addition, due to the absence of internal 
support in its re-entrant core, the structure suffers from low stiffness 
and underutilized material regions near the boundary connections. 
The lack of internal support also results in relatively simple load-
transfer paths and limited plastic dissipation zones, which may lead 
to early local instability during compression. Although RHC and EARE 
introduce partial reinforcements, deformation instability still occurs 
during compression, and the outermost cell connections remain in-
efficiently utilized. Specifically, RHC mainly enhances the boundary 
regions through circular reinforcements, whereas its contribution to 
2 
coordinated internal load transfer and distributed plastic energy dis-
sipation across the unit cell remains limited [40]. In particular, EARE 
shows a distinct two-stage deformation pattern, where energy absorp-
tion is relatively low in the initial stage and increases significantly only 
after the circular component becomes fully engaged, which also leads 
to a pronounced stress rise [37].

To overcome these limitations, this study proposes the REDA con-
figuration, as illustrated in Fig.  1a, in which thin-walled elliptical 
elements and double-arrow units are integrated into the re-entrant 
framework. The elliptical elements are introduced at the concave cor-
ners and horizontal midpoints, where they constrain the inward defor-
mation of the re-entrant walls, suppress excessive local collapse in the 
middle region, and redistribute the applied load within the unit cell. 
During compression, part of the load is transferred through the elliptical 
components, resulting in a more distributed stress field and improved 
deformation coordination among adjacent unit cells. Owing to their 
continuously curved geometry, the elliptical segments also promote 
progressive bending deformation and more stable energy dissipation 
during compression. Meanwhile, the double-arrow units replace the 
conventional horizontal walls, introducing additional inclined load-
transfer paths and increasing the number of potential plastic dissipation 
regions, which helps prolong the plastic plateau stage and promote 
coordinated deformation. This design enhances structural stiffness, pro-
motes coordinated deformation among adjacent cells, and improves 
overall material utilization. Therefore, unlike SRH structures with lim-
ited star-shaped reinforcement effects, RH structures with no internal 
support, and RHC structures with mainly boundary reinforcement, 
REDA combines internal reinforcement, load-path reconstruction, and 
cooperative energy dissipation. As illustrated in Figs.  1b–1d, the REDA 
structure exhibits a more uniform and stable collapse mode, accom-
panied by higher initial stiffness, a more stable plateau stress, and a 
steadier energy absorption evolution compared with SRH, RH, RHC, 
and EARE, thereby validating the effectiveness of the proposed design 
strategy. These results also highlight the practical applicability of the 
proposed REDA configuration. As illustrated in Fig.  1e, the improved 
stiffness, deformation stability, and energy absorption capacity suggest 
strong potential for applications in vehicle impact protection, structural 
vibration mitigation, and personal protective equipment.

The remainder of this paper is organized as follows. Section 2 
presents the structural design of the REDA configuration, the experi-
mental details, finite element modeling, performance indicators, and 
theoretical modeling of the plateau stress. Section 3 discusses the ex-
perimental validation, comparison with existing honeycomb structures, 
and parametric analysis. Section 4 presents an application demonstra-
tion using a mini truck model to evaluate the response of the proposed 
structure under low-velocity impact loading. Section 5 summarizes the 
main conclusions and outlines future research directions.

2. Materials and methods

2.1. Structural design of REDA

Under in-plane compression, honeycomb energy absorption depends 
on deformation coordination, effective load paths, and plastic hinge 
formation. Conventional re-entrant honeycombs suffer from local buck-
ling, stress concentration, and limited energy absorption. To over-
come these limitations, this study proposes a novel re-entrant elliptical 
double-arrow hybrid honeycomb, enhancing the conventional RH de-
sign with elliptical and double-arrow connecting units to improve 
structural stability and energy absorption.

As shown in Fig.  1a, the conventional RH structure comprises 
inclined walls of length 𝑙, horizontal walls of length 𝑤, horizontal 
connectors of length 

√

3
2 𝑙, and an angle 𝛼 between inclined and hor-

izontal walls. The REDA structure introduces two modifications: the 
horizontal connectors are replaced with double-arrow units, defined 
by long edges 𝑙, included angle 𝛽, short edges 𝑠, and angle 𝛾. These 
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Fig. 1. Enhanced energy absorption and protective performance of the REDA hybrid structure. a. Design of the REDA structure; b. Numerical simulations 
of different unit-cell structures; c. Comparison of stress–strain curves among different unit-cell structures; d. Comparison of energy absorption (EA) performance 
among different unit-cell structures; e. Potential application of the REDA structure in vehicle collision protection.
double-arrow units introduce additional inclined load-transfer paths 
and provide potential plastic hinge regions during compression, thereby 
promoting progressive rotational deformation, improving deformation 
coordination, and prolonging the plastic plateau stage. Thin-walled 
elliptical elements with axes 𝑎 and 𝑏 are added between re-entrant 
corners and horizontal midpoints to provide internal support, redis-
tribute local stresses, improve deformation uniformity, smooth load 
transfer, and suppress excessive collapse in the middle region, thereby 
improving stiffness, enabling multiple plastic dissipation regions, and 
enhancing energy absorption.

In the unit cell, all wall thicknesses are denoted by 𝑡, and the out-of-
plane dimension by 𝑑, with all geometric measurements taken along the 
neutral axis. Based on these definitions, the corresponding parameter 
expressions are formulated as follows: 
𝑎 = 𝑙 sin 𝛼, (1)

𝑏 = 𝑤 − 2𝑙 cos 𝛼
2

, (2)

𝑠 =
𝑙 sin

(

𝛽
2

)

sin
(

𝜋 − 𝛽
2 − 𝛾

) , (3)

where, 𝑎 and 𝑏 represent the lengths of the semi-major and semi-minor 
axes of the elliptical unit, and 𝑠 represents the length of the short side 
of the double-arrow unit, respectively. 
𝐻 = 2𝑙 sin 𝛼, (4)

𝑊 = 𝑤 − 2𝑙 cos 𝛼 + 2𝑙 cos
𝛽
2
, (5)

where, 𝐻 and 𝑊  denote the overall height and width of the unit cell, 
respectively.

To evaluate the energy absorption performance of the proposed 
structure, three key indicators were used: plateau stress (𝜎𝑝), EA, and 
specific energy absorption (SEA). Plateau stress represents the average 
stress between the initial yield strain and densification strain during 
compression and is calculated as the integral of stress 𝜎(𝜀) over the 
strain range from the initial yield strain 𝜀𝑐𝑟 to the densification strain 
𝜀 , divided by the total strain range, i.e., 𝜎 = ∫ 𝜀𝑑 𝜎(𝜀) 𝑑𝜀∕(𝜀 − 𝜀 ), 
𝑑 𝑝 𝜀𝑐𝑟 𝑑 𝑐𝑟

3 
where 𝜀𝑐𝑟 is the initial yield strain and 𝜀𝑑 is the densification strain. 
The densification strain is defined via the energy absorption efficiency 
𝜂, which corresponds to the strain at the last local maximum on 
the efficiency-strain curve. This approach reduces subjective bias. The 
energy absorption efficiency is expressed as 𝜂 = ∫ 𝜀

0 𝜎(𝜀) 𝑑𝜀∕𝜎(𝜀).
EA is the total energy absorbed by the structure, equal to the area 

under the load–displacement curve, i.e., 𝐸𝐴 = ∫ 𝛿𝑑
0 𝐹 (𝛿) 𝑑𝛿, where 𝛿𝑑 is 

the densification displacement and 𝐹 (𝛿) is the corresponding force.
SEA refers to the energy absorbed per unit mass of a structure, 

providing a comparison of energy absorption performance across struc-
tures with different masses. SEA is calculated as 𝑆𝐸𝐴 = 𝐸𝐴∕𝑚, where 
𝑚 is the mass of the structure.

2.2. Experimental details

This study employed fused deposition modeling (FDM) technology 
to fabricate structural specimens using polylactic acid (PLA) filament as 
the printing material. The specimens were produced on a Snapmaker 
3D printer with a build volume of 300 × 200 ×200 mm, which accom-
modated the dimensional requirements of the samples. During printing, 
the nozzle and platform temperatures were set to 210 ◦C and 60 ◦C, 
respectively, with a printing speed of 50 mm/s to ensure both print 
quality and manufacturing efficiency.

The structural models were imported in STL format into Snapmaker 
Luban software for slicing and G-code generation. The build direction 
was set along the 𝑧-axis to minimize interference from support struc-
tures. The 3D-printed specimens featured 100% infill density, a layer 
height of 0.16 mm, and a wall thickness of 0.8 mm. Unless otherwise 
specified, all specimens were fabricated according to the geometric 
design shown in Fig.  1a, with the REDA unit cell defined by 𝑙 = 10 mm, 
𝑤 = 18 mm, 𝑡 = 0.8 mm, 𝑑 = 15 mm, 𝛼 = 60◦, 𝛽 = 60◦, and 𝛾 = 30◦. For 
clarity, the detailed geometric parameters and overall dimensions of the 
designed specimen are further summarized in Table  1, which provides 
a more complete description of the structural configuration and facili-
tates the reproducibility of the study. To ensure the repeatability and 
reliability of the experimental results, three independently fabricated 
specimens with identical geometric parameters were prepared for each 
structural configuration, and each specimen was subjected to a single 
quasi-static compression test.
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Table 1
Dimensions of the proposed REDA.
 Design Unit cells Cellular structure
 𝛼 (◦) 𝛽 (◦) 𝛾 (◦) 𝑡 (mm) 𝑙 (mm) 𝑤 (mm) X (mm) Y (mm) Z (mm) 
 REDA 60 60 30 0.8 10 18 78.1 70.1 15  
To obtain the true mechanical properties of the base material, three 
PLA tensile specimens were fabricated using FDM and subjected to 
uniaxial tensile tests in accordance with ASTM standards. The tensile 
tests were conducted on a universal testing machine at a loading rate of 
6 mm/min. Considering the influence of the build direction on material 
properties during additive manufacturing, all specimens were produced 
using the same build direction and printing parameters as the structural 
samples. To ensure stable fabrication quality and geometric consis-
tency, key printing parameters such as layer thickness, printing speed, 
nozzle temperature, and infill conditions were kept consistent through-
out the manufacturing process. Since thin-walled regions and connec-
tion zones are more prone to geometric deviations during additive 
manufacturing, and such imperfections may affect local deformation, 
stress concentration, and the overall structural response, particular 
attention was paid to maintaining the geometric integrity of these 
critical regions during specimen preparation. Although quantitative 
dimensional measurements were not separately conducted, previous 
work by Alomarah et al. [50] has shown that manufacturing processes 
may affect geometric accuracy in thin-walled structures, underscoring 
the importance of consistent printing parameters.

In addition, the printing path and deposition strategy also play 
an important role in determining the dimensional consistency and 
anisotropic behavior of FDM-fabricated structures. Supplementary Ma-
terials Figure S1 shows the printing path and contour deposition strat-
egy of the proposed REDA structure during FDM fabrication. It can 
be observed that the thin-walled cell walls are mainly formed by 
contour deposition rather than complex internal infill patterns such 
as zigzag or grid filling. Since the proposed REDA structure is a thin-
walled honeycomb structure with a wall thickness of 0.8 mm and was 
fabricated using a 0.4 mm nozzle, the influence of infill-path-induced 
anisotropy is reduced. In addition, the build direction was aligned along 
the 𝑧-axis, while quasi-static compression loading was applied along 
the 𝑦-axis. Therefore, the loading direction mainly lies within the layer 
plane rather than along the interlayer stacking direction, which further 
reduces the influence of material anisotropy on the overall structural 
performance, and interlayer debonding is therefore not expected to 
dominate the collapse process. Under this configuration, the use of an 
equivalent isotropic constitutive model in the finite element simula-
tion is considered reasonable for predicting the overall deformation 
and energy absorption response of the structure. This ensures that 
the deformation behavior and energy absorption response are primar-
ily governed by the geometric configuration and thin-walled collapse 
behavior of the structure rather than by printing-induced anisotropy.

The tensile specimen geometry, representative fracture locations, 
and the corresponding stress–strain curves of three PLA specimens are 
shown in Supplementary Materials Figure S2. During the tensile tests, 
all PLA specimens fractured within the middle gauge section rather 
than near the clamping ends, indicating uniform stress distribution and 
stable loading conditions. The fracture surfaces showed typical brittle 
failure characteristics with limited necking deformation, which is con-
sistent with the mechanical behavior of FDM-fabricated PLA materials 
under quasi-static tensile loading. The engineering stress–strain curves 
were obtained from the recorded load–displacement data during the 
tensile tests, where the stress and strain are defined as 𝜎 = 𝐹∕𝐴0 and 
𝜀 = 𝛥∕𝐻0, respectively. Here, 𝐹  represents the applied force, 𝐴0 is 
the initial cross-sectional area of the gauge section, 𝐻0 denotes the 
original gauge length of the specimen, and 𝛥 is the displacement. Based 
on the engineering stress–strain data, the corresponding true stress–
strain relationship was further derived and used for constitutive model 
4 
calibration. The yield strength of the 3D-printed PLA material was 
determined using the 0.2% offset method, as indicated by the dashed 
line in Supplementary Materials Figure S2.

Owing to the nonlinear hardening behavior of the material in 
the plastic region, a simplified Johnson–Cook constitutive model was 
developed based on the experimental data and subsequently applied 
in finite element simulations [51]. The present study mainly focuses 
on quasi-static compression behavior under relatively low loading-
rate conditions, where the mechanical response is dominated primarily 
by progressive structural collapse and quasi-static plastic deformation. 
Under such conditions, the strain-rate sensitivity of PLA is relatively 
limited compared with medium- and high-strain-rate impact scenar-
ios. Therefore, the strain-rate-dependent term in the Johnson–Cook 
constitutive model was not included in the present study. In addi-
tion, all comparative structures were analyzed using identical material 
properties, printing conditions, boundary conditions, and loading con-
ditions, such that the omission of the strain-rate term is not expected 
to significantly influence the relative comparison of structural per-
formance. Although incorporating strain-rate-dependent constitutive 
behavior would provide a more comprehensive material description for 
dynamic loading conditions, the simplified constitutive model adopted 
here is considered a reasonable approximation for quasi-static analy-
sis and comparative structural evaluation. The corresponding tensile 
properties are summarized in Supplementary Materials Table S1.

2.3. Finite element model

In this study, numerical simulations of the mechanical response 
of the proposed structure under quasi-static compression were per-
formed using the Abaqus/Explicit finite element platform. The material 
properties were obtained from the experimental results described in 
Section 2.2. The model was configured as a 3 × 4 unit array. As shown 
in Supplementary Materials Figure S3, both the loading and base plates 
were modeled as rigid bodies and controlled through reference points 
RP-1 and RP-2, respectively. The base plate was fully fixed, while 
the top plate was allowed to move only in the 𝑦-direction, with all 
other degrees of freedom constrained, thereby replicating the boundary 
conditions used in the experiments.

Due to the conditional stability of the explicit time integration 
method, the computational time step must be extremely small. Directly 
applying the experimental loading rate (6 mm/min) would therefore 
lead to excessive computational costs [52]. To evaluate the influence of 
loading velocity on the accuracy of the quasi-static simulations, a series 
of comparative analyses were conducted at compression velocities of 
0.1 m/s, 0.2 m/s, 0.5 m/s, 1 m/s, and 2 m/s. Supplementary Materials 
Figure S4a presents the stress–strain curves obtained under different 
loading velocities. The results indicate that when the loading velocity 
did not exceed 1 m/s, the overall stress–strain responses were nearly 
identical, with negligible differences in plateau stress, densification 
behavior, and energy absorption characteristics, suggesting that the 
mechanical behavior of the structure was insensitive to velocity within 
this range [53]. However, when the loading velocity reached 2 m/s, 
noticeable deviations in the stress–strain response appeared, including 
fluctuations in plateau stress and changes in deformation stability, 
primarily due to the onset of inertial effects. This velocity-insensitive 
behavior below 1 m/s is also consistent with the quasi-static simulation 
strategies commonly adopted in previous studies on honeycomb and 
auxetic structures.

To further quantify this effect, the ratio of kinetic energy to internal 
energy during the compression process was monitored, as shown in 
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Supplementary Materials Figure S4b. At a loading velocity of 1 m/s, the 
kinetic energy remained below 5% of the internal energy throughout 
the simulation, indicating that inertial effects were negligible and 
that the deformation process could reasonably be regarded as quasi-
static [54]. Therefore, 1 m/s was selected as the optimal loading 
velocity for subsequent simulations, ensuring a balance between com-
putational efficiency and accuracy.

Subsequently, an explicit integration solver was employed to cap-
ture the nonlinear behavior arising from large deformations and mul-
tiple contact regions. To improve computational efficiency, a mass 
scaling strategy was applied. Contact interactions between the struc-
ture and the loading plates were modeled using the General Contact 
algorithm in Abaqus. This algorithm was specifically chosen due to the 
complex nature of the contact behavior in the structure during compres-
sion. The General Contact algorithm automatically detects all potential 
contact interactions, including both local contact between cell walls 
and self-contact between different parts of the structure. This is crucial 
as the REDA structure undergoes large deformations and experiences 
significant changes in contact regions as the deformation progresses. 
Furthermore, the algorithm ensures robust handling of continuously 
evolving contact interfaces without the need for manually defining 
specific contact pairs, which is essential in simulations involving pro-
gressive buckling, collapse localization, coordinated deformation, and 
the formation of plastic hinges. The ability to manage both local 
and self-contact interactions is critical for maintaining accuracy and 
computational stability throughout the simulation.

The effect of varying the friction coefficient from 0.1 to 0.2 on the 
load–displacement response was examined and found to be negligible. 
In this study, the friction coefficient primarily influences the tangential 
forces between contacting surfaces, especially in the later stages of 
compression. However, because the deformation behavior is dominated 
mainly by the bending, rotation, and progressive collapse of the thin-
walled cell walls, tangential sliding between contact interfaces plays a 
comparatively secondary role. Consequently, the influence of friction 
on the global stress–strain response, particularly during the elastic and 
plateau deformation stages, remains minimal. The overall plateau stress 
and energy absorption behavior are therefore governed primarily by 
the structural geometry and deformation mode rather than by frictional 
dissipation effects. Therefore, following the recommendations in [55–
57], the friction coefficient was set to 0.2, which is a typical value 
used in similar studies and ensures accurate results without unnecessary 
computational complexity.

The model was discretized using a hex-dominated mesh, with all 
structural elements (except the rigid loading plates) defined as C3D8R 
elements. A mesh convergence study was performed using four global 
mesh sizes, and the corresponding stress–strain responses are shown 
in Supplementary Materials Figure S5. The results indicate that the 
stress–strain responses obtained with mesh sizes of 0.5 mm and 0.4 mm 
are already very close, particularly in the plateau region, suggesting 
that the solution is approaching convergence. Further refinement to 
0.3 mm leads to slight but systematic changes, while the 0.2 mm 
mesh introduces increased fluctuations, mainly due to enhanced numer-
ical sensitivity associated with evolving contact interactions and local 
instability effects under explicit time integration. These fluctuations 
do not correspond to a meaningful improvement in accuracy but are 
more likely a consequence of numerical instability at very fine mesh 
resolutions. Therefore, considering both numerical stability and compu-
tational efficiency, a mesh size of 0.4 mm was selected for subsequent 
simulations, as it provides a stable and sufficiently converged solution 
without introducing excessive numerical oscillations.

2.4. Deformation mechanism and theoretical modeling of plateau stress

To establish a quantitative relationship between the structural ge-
ometry and the plateau stress, it is essential to first clarify the collapse 
5 
mechanism of the unit cell under quasi-static compression. The defor-
mation behavior governs the energy dissipation mode and ultimately 
determines the load-carrying capacity during the plateau stage.

In this study, preliminary finite element simulations are first con-
ducted at the unit-cell level to investigate the deformation evolution, 
stress distribution, and collapse characteristics of the REDA structure 
under quasi-static compression. Based on the observed deformation 
features, including curvature localization, plastic hinge formation, and 
progressive rotational collapse, the theoretical model is subsequently 
established to capture the dominant plateau-stage deformation mech-
anism. As shown in Fig.  2a, a clear transition of collapse mechanism 
occurs with increasing strain.

When 𝜀 < 0.02, the inclined cell walls primarily undergo elastic 
bending, accompanied by slight inward deflection of the elliptical 
core. The deformation is distributed along the member length, and 
no distinct rotational centers are observed. This stage corresponds to 
the linear elastic regime in Fig.  2b, where the structural stiffness is 
governed by the bending rigidity of the cell walls. For 𝜀 = 0.1 and 
0.20, deformation progressively localizes at the junctions between the 
inclined members and the central curved segment. Distinct curvature 
concentration zones emerge, indicating the initiation of plastic hinge 
formation. The inclined walls begin to rotate relative to the core, 
establishing identifiable rotational centers. This transition from dis-
tributed bending to localized rotation reduces the effective tangent 
stiffness, marking the onset of the plateau stage in Fig.  2b. These 
deformation characteristics provide the basis for the hinge-based ana-
lytical idealization adopted in the subsequent theoretical model. Within 
the strain interval 𝜀 = 0.3 and 0.4, a stable collapse mechanism is 
established. Multiple plastic hinges form and rotate coordinately, and 
deformation is dominated by bending-induced rotation rather than 
axial shortening. A collapse band gradually develops across the cell 
height while the members retain their structural integrity. This hinge-
controlled rotational mechanism sustains an approximately constant 
load-carrying capacity, giving rise to the stable stress plateau observed 
in Fig.  2b. When 𝜀 = 0.5, geometric locking and intensified contact 
between adjacent members occur. The deformation mode transitions 
from hinge-controlled rotation to material compaction, leading to a 
rapid increase in stiffness. This corresponds to the densification regime 
in Fig.  2b.

To further elucidate the mechanical response from an energy per-
spective, the evolution of different energy components during com-
pression is examined. As shown in Fig.  2c, the evolution of energy 
components indicates that the external work closely coincides with 
the internal energy throughout the loading process, while the kinetic 
energy remains negligible compared to the internal energy. Moreover, 
plastic dissipation dominates the internal energy during the plateau 
stage. These observations confirm that inertial effects are insignificant 
and that the external work is primarily dissipated through plastic hinge 
rotations. Therefore, under quasi-static conditions, the external work 
can be reasonably approximated as the plastic dissipation energy. To 
derive the plateau stress under quasi-static compression, the analytical 
approach of Zhang et al. [58] is adopted, assuming constant hinge 
lengths and deformation dominated by plastic rotation rather than axial 
member strain. Based on the unit-cell deformation in Figs.  2d–2f, a 
theoretical model using energy conservation, which equates external 
work to hinge energy dissipation, yields the analytical plateau stress.

Under continuous compression, the re-entrant honeycomb cells con-
tract inward, engaging the internal elliptical and double-arrow cells 
to form a stable, uniform deformation mode, Fig.  2e illustrates this 
process. In this figure, the red circles indicate regions of curvature 
concentration where significant plastic bending is expected during the 
plateau stage, which are assumed to act as the locations of plastic 
hinges and corresponding rotation centers in the analytical model. 
These regions correspond closely to the stress concentration zones high-
lighted in red in Fig.  2a. The stress concentration is mainly distributed 
near the junctions between the re-entrant walls and double-arrow 
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Fig. 2. Deformation evolution and energy dissipation mechanisms of the REDA structure. a. Progressive deformation modes of the REDA unit cell 
under quasi-static compression; b. Stress–strain response and corresponding energy absorption evolution; c. Evolution of energy components during quasi-static 
compression; d. Initial configuration; e. Intermediate configuration; f. Densified configuration; g. Effect of parameters 𝛼, 𝛽, and 𝛾 on plateau stress; h. Effect of 
parameters 𝑡, 𝛽, and 𝛾 on plateau stress; i. Effect of parameters 𝛼, 𝑡, and 𝛾 on plateau stress; j. Effect of parameters 𝛼, 𝛽, and 𝑡 on plateau stress.
units, the arrow-tip regions, and the connections between the ellipti-
cal segments and adjacent inclined members. Therefore, the assumed 
rotation centers are established based on deformation compatibility 
and stress localization observed in the finite element simulations. The 
consistency between the stress localization observed in Fig.  2a and 
the curvature concentration assumed in Fig.  2e supports the forma-
tion of plastic hinges at these locations and validates the hinge-based 
analytical model.

For the analytical model, the compression process is considered up 
to a characteristic deformation state in which the included angle of the 
6 
double-arrow unit is taken as one half of 𝛽. Based on the geometric 
relationships of the unit cell, the rotation angles of the structural 
members can then be determined. Due to the continuously varying 
curvature of the elliptical segment, it is difficult to directly define a 
unique rotation angle as in straight members. Therefore, an equivalent 
geometric approximation is adopted. Specifically, the rotation angle of 
the elliptical segment is evaluated at a representative location corre-
sponding to half of the major axis ( 𝑎2 ), where the most representative 
deformation behavior occurs, and is approximated as the average of 
two deformation components associated with compression towards the 
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Table 2
Comparison of plateau stress predictions with and without correction factor 𝑘.
 𝛼 (◦) FEA (MPa) Without 𝑘 With 𝑘
 Theory (MPa) Error (%) Theory (MPa) Error (%) 
 50 1.602 1.349 15.79 1.504 6.12  
 60 1.121 1.110 0.98 1.109 1.07  
 70 0.916 0.983 6.81 0.891 2.73  
 80 0.737 0.922 20.07 0.771 4.41  
horizontal boundary and along the inclined edge. This treatment is 
consistent with the deformation morphology observed in the finite 
element simulations, where the regions of curvature concentration cor-
respond well to the locations of maximum stress. This approximation 
allows the dominant deformation tendency of the elliptical segment 
to be incorporated into the hinge-based analytical framework while 
maintaining analytical tractability. Specifically, the rotation angles of 
the long edges and short edges of the double-arrow cells, the re-entrant 
honeycomb members, and the elliptical segments can be represented by 
𝜃1, 𝜃2, 𝜃3, and 𝜃4, respectively, which are expressed as follows: 

𝜃1 = 𝛽 − 𝜃, (6)

𝜃2 = 𝛾 − 𝜃
2
, (7)

𝜃3 = 𝛼 − 𝜃
2
, (8)

𝜃4 =
1
2
arctan

2
√

3𝑙 sin 𝛼
3(𝑤 − 2𝑙 cos 𝛼)

+ 1
2
arctan

(2 −
√

3)(𝑤 − 2𝑙 cos 𝛼)
2𝑙 sin 𝛼

+ 𝜋 − 𝜃
4

. (9)

In the theoretical derivation, a rigid-plastic hinge model is adopted 
to describe the plastic energy dissipation of structural units. For straight 
struts, these locations are idealized as discrete plastic hinges. However, 
for the elliptical curved segments, the plastic dissipation is evaluated 
through continuous path integration of bending energy rather than 
assuming localized hinge formation. According to Mo et al. [42], 
horizontal beams are treated as secondary structural members with lim-
ited direct contribution to vertical load resistance under the bending-
dominated deformation mode considered in this study. In the present 
configuration, bending in the inclined edges and elliptical segments 
governs the overall structural response during the plateau stage. While 
the horizontal beams help reduce stress concentration and improve 
deformation coordination between adjacent unit cells, their role in 
vertical crushing resistance is not dominant within the plateau defor-
mation regime. The re-entrant honeycomb cells form 8 plastic hinges. 
The double-arrow cells contribute an additional 16 hinges, with eight 
located along the long edges and the remaining eight along the short 
edges. The contribution of the elliptical segments is obtained through 
path-integrated bending energy, consistent with their continuously 
varying curvature and distributed deformation characteristics observed 
in both simulations and experiments. This treatment is particularly ap-
propriate for the plateau-stage response under quasi-static compression, 
where bending-induced progressive collapse is the dominant energy 
dissipation mechanism.

However, structural units contribute unequally to deformation, and 
the elliptical segment cannot be fully represented by an idealized 
discrete hinge. Due to its continuously varying curvature, the bending 
moment and axial force distribution along the ellipse is non-uniform, 
which may lead to an overestimation of energy dissipation under cer-
tain geometric configurations. This discrepancy is particularly sensitive 
to the re-entrant angle 𝛼, since the effective perimeter and deforma-
tion path of the ellipse vary significantly with 𝛼. The sensitivity to 𝛼
arises from the variation in geometric coupling between the elliptical 
reinforcement and surrounding inclined members, which alters the 
local curvature distribution and deformation path. To equivalently 
account for this curvature-induced effect, a geometry-dependent cor-
rection factor 𝑘(𝛼) is introduced and applied specifically to the plastic 
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hinge contribution of the elliptical unit, taking the inclined edge of 
the re-entrant cell as the reference deformation path. The factor 𝑘(𝛼)
further reflects the influence of geometric nonlinearity and non-uniform 
bending in the curved segments, and is calibrated based on the plateau 
stress obtained from finite element simulations, thereby incorporating 
the geometry-dependent deformation characteristics that are not cap-
tured by the idealized hinge model. The total energy dissipated by 
plastic hinge rotation is thus modified accordingly. To quantitatively 
evaluate the effectiveness of this correction, a comparative analysis 
of plateau stress predictions with and without 𝑘(𝛼) is presented in
Table  2. It can be observed that incorporating 𝑘(𝛼) significantly reduces 
the prediction error across different values of 𝛼, thereby improving 
the predictive consistency of the theoretical model without altering its 
fundamental deformation mechanism. Based on the above deformation 
mechanism and the modified hinge contributions, the total plastic 
energy dissipation can be expressed as: 

𝐸𝑝 = 8𝜃1𝑀𝑝1 + 8 𝑙
𝑠
𝜃2𝑀𝑝2 + 8𝜃3𝑀𝑝3 +

4𝑙
𝐿ellipse

𝑘𝐼ellipse𝜃4𝑀𝑝4, (10)

where 𝐿ellipse denotes the approximate ellipse perimeter, and 𝐼ellipse
is the total effective rotation obtained from the boundary integral, 
characterizing the ellipse’s energy dissipation. The weighting factors 
𝑙
𝑠  and 

4𝑙
𝐿ellipse

 correspond to the short-side deformation of the double-
arrow unit and the elliptical unit, respectively. The perimeter of the 
ellipse is approximated using a standard analytical expression as: 

𝐿ellipse = 𝜋
[

3(𝑎 + 𝑏) −
√

(3𝑎 + 𝑏)(𝑎 + 3𝑏)
]

, (11)

exploiting the geometric symmetry of the ellipse, the boundary inte-
gration of the bending contribution is evaluated over one quarter of 
the curve and multiplied by four, and can be expressed as: 

𝐼ellipse = 4∫

𝜋
2

0

𝑎𝑏
𝑎2 sin2 𝜃 + 𝑏2 cos2 𝜃

𝑑𝜃. (12)

While 𝑘(𝛼) is a correction factor dependent on 𝛼, applied to correct the 
bending contribution of the elliptical segments, and is expressed as: 
𝑘 = 0.3705𝛼2 − 1.5526𝛼 + 2.218, (13)

where 𝛼 is converted from degrees to radians. The plastic moments 𝑀𝑝1, 
𝑀𝑝2, 𝑀𝑝3, and 𝑀𝑝4 denote the plastic bending moments of the long 
edges of the double-arrow unit, the short edges of the double-arrow 
unit, the re-entrant honeycomb members, and the elliptical segments, 
respectively, and can be expressed as: 

𝑀𝑝1 = 𝑀𝑝2 = 𝑀𝑝3 = 𝑀𝑝4 =
𝜎𝑜𝑑𝑡2

4
, (14)

where 𝑑 is the out-of-plane thickness of the structure and 𝜎𝑜 is the 
yield stress of an ideal elastic–plastic material. To account for devia-
tions from ideal elastic–plastic behavior in real materials, a yield-stress 
correction is introduced. In strain-hardening materials, the stress gov-
erning plastic collapse is not strictly equal to the initial yield stress but 
reflects an averaged response over the plastic strain range. Accordingly, 
an equivalent flow stress, denoted as 𝜎𝑜, is adopted to approximate the 
average bending resistance during plastic hinge rotation. This formula-
tion is suitable for materials with moderate strain hardening, such as 
the PLA used in this study. For materials that deviate from ideal elastic-
perfectly plastic behavior, the equivalent flow stress should be defined 
according to an appropriate constitutive representation. Following the 
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treatment proposed by Zhu et al. [59] and Wen et al. [60], a simplified 
engineering approximation is adopted to account for the non-ideal plas-
tic response in quasi-static collapse analysis. In this study, consistent 
with rigid-plastic hinge-based formulations, the equivalent flow stress 
is approximated as the average of the yield stress and ultimate tensile 
strength, representing an effective plastic resistance over the strain-
hardening range. This provides a reasonable estimation of the stress 
level governing plastic hinge rotation under quasi-static conditions. 
Accordingly, the equivalent flow stress is expressed as: 

𝜎𝑜 =
𝜎𝑠 + 𝜎𝑢

2
, (15)

where 𝜎𝑠 and 𝜎𝑢 are the yield stress and ultimate tensile strength, 
respectively.

Additionally, the external work acting on the unit cell is expressed 
as: 
𝑊𝑝 = 𝜎𝑝𝐿0𝑑𝛥𝐿, (16)

where 𝜎𝑝 denotes the quasi-static plateau stress, 𝐿0 the initial unit-cell 
length, and 𝛥𝐿 the deformation length. The corresponding expression is 
derived from the deformation mode and geometric relations as follows:
𝐿0 = 𝑤, (17)

ℎ0 = 𝐻, (18)

𝛥𝐿 = ℎ0 − ℎ2 = 2𝑙(sin 𝛼 − sin 𝛽
4 ). (19)

Finally, based on the energy conservation equation 𝐸𝑝 = 𝑊𝑝, the 
theoretical expression of the plateau stress of the structure can be 
derived as: 

𝜎𝑝 =
𝐸𝑝

𝐿0𝑑𝛥𝐿
=

𝜎0𝑡2
(

2
(

𝛼 + 𝛽
4 + 𝑙

𝑠 𝛾
)

+ 𝑙
𝐿ellipse

𝑘𝐼ellipse𝜃4

)

2𝑙𝑤
(

sin 𝛼 − sin 𝛽
4

) . (20)

where 𝜃4, 𝐿ellipse, 𝐼ellipse, and 𝑘 are given by Eqs. (9), (11), (12) 
and (13).

The above formulation is derived under several simplifying as-
sumptions, including the rigid–plastic hinge idealization, the neglect of 
axial deformation in the structural members, the use of an equivalent 
flow stress to represent material yielding behavior, and the geometric 
simplification adopted for the rotation and deformation of the elliptical 
segment. These assumptions are primarily intended to simplify the 
analytical treatment while retaining the dominant bending-controlled 
collapse mechanism observed in the proposed structure during quasi-
static compression. The proposed theoretical model is most applicable 
to deformation conditions dominated by localized bending and plastic 
hinge formation, particularly for relatively slender thin-walled honey-
comb structures subjected to quasi-static in-plane compression. Under 
such conditions, the energy dissipation process is mainly governed by 
progressive plastic rotation concentrated in localized regions of the unit 
cell, which is consistent with the deformation patterns observed in both 
the finite element simulations and compression experiments.

However, the applicability of the analytical formulation may be-
come limited when axial stretching or membrane deformation becomes 
significant, when material strain hardening and nonlinear constitutive 
behavior dominate the response, when severe geometric nonlinearities 
occur under large deformation, or when local instability and buckling 
modes deviate from the assumed collapse mechanism. In addition, 
the predictive accuracy may decrease when the deformation behavior 
of the elliptical segment no longer follows the simplified kinematic 
assumptions adopted in the derivation. Therefore, the present model 
should be regarded as a simplified analytical approximation intended 
to capture the dominant first-order deformation mechanism and the 
relative influence of geometric parameters on plateau stress, rather than 
a fully comprehensive constitutive description applicable to all loading 
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conditions and structural scales. Detailed finite element simulations and 
experimental investigations remain necessary for accurately predicting 
the complete nonlinear response of the structure under complex loading 
conditions.

Under these conditions, the influence of geometric parameters on 𝜎𝑝
can be further examined. Figs.  2g–2j presents the variation of plateau 
stress for different parameter conditions based on the theoretical for-
mulation. Since the plateau stress is jointly governed by four variables, 
namely the wall thickness 𝑡 and the three angle parameters (𝛼, 𝛽, 𝛾), the 
theoretical relationship corresponds to a four-dimensional parameter 
space. For the sake of clarity and interpretability, this study adopts 
a controlled-variable approach, where in each analysis one parameter 
is held constant and only combinations of the other three parameters 
are discussed. This approach ensures a systematic investigation of the 
main factors and their synergistic effects, while also allowing the trends 
to be clearly illustrated in the figures. Based on these trends, the 
following sections will discuss the effect of each parameter as well as 
the mechanisms of mutual cancellation and synergy.

As shown in Fig.  2g, the plateau stress varies with 𝛼, 𝛽, and 𝛾. 
Increasing 𝛼 has a pronounced negative effect, leading to a significant 
reduction in plateau stress, whereas increasing 𝛽 and 𝛾 exerts positive 
effects, with 𝛽 being more influential than 𝛾. The positive contributions 
of 𝛽 and 𝛾 can partially offset the reduction caused by increasing 
𝛼, particularly when 𝛼 is relatively small. However, at larger 𝛼, its 
negative effect dominates, resulting in an overall decrease in plateau 
stress. Fig.  2h illustrates the combined influence of 𝑡, 𝛽, and 𝛾, all of 
which positively affect the plateau stress. Among them, 𝑡 plays the 
dominant role, followed by 𝛽 and then 𝛾. Their consistent effects lead to 
a clear synergistic enhancement, in which increasing 𝑡 not only directly 
raises the plateau stress but also strengthens the contributions of 𝛽
and 𝛾. Figs.  2i and 2j show the variations in plateau stress with the 
parameter combinations (𝛼, 𝑡, 𝛾) and (𝛼, 𝛽, 𝑡), respectively. In both cases, 
𝑡 and 𝛼 exhibit opposing effects, with 𝑡 providing a strong positive 
contribution and 𝛼 producing the most significant negative influence. 
Although the effects of 𝛽 and 𝛾 are weaker, they partially offset the 
reduction caused by increasing 𝛼, maintaining high plateau stress at 
larger 𝑡.

In summary, the plateau stress is dominated by the wall thickness 
𝑡, which provides the strongest enhancement. Increasing 𝛼 markedly 
reduces the plateau stress, whereas 𝛽 and 𝛾 have weaker positive 
effects. A high plateau stress is therefore obtained with large 𝑡, small 𝛼, 
and relatively large 𝛽 and 𝛾, highlighting the dominant role of thickness 
and the secondary compensatory effect of the angle parameters.

3. Results and discussion

3.1. Experimental results and finite element (FE) model validation

This section primarily compares the experimental results of the 
REDA structure under quasi-static compression with those obtained 
from finite element analysis (FEA), followed by an analysis and dis-
cussion of its deformation modes.

Fig.  3a and 3b show that the experimental and numerical stress–
strain responses and the corresponding deformation stages of the REDA 
structure are in good agreement. However, a slight discrepancy can be 
observed in the low-strain region, which may be attributed to local ge-
ometric deviations in the printed specimens, such as thin-wall regions, 
as well as the idealized material and geometric assumptions adopted 
in the finite element model. As shown in Table  3, the experimentally 
measured plateau stresses are 1.048 MPa, 1.071 MPa, and 1.108 MPa, 
while the finite element result is 1.121 MPa, corresponding to rela-
tive errors of 6.51%, 4.46%, and 1.16%, respectively. The theoretical 
prediction is 1.109 MPa, which differs from the experimental results 
by 5.50%, 3.43%, and 0.09%, respectively, and shows a deviation of 
1.07% from the finite element result, indicating that the proposed 
analytical model can effectively capture the dominant deformation 
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Fig. 3. Comparison between experimental results and finite element analysis.  a. Stress–strain curves of REDA in experiment and finite element results;
b. Schematic diagram of the three stages of REDA under quasi-static compression; c. Comparison of EA and SEA in experiment and finite element analysis; d.
Deformation comparison between experiment and finite element results.
Table 3
Experimental and FEA results with errors.
 Sample Plateau stress (MPa) EA (J) SEA (kJ/kg) 
 FEA 1.121 37.991 1.456  
 Exp1 1.048 36.484 1.383  
 Error (%) 6.51 3.97 5.01  
 Exp2 1.071 39.023 1.465  
 Error (%) 4.46 2.64 0.61  
 Exp3 1.108 37.059 1.403  
 Error (%) 1.16 2.45 3.64  
 Exp Mean 1.075 37.522 1.417  
 Exp SD 0.03 1.33 0.04  
 Error Mean (%) 4.04 2.68 3.42  

mechanism and provide accurate prediction of the plateau stress under 
quasi-static compression. The observed deviations can be attributed 
to the simplifying assumptions in the theoretical model, as well as 
experimental uncertainties such as manufacturing imperfections. Fig. 
3c shows good agreement between the experimental and numerical EA 
and SEA values. The EA errors are 3.97%, 2.64%, and 2.45%, while the 
SEA errors are 5.01%, 0.61%, and 3.64%, respectively. The statistical 
results presented in Table  3 indicate that the standard deviations of 
plateau stress, EA, and SEA are 0.03 MPa, 1.33 J, and 0.04 kJ/kg, 
respectively, demonstrating relatively small variations among repeated 
tests and thus good experimental repeatability. Furthermore, the mean 
relative errors between experimental and numerical results are 4.04%, 
2.68%, and 3.42%, respectively, indicating satisfactory consistency 
between experiments and simulations.

As shown in Fig.  3d, the experimental and numerical deforma-
tion modes exhibit overall consistent deformation patterns, while local 
9 
non-uniformity can still be observed. The discrepancies between ex-
perimental and numerical results may arise from several factors. The 
numerical model assumes homogeneous isotropic material behavior, 
whereas FDM-fabricated PLA inherently exhibits anisotropy due to its 
layer-wise deposition process, interfacial bonding variations, and local 
material heterogeneity, which may slightly influence the predicted 
stiffness and collapse stress. In addition, manufacturing imperfections 
introduced during the printing process also contribute to the deviations. 
Notably, locally thin walls were directly observed in certain regions 
of the printed specimens, which are more susceptible to deformation 
and can trigger premature local instability under compressive loading. 
These regions tend to experience uneven load distribution, leading to 
a slight reduction in plateau stress and energy absorption capacity. 
Furthermore, defects such as micro-voids, insufficient interlayer bond-
ing, and possible local damage or delamination during compression 
may further influence the experimental response. These effects are 
not explicitly included in the finite element model, which assumes 
idealized geometry and homogeneous material behavior. Nevertheless, 
the overall agreement remains satisfactory, indicating that the adopted 
modeling strategy provides sufficient accuracy for the present study.

As shown in Fig.  3b, the stress–strain response of the REDA structure 
under quasi-static compression exhibits three deformation stages: the 
linear elastic stage (yellow), the plastic plateau stage (green), and the 
densification stage (blue). Representative deformation configurations 
corresponding to 𝜀 = 0.01, 0.20, and 0.50 are illustrated in the 
embedded contour plots, which characterize the elastic, plateau, and 
densification stages, respectively.

In the linear elastic stage, the REDA structure undergoes geometry-
dominated deformation, characterized by inward rotation of the re-
entrant edges and slight flattening of the elliptical units, while main-
taining overall elastic integrity. As the strain increases, the structure 
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Table 4
Geometric parameters of different honeycomb structures.
 Design 𝛼 (◦) 𝛽 (◦) 𝛾 (◦) 𝜑 (◦) 𝑡 (mm) 𝑙 (mm) 𝑤 (mm) 𝑎 (mm) 𝑏 (mm) 𝑠 (mm) 𝑟1 (mm) 𝑟2 (mm) 
 RHC 60 – – – 1.256 10 18 – – – 2 –  
 RH 60 – – – 1.556 10 18 – – – – –  
 SRH – – – 30◦ 0.953 10 – – – – – –  
 EARE 60 – – – 1.011 10 18 – – – – 4  
 REDA 60 60 30 – 0.8 10 18 5

√

3 4 10
√

3
– –  
enters the plastic plateau stage, where cooperative deformation be-
tween the re-entrant and elliptical units contributes to enhanced the 
energy absorption capacity. The re-entrant edges primarily deform 
through hinge-controlled rotation, whereas the elliptical units grad-
ually flatten, providing additional buffering resistance. This sequen-
tial deformation mechanism delays the onset of structural instability 
and promotes a relatively stable load-bearing response. Moreover, the 
deformation exhibits an overall progressive collapse pattern, while 
local non-uniformity and asynchronous deformation of individual cells 
may occur during compression. Moreover, the interaction between the 
two geometries redistributes the load-transfer path and increases the 
number of plastic hinges formed within the structure. The interfaces 
between the re-entrant edges and elliptical units act as additional 
deformation zones, enabling an overall gradual collapse with spatially 
distributed but locally non-uniform deformation, which results in en-
hanced energy dissipation compared to the independent deformation 
modes of each unit. As compression continues, contact between the 
inclined edges of the re-entrant units and the long edges of the double-
arrow units induces local load-bearing and buckling, forming multiple 
plastic hinges that prevent sudden collapse. Finally, in the densification 
stage, progressive pore closure leads to plastic compaction and a sharp 
increase in stress.

3.2. Comparison with existing structures

This section evaluates the mechanical response and energy ab-
sorption performance of the REDA structure through two comparative 
cases. In the first case, REDA is compared with the conventional re-
entrant honeycomb (RH) under identical wall thickness conditions. 
Since RH represents the fundamental parent topology from which the 
REDA structure is developed, this comparison is intended to directly 
evaluate the influence of the incorporated elliptical reinforcement units 
and double-arrow components on the deformation mode, load-transfer 
behavior, plateau stress, and energy absorption characteristics relative 
to the original re-entrant framework.

In the second case, REDA is compared with RH, RHC, EARE, and 
SRH under identical relative density conditions. These structures were 
selected because they represent several typical re-entrant, reinforced, 
and hybrid auxetic honeycomb configurations closely related to the de-
sign philosophy of the proposed REDA structure. Specifically, RHC was 
selected as a representative boundary-reinforced re-entrant honeycomb 
structure with circular reinforcements near the re-entrant joints [40]. 
EARE was selected as a representative curved-element reinforced re-
entrant honeycomb structure containing embedded elliptical annular 
components [39]. In addition, SRH was included as a representa-
tive hybrid internally reinforced honeycomb structure, as it combines 
star-shaped and rhombic units to introduce internal constraints and 
additional load-transfer paths [41]. The comparison under identical 
relative density was adopted to reduce the influence of material usage 
differences, allowing the effects of structural configuration on plateau 
stress, deformation stability, and energy absorption performance to be 
evaluated more reasonably.
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3.2.1. Comparison under identical wall thickness
As shown in Fig.  4a and 4b, under identical wall thickness, the 

REDA structure exhibits a significantly higher plateau stress than RH 
under quasi-static compression, with finite element results of 1.121 
MPa versus 0.155 MPa, respectively, representing an increase of more 
than sixfold. This improvement is attributed to the additional internal 
support and constraint provided by the elliptical and double-arrow hy-
brid units. Compared with the conventional RH structure, these hybrid 
components enhance the structural stiffness and improve the continuity 
of deformation during compression, resulting in a more stable and 
sustained stress plateau response. Consequently, as shown in Fig.  4c, 
the EA and SEA of REDA reach 37.991 J and 1.456 kJ/kg, compared 
with 3.168 J and 0.236 kJ/kg for RH, increasing nearly elevenfold 
and more than fivefold, respectively. These results clearly demonstrate 
the superior energy absorption capability of the REDA structure under 
quasi-static compression.

These results demonstrate that the REDA structure, through its 
enhanced internal support and stable cooperative deformation mech-
anism, not only achieves significant improvements in plateau stress 
and energy absorption capacity but also exhibits more stable and 
controllable global deformation behavior during compression.

Fig.  4d shows that under quasi-static compression, the RH structure 
evolves from initially symmetric deformation to pronounced asymmet-
ric buckling (at 𝜀 = 0.1). As the strain increases, instability initiates 
near the loading and fixed ends and propagates toward the center, 
leading to lateral offset and uneven collapse (at 𝜀 = 0.3). At higher 
strains, inter-unit contact and densification occur, accompanied by 
highly asymmetric deformation (at 𝜀 = 0.5 and 0.6). This behavior 
arises from boundary effects, limited lateral stiffness, and early local 
unit instability, despite the geometrically symmetric design of the RH 
structure.

The REDA structure demonstrates superior deformation stability 
and energy dissipation throughout compression. Only localized com-
ponents buckle initially, with the upper region forming a V-shaped 
deformation (𝜀 = 0.1). As compression progresses, the lower region 
develops an inverted V-shaped band, producing an X-shaped symmetric 
buckling mode (𝜀 = 0.3). This cooperative mechanism persists through 
the plastic plateau, delaying local instability and ensuring smooth stress 
transfer. During densification, unit contact and compaction intensify 
(𝜀 = 0.5), and at full densification, symmetry is maintained without 
significant asymmetric collapse (𝜀 = 0.6). Overall, the progressive 
formation and coordinated evolution of the V-shaped bands prolong 
the plastic plateau, control collapse propagation, and enhance energy 
absorption, highlighting REDA’s superior stability compared with RH.

3.2.2. Comparison under identical relative densities
A comparative analysis of the energy absorption of RHC, RH, SRH, 

EARE, and REDA was conducted at the same relative density. The 
schematics are shown in Fig.  5a. EARE and RHC dimensions follow 
Fig.  1a, with EARE’s re-entrant units assumed identical to REDA and 
containing an embedded circle of radius 𝑏, while RHC replaces each re-
entrant corner with a circle of radius 𝑏2 . In addition, the SRH structure 
incorporates an internal star-shaped reinforcement with a star angle of 
30◦. The detailed geometric parameters of the different structures are 
listed in Table  4. The relative density expressions for RHC, RH, SRH, 
EARE, and REDA are as follows: 

𝜌𝑅𝐻𝐶 =
(2(𝑤 − 𝑏) + 4(𝑙 − 𝑏) +

√

3𝑙 − 𝑏 + 4𝜋𝑏)𝑡
√

, (21)

2𝑙 sin 𝛼 × ( 3𝑙 +𝑤 − 2𝑙 cos 𝛼)
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Fig. 4. Comparison of structures under identical unit cell dimensions. a. Comparison between experimental and finite element stress–strain curves of REDA;
b. Comparison between experimental and finite element stress–strain curves of RH; c. Comparison of finite element EA and SEA for the two structures; d.
Comparison of experimental and finite element results of REDA and RH under quasi-static compression.
𝜌𝑅𝐻 =
(2𝑤 + (4 +

√

3)𝑙)𝑡

2𝑙 sin 𝛼 × (
√

3𝑙 +𝑤 − 2𝑙 cos 𝛼)
, (22)

𝜌𝑆𝑅𝐻 =

(

(8 +
√

3)𝑙 + 4
√

2𝑙 cos𝜑
)

𝑡

2𝑙 cos𝜑 ×
(
√

3𝑙 − 2𝑙 sin𝜑 + 2𝑙 cos𝜑
) , (23)

𝜌𝐸𝐴𝑅𝐸 =
(2𝑤 + (4 +

√

3)𝑙 + 4𝜋𝑏)𝑡

2𝑙 sin 𝛼 × (
√

3𝑙 +𝑤 − 2𝑙 cos 𝛼)
, (24)

𝜌𝑅𝐸𝐷𝐴 =
(8𝑙 + 2𝑤 + 4𝑠 + 2𝜋

√

𝑎2+𝑏2
2 )𝑡

2𝑙 sin 𝛼 × (
√

3𝑙 +𝑤 − 2𝑙 cos 𝛼)
. (25)

As shown in Fig.  5b, the hybrid re-entrant honeycomb structures ex-
hibit distinct stress–strain behaviors due to differences in their internal 
reinforcement mechanisms and load-transfer paths. The RH structure 
primarily relies on the bending deformation of inclined cell walls and 
shows an initial stress peak followed by a relatively low and unstable 
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plateau stress. This behavior indicates insufficient internal support dur-
ing progressive compression, resulting in limited sustained load-bearing 
capacity and relatively low energy absorption. The RHC structure en-
hances the re-entrant corners through circular reinforcements, which 
increases local stiffness during the intermediate deformation stage. 
As compression proceeds, repeated contact and separation between 
neighboring circular regions cause multiple sharp stress rises and drops, 
resulting in pronounced stress oscillations and discontinuous defor-
mation behavior. Although the local reinforcement delays collapse in 
some regions, the load transfer across the entire structure remains 
non-uniform.

The SRH structure introduces star-shaped internal reinforcements, 
which improve the continuity of load transfer during compression. The 
additional internal members participate in deformation and provide 
a smoother stress response together with a slightly enhanced plateau 
stress. However, because the reinforcement effect is mainly concen-
trated near the central region of the unit cell, the overall improvement 
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Fig. 5. Comparison of structures under the same relative density. a. Schematic diagrams of REDA, SRH, RH, RHC and EARE structures; b. Comparison of 
stress–strain curves for these five structures; c. Comparison of EA and SEA for these five structures.
in energy absorption remains limited, and the stress level is still lower 
than that of the reinforced hybrid configurations. The EARE structure 
exhibits a relatively high stress level during the early stage of com-
pression because the embedded elliptical annular components provide 
additional resistance against inward bending deformation. However, 
the stress plateau is relatively short, and the structure enters the densi-
fication stage at a comparatively small strain. As a result, the effective 
plastic deformation range is limited, reducing the contribution of the 
medium-strain region to the overall energy absorption performance.

In contrast, the REDA structure combines elliptical reinforcement 
with double-arrow load-transfer units, enabling more coordinated de-
formation throughout the compression process. The elliptical compo-
nents provide continuous internal support, while the double-arrow con-
nections promote stress redistribution between adjacent cells. Conse-
quently, the REDA structure maintains a relatively stable and prolonged 
plateau stress within the strain range of approximately 𝜀 = 0.1 to 0.4, 
effectively delaying densification and suppressing severe stress fluctu-
ations. The extended plastic deformation stage results in a larger area 
under the stress–strain curve, thereby providing significantly enhanced 
energy absorption capacity prior to densification.

The Poisson’s ratio of each structure was calculated as the negative 
ratio of the transverse strain to the axial strain under quasi-static 
compression, i.e., 𝜈 = −𝜀x∕𝜀y, where 𝜀x and 𝜀y are the transverse and 
axial strains, respectively. This auxetic behavior mainly originates from 
the rotational deformation of the inclined re-entrant cell walls under 
compression, while the internal reinforcement units further influence 
the deformation coordination and transverse constraint within the unit 
cell. Following the methodology proposed by Esmaeili et al. [61], an 
axial strain level of 0.02 was selected for the calculation of the negative 
Poisson’s ratio in order to characterize the initial auxetic deformation 
behavior within the small-strain regime.

For the conventional RH and RHC structures, the inclined cell 
walls are relatively free to rotate during compression, producing strong 
lateral contraction with negative Poisson’s ratios of approximately 
−1.014 and −1.263, respectively. Although this relatively large ro-
tational freedom enhances the magnitude of the auxetic response, it 
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may also promote excessive transverse deformation, stress concentra-
tion, and non-uniform collapse during progressive compression. By 
contrast, the EARE structure, which incorporates elliptical internal 
reinforcement, exhibits a smaller magnitude of negative Poisson’s ratio 
of approximately −0.813. The elliptical units partially constrain exces-
sive transverse contraction and regulate the rotational deformation of 
the inclined members while still preserving auxetic behavior, thereby 
improving deformation coordination and compression stability.

The proposed REDA structure, which combines elliptical reinforce-
ment with double-arrow load-transfer components, exhibits a negative 
Poisson’s ratio similar to that of EARE, approximately −0.813. The 
elliptical units provide continuous internal support and suppress ex-
cessive inward collapse, while the double-arrow members facilitate 
progressive rotational deformation and stress redistribution between 
adjacent cells. As a result, the REDA structure maintains coordinated 
auxetic deformation over a broader strain range and simultaneously 
exhibits improved plateau stress stability, delayed densification, and 
enhanced energy absorption performance.

In addition, the SRH structure, incorporating strong star-shaped 
internal reinforcements, exhibits the smallest magnitude of negative 
Poisson’s ratio, approximately −0.281. The strong geometric constraint 
imposed by the star-shaped members suppresses transverse contraction 
and limits the rotational deformation of the inclined walls, thereby 
reducing the auxetic effect.

These observations indicate that a larger magnitude of negative 
Poisson’s ratio does not necessarily correspond to superior mechanical 
performance. Excessive lateral contraction may reduce deformation 
stability and accelerate instability propagation during compression. 
By contrast, moderate restriction of transverse deformation through 
internal reinforcement can improve deformation coordination, delay 
local buckling, stabilize the plateau stress response, and enhance en-
ergy absorption prior to densification. Furthermore, the initial auxetic 
response is primarily associated with the rotational deformation of the 
inclined walls, whereas the subsequent plateau stage is governed by 
progressive plastic hinge formation, internal load redistribution, and 
coordinated collapse among neighboring cells. In the REDA structure, 
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Fig. 6. Comparison of energy absorption under different 𝛼 values. a. Stress–strain curves for different values of 𝛼; b. Effect of varying 𝛼 on plateau stress;
c. Effect of varying 𝛼 on EA and SEA; d. Finite element results under quasi-static compression for different values of 𝛼.
the elliptical and double-arrow reinforcements help sustain this coordi-
nated deformation over a broader strain range, thereby improving both 
auxetic stability and energy absorption efficiency.

The corresponding energy absorption performance of the different 
structures under quasi-static compression at the same relative density 
is shown in Fig.  5c. Compared with RHC, RH, SRH, and EARE, the 
REDA structure exhibited significantly enhanced mechanical perfor-
mance. Specifically, the plateau stress of REDA increased by 81.98%, 
60.60%, 62.92%, and 18.88%, respectively, while the SEA increased by 
202.07%, 138.30%, 67.16%, and 52.14%, respectively, demonstrating 
the superior energy absorption capability of the REDA structure among 
the compared configurations.

3.3. Parametric studies

Since quasi-static compression is widely representative in engi-
neering, understanding the influence of geometric parameters on me-
chanical performance is essential for structural optimization and pre-
diction [62]. In the present study, the developed theoretical model 
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incorporates the coupled influence of the key geometric parameters 
through the derived plateau stress formulation. The re-entrant angle 𝛼, 
the double-arrow angles 𝛽 and 𝛾, and the strut thickness 𝑡 collectively 
affect the deformation behavior, load-transfer paths, and plastic energy 
dissipation of the REDA structure. Based on this, the parametric study 
focuses on these representative geometric variables and analyzes their 
influence on the EA, SEA, and plateau stress of the REDA structure 
within practical parameter ranges. For the experimental and numerical 
parametric analyses, a controlled-variable strategy is adopted, in which 
only one parameter is varied at a time while the remaining parameters 
are kept constant, so as to clearly reveal the dominant mechanical 
trends associated with each geometric variable.

3.3.1. Effect of 𝛼
Four REDA structures with different unit cell angles 𝛼 were obtained 

by keeping 𝛽 = 60◦, 𝛾 = 30◦, 𝑡 = 0.8mm, 𝑙 = 10mm, and 𝑤 =
18mm constant, and increasing 𝛼 from 50◦ to 80◦ in increments of 10◦. 
As shown in Fig.  6a, finite element stress–strain curves indicate that 
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Fig. 7. Comparison of energy absorption under different 𝛽 values. a. Stress–strain curves for different values of 𝛽; b. Effect of varying 𝛽 on plateau stress;
c. Effect of varying 𝛽 on EA and SEA; d. Finite element results under quasi-static compression for different values of 𝛽.
overall stress decreases with increasing 𝛼. Fig.  6b shows good agree-
ment between theoretical and FEA plateau stresses, with relative errors 
mostly within 5%, and a clear decreasing trend as 𝛼 increases. This 
occurs because smaller 𝛼 allows earlier and fuller engagement of the 
double-arrow connections, effectively suppressing local buckling and 
forming more plastic hinges, whereas larger 𝛼 delays force transmission 
and reduces structural stability. As shown in Fig.  6c, EA and SEA follow 
a similar trend, decreasing with larger 𝛼 because smaller angles produce 
elongated ellipses that enhance connectivity, while larger angles yield 
more rounded ellipses with weaker support.

As shown in Fig.  6d, REDA deformation modes vary with 𝛼 under 
quasi-static compression. At 10% strain, all structures exhibit relatively 
uniform local buckling. As 𝛼 increases, elliptical units become more 
rounded, dispersing buckling in the middle region. At 20% strain, the 
V-shaped buckling band propagates toward both ends, with smaller 𝛼
producing concentrated bands and larger 𝛼 forming clearer continu-
ous paths. Excessively large 𝛼 causes premature instability. By 30% 
strain, smaller 𝛼 maintains uniform collapse, while larger 𝛼 leads to 
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local instability and overall non-uniform collapse of the structure, as 
indicated by the regions circled with red ellipses in Fig.  6d, where lo-
calized deformation concentration and premature inward collapse can 
be observed. All structures reach densification at 40% strain. Overall, 
increasing 𝛼 shifts deformation from uniform collapse to concentrated 
abrupt failure, reducing energy absorption and compression stability.

3.3.2. Effect of 𝛽
Four REDA structures with different unit cell angles 𝛽 were obtained 

by keeping 𝛼 = 60◦, 𝛾 = 30◦, 𝑡 = 0.8mm, 𝑙 = 10mm, and 𝑤 = 18mm
constant, while 𝛽 was increased from 50◦ to 80◦ in increments of 10◦. 
Fig.  7a shows finite element stress–strain curves for different 𝛽 values. 
As 𝛽 increases, stress slightly rises in the plastic and densification 
stages, indicating modestly improved compressive capacity. Fig.  7b 
shows good agreement between theoretical and FEA plateau stresses, 
with relative errors within 5%. Plateau stress moderately rises with 
larger 𝛽 as the long edges of the double-arrow units engage the re-
entrant inclined edges earlier, allowing more continuous load-bearing 
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Fig. 8. Comparison of energy absorption under different 𝛾 values. a. Stress–strain curves for different values of 𝛾; b. Effect of varying 𝛾 on plateau stress;
c. Effect of varying 𝛾 on EA and SEA; d. Finite element results under quasi-static compression for different values of 𝛾.
in the plastic phase. EA and SEA show a similar slight upward trend, 
as shown in Fig.  7c. Overall, changes are minor, since deformation is 
mainly governed by the re-entrant honeycomb and elliptical units, with 
double-arrow units primarily affecting load transfer timing.

Fig.  7d shows finite element deformation modes during quasi-static 
compression for different 𝛽 values. At 10% strain, all structures show 
V-shaped buckling in the upper region. Larger 𝛽 reduces the initial 
angle between the double-arrow long edge and re-entrant inclined 
edge, allowing earlier engagement and more pronounced V-shaped 
bands. At 20% strain, V-shaped bands also appear in the lower re-
gion. Small 𝛽 maintains uniform, stable buckling paths, while larger 𝛽
causes broader contact, concentrated local collapse, rapid pore shrink-
age, and uneven folding. By 30% strain, larger 𝛽 produces irregular 
folding with extensive double-arrow deformation, and by 40% all struc-
tures reach densification. Overall, increasing 𝛽 advances buckling and 
slightly improves energy absorption, while the re-entrant honeycomb 
and elliptical units remain the main contributors.
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3.3.3. Effect of 𝛾
Four REDA structures with different unit cell angles 𝛾 were obtained 

by keeping 𝛼 = 60◦, 𝛽 = 60◦, 𝑡 = 0.8mm, 𝑙 = 10mm, and 𝑤 = 18mm
constant, while 𝛾 was increased from 30◦ to 60◦ in increments of 
10◦. Fig.  8a shows finite element stress–strain curves for different 𝛾
values. As 𝛾 increases, stress initially rises and then decreases. Small 𝛾
yields low, smooth curves, while larger 𝛾 increases stress but introduces 
fluctuations, indicating enhanced yet less stable load-bearing. At 𝛾 =
60◦, the curve drops as the two short sides of the double-arrow unit 
merge into a single vertical edge, reducing load paths and transfer 
efficiency. Fig.  8b shows good agreement between theoretical and FEA 
plateau stresses, with most relative errors within 5%. Overall, plateau 
stress generally rises with 𝛾, since larger angles require greater rotation 
of the double-arrow units to sustain energy absorption during the 
plastic stage, though 𝛾 = 60◦ slightly reduces it. As shown in Fig.  8c, 
EA and SEA follow a similar trend. Overall changes are minor because 
energy absorption is mainly governed by the re-entrant honeycomb and 
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Fig. 9. Comparison of energy absorption under different 𝑡 values. a. Stress–strain curves for different values of 𝑡; b. Effect of varying 𝑡 on plateau stress; c.
Effect of varying 𝑡 on EA and SEA; d. Finite element results under quasi-static compression for different values of 𝑡.
elliptical units, while variations in the double-arrow units mainly serve 
to prolong deformation.

Fig.  8d shows the finite element deformation modes under dif-
ferent 𝛾 values during quasi-static compression. At 10% strain, all 
structures exhibit central V-shaped buckling bands. With increasing 
𝛾, the short edges of the double-arrow units become more vertical, 
delaying load-bearing engagement and promoting more concentrated 
and less continuous buckling. At 20% and 30% strain, smaller 𝛾 values 
maintain progressive and continuous collapse with relatively intact 
pores, whereas larger 𝛾 values exhibit pronounced diagonal collapse, 
irregular local buckling, and concentrated deformation. At 40% strain, 
all structures approach densification, with smaller 𝛾 showing more 
uniform compaction and larger 𝛾 displaying localized collapse. Overall, 
increasing 𝛾 shifts the deformation mode from uniform and stable to 
concentrated and irregular, with 𝛾 = 60◦ inducing a distinct instability 
due to the merging of the short edges into a single vertical edge.
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3.3.4. Effect of 𝑡
Four REDA structures with different unit cell thicknesses 𝑡 were 

modeled by increasing 𝑡 from 0.6 mm to 0.9 mm in 0.1 mm increments, 
while keeping 𝛼 = 60◦, 𝛽 = 60◦, 𝛾 = 30◦, 𝑙 = 10 mm, and 𝑤 =
18 mm constant. Fig.  9a shows the stress–strain curves under quasi-
static compression, indicating that increasing 𝑡 raises the overall stress 
level. As shown in Fig.  9b, the theoretically predicted plateau stresses 
agree well with the finite element results and increase monotonically 
with increasing 𝑡. Especially at large strains, because the thicker cell 
walls exhibit higher bending stiffness due to the increased inertia of 
the cell wall cross-section. Correspondingly, Fig.  9c shows that both 
EA and SEA increase with thickness, as the enhanced bending stiffness 
and load-bearing capacity allow the structure to sustain higher stresses 
and absorb more energy during compression.

Fig.  9d shows the deformation modes under different thicknesses 𝑡
during quasi-static compression. At 10% strain, structures with small 𝑡
develop large V-shaped buckling bands with deformation localized in 
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Fig. 10. Experimental evaluation of the protective performance of mechanical metastructures. a. Sandbox collision experimental setup of mini truck; b.
Comparison of different test cases after mini truck collision; c. Cushioning performance of mechanical metastructures under impact tests; d. Stress–strain responses 
of mechanical metastructures under quasi-static compression.
unstable regions, whereas increasing 𝑡 leads to more localized buck-
ling and broader load-bearing participation. At 20% strain, small 𝑡
causes severe cell instability and large bending, while larger 𝑡 pro-
motes progressive local bending with a stable global profile. By 30% 
strain, small 𝑡 results in rapid, layered collapse due to the spread of 
large-amplitude instability, whereas larger 𝑡 produces more uniform 
collapse with distributed buckling bands. At 40% strain, all struc-
tures approach densification, with small 𝑡 dominated by large bending 
and intercell contact, and larger 𝑡 exhibiting controlled, layer-by-layer 
buckling. Overall, increasing 𝑡 enhances cell-wall bending stiffness and 
load-bearing capacity, suppresses large-scale instability, and improves 
deformation uniformity, structural stability, and energy absorption.

4. Application demonstration for mini truck

To further evaluate the protective performance of the proposed 
REDA structure under practical impact conditions, a laboratory-scale 
mini truck low-velocity impact test was conducted to assess its energy 
absorption capability under dynamic loading. A simplified measure-
ment setup was developed to address the challenges of quantifying 
damage from low-velocity impacts, which are characterized by short 
durations and subtle effects. As shown in Fig.  10a, the setup consists 
of four main components: a sand box, an impact rod, a protective unit 
made of the REDA structure, and the mini truck body. The sand box was 
filled with fine sand. One end of the impact rod was inserted into the 
sand to measure the penetration depth as a proxy for the transmitted 
force, while the other end contacted the REDA specimen. During the 
test, the mini truck slid freely down a wooden ramp with a height of 
0.25 m and a length of 1 m. This sliding motion would ideally result 
in an impact velocity of approximately 2.2 m/s, neglecting friction and 
other energy losses. The entire collision process was recorded and is 
provided in the supplementary video. To investigate the protective per-
formance under different impact energies, the total mini truck mass was 
adjusted to 0.6 kg and 1.5 kg by adding steel blocks. The ramp height 
and length were kept constant, ensuring identical initial conditions 
before impact.

In the mini truck low-velocity impact experiments, the penetration 
depth of the impact rod is employed as an indirect quantitative indica-
tor of the residual impact energy transmitted through the protective 
structure. The principle of this experimental approach is based on 
the transfer and dissipation of impact energy during collision. During 
the impact process, the kinetic energy of the mini truck is partially 
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absorbed by the REDA structure through elastic bending, progressive 
buckling, localized deformation of the struts, and coordinated defor-
mation interactions among adjacent unit cells. The remaining energy 
is subsequently transmitted to the impact rod, which penetrates into 
the granular medium in the sand box. During this process, energy is 
further dissipated through frictional resistance, particle rearrangement, 
compaction, and local deformation within the sand medium. Therefore, 
the insertion depth of the rod reflects the amount of residual energy 
transmitted through the structure. A smaller penetration depth indi-
cates that a larger proportion of the impact energy has been absorbed 
by the structure, corresponding to better cushioning and protective 
performance, whereas a larger penetration depth indicates lower en-
ergy absorption efficiency. The penetration depth does not represent 
a direct measurement of stress or force, but serves as a comparative 
indicator of transmitted impact energy under identical experimental 
conditions. By maintaining consistent impact conditions throughout the 
tests, the penetration depth provides a practical and repeatable metric 
for evaluating the relative impact attenuation capability of different 
structures under low-velocity impact conditions.

Fig.  10b shows the impact-test results for the different structures 
under the two mass conditions. To comprehensively evaluate the pro-
tective performance of the REDA structure, two representative re-
entrant honeycomb structures, designated RH1 and RH2, were selected 
for comparison. The RH1 structure has the same unit size as the REDA 
structure, which allows an analysis of how differences in geometric 
configuration affect energy absorption performance. In contrast, the 
RH2 structure was designed to have the same relative density as 
the REDA structure, enabling a comparison of protective efficiency 
between different structural forms under equal material utilization. 
To ensure reliability, each structural configuration was tested three 
times under each mass condition, and the measured penetration depths 
showed good consistency across repeated tests, indicating satisfac-
tory experimental repeatability. Potential experimental uncertainties 
may originate from geometric deviations introduced during the FDM 
printing process, local thin-wall regions, micro-voids, interlayer bond-
ing defects, and slight impact alignment deviations during collision. 
These effects were minimized by maintaining consistent fabrication 
parameters and testing conditions for all specimens.

As shown in Fig.  10c, the penetration depths differed significantly 
among the structures under identical impact conditions. The REDA 
structure exhibited the smallest penetration depths in both mass cases, 
with values of only 18 mm at 0.6 kg and 45 mm at 1.5 kg. These values 
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are substantially lower than the 33 mm and 105 mm measured for the 
RH1 structure, and also lower than the 28 mm and 82 mm measured for 
the RH2 structure under the respective mass conditions. Compared to 
RH1, REDA reduced penetration depth by approximately 45.5% under 
the low-mass condition and 57.1% under the high-mass condition. The 
corresponding reductions compared to RH2 were 35.7% and 45.1%. 
These results clearly demonstrate that the REDA structure can signif-
icantly attenuate the transmitted impact load across different energy 
levels, confirming its superior energy absorption capacity and protec-
tive stability. A comparative analysis of the growth rates reveals that as 
impact energy increases, the penetration depth rises substantially for all 
three structures. The RH1 and RH2 structures showed growth rates of 
218% and 193%, respectively, while the REDA structure shows only a 
150% increase. Moreover, its absolute displacement remains the lowest 
among the three, indicating that the REDA structure can continuously 
absorb more energy under higher impact energies, thereby effectively 
reducing the transmitted impact load to the rear end.

These results indicate that the REDA structure provides enhanced 
load attenuation and structural stability across different impact energy 
levels. This macroscopic response is consistent with the stress–strain 
behavior presented in Fig.  10d. Within the small- to moderate-strain 
regime corresponding to the deformation range achieved in the low-
velocity impact demonstration, the REDA structure maintains a sub-
stantially higher stress level than RH1 and RH2. As energy absorption 
is proportional to the area under the stress–strain curve, the larger 
integral of REDA in this strain interval implies greater energy ab-
sorption even without entering a fully developed crushing stage. The 
superior impact attenuation capability of the REDA structure can be 
attributed to its enhanced initial stiffness and more coordinated de-
formation behavior. The enhanced initial modulus enables rapid stress 
buildup during early deformation, allowing more elastic energy to 
be stored at small strains. Meanwhile, the relatively higher stress 
plateau facilitates early-stage plastic dissipation before global instabil-
ity occurs. Consequently, energy is dissipated through controlled and 
distributed deformation rather than through abrupt structural collapse. 
Overall, these results highlight the dynamic response of the REDA struc-
ture under different impact conditions and demonstrate its superior 
performance compared with conventional re-entrant honeycomb struc-
tures. The REDA configuration consistently exhibits lower penetration 
depths and higher stress levels, indicating enhanced load attenuation, 
improved energy absorption, and greater structural stability across 
varying impact energies.

However, in the mini truck low-velocity impact tests, the REDA 
structure did not undergo complete failure. Only part of the impactor’s 
kinetic energy was absorbed by the structure, while a significant por-
tion was dissipated through interaction between the impact rod and 
the sand in the container, including friction and granular rearrange-
ment. The short duration of the impact and the distributed nature of 
the contact force further reduced the likelihood of global structural 
failure, resulting in relatively small deformation. These observations 
demonstrate the REDA structure’s capability for load attenuation and 
momentum buffering under different impact conditions, reflecting its 
ability to moderate transmitted loads during low-velocity impacts. 
Accordingly, the present results should be interpreted as supportive 
evidence of enhanced impact attenuation capability under low-velocity 
conditions rather than as a comprehensive quantitative assessment of 
dynamic crushing behavior.

In summary, compared with conventional re-entrant structures, 
REDA provides enhanced protective performance, highlighting its po-
tential for applications in vehicle crashworthiness, vibration mitigation, 
and engineering protective systems.

5. Conclusions and future works

This study proposes a novel re-entrant elliptical double-arrow hy-
brid honeycomb that integrates arrowhead connections and internal 
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elliptical supports to enhance load transfer and buckling resistance. 
Theoretical analysis, numerical simulations, and experiments consis-
tently demonstrate its excellent stability and energy absorption per-
formance. Compared with conventional re-entrant honeycombs, REDA 
exhibits significantly improved specific energy absorption. The pro-
posed theoretical model accurately predicts the plateau stress, showing 
good agreement with simulations. Parametric studies and mini truck 
impact tests further confirm its controllable deformation and supe-
rior load mitigation, highlighting its strong potential for lightweight 
energy-absorbing and protective applications.

However, the present work primarily focuses on quasi-static com-
pression behavior and single-material PLA specimens under relatively 
low-velocity impact conditions, with a limited number of unit cells con-
sidered in the numerical models. Therefore, the mechanical response 
of the REDA structure under dynamic loading and larger-scale config-
urations still requires further investigation. Future work will focus on 
high-strain-rate impact behavior, strain-rate-sensitive constitutive char-
acterization, repeated impact resistance, and dynamic failure mecha-
nisms, together with larger-scale periodic models and different material 
systems, including metallic and composite structures. More advanced 
constitutive formulations incorporating strain-rate sensitivity, damage 
evolution, and anisotropic effects will also be considered to further 
evaluate the crashworthiness and practical engineering applicability of 
the proposed structure under realistic service conditions.

In addition, PLA was selected in this study primarily because of 
its excellent printability, dimensional stability, and compatibility with 
FDM fabrication, which facilitates the reliable manufacturing and ex-
perimental validation of complex thin-walled auxetic structures. The 
present work mainly focuses on validating the proposed geometry-
driven design concept and its deformation and energy absorption mech-
anisms under quasi-static compression. Although PLA exhibits lower 
stiffness and impact resistance than metallic or composite materials, the 
enhancement mechanism of the REDA structure mainly originates from 
the synergistic interaction between the elliptical reinforcement units 
and the double-arrow load-transfer paths, and is therefore expected to 
remain effective across different material systems. If fabricated using 
metallic or fiber-reinforced composite materials, the REDA structure 
may achieve improved load-bearing capacity, specific energy absorp-
tion, and crashworthiness performance, although the associated defor-
mation and failure mechanisms may differ due to material-dependent 
behaviors. Future work will further investigate REDA structures fab-
ricated using metallic and composite materials under dynamic and 
repeated impact conditions.

Furthermore, the present numerical models employ a limited num-
ber of unit cells along the main in-plane directions to ensure compu-
tational efficiency and consistent comparison among different honey-
comb configurations. However, such finite-size models may introduce 
boundary effects and may not fully represent the bulk mechanical 
properties of large-scale periodic cellular structures. Increasing the 
number of unit cells may improve deformation coordination and re-
duce boundary-induced stress concentration, which may influence the 
plateau stress, energy absorption evolution, and deformation localiza-
tion behavior of the structure. In addition, the influence of directional-
dependent mechanical anisotropy under different in-plane loading ori-
entations also requires further investigation. Therefore, future work 
will establish larger-scale periodic numerical models to evaluate the 
bulk mechanical response of the REDA structure and reduce the influ-
ence of boundary constraints.

Finally, future work will establish a more comprehensive multi-
parameter optimization framework to investigate the nonlinear cou-
pling effects among geometric variables and to further optimize the 
balance between stiffness, deformation stability, auxeticity, and energy 
absorption performance of the REDA structure.
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