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Abstract: Based on the traditional re-entrant honeycomb, a novel re-entrant octagon honeycomb (ROH) is proposed. The deformation mode of the honeycomb under quasi-static compression is analyzed by numerical simulation, and the results are in good agreement with the experimental ones. The deformation modes, mechanical properties, and energy absorption characteristics of ROH along the impact and perpendicular directions gradient design are investigated under different velocities. The results indicated that the deformation mode of ROH is affected by gradient design along the direction of impact and impact speed. In addition, gradient design along the direction of impact can increase the initial peak stress of ROH and accelerate its densification phase. Gradient design perpendicular to the impact direction can enhance the energy absorption performance of ROH, especially for ROH, with wall thickness increasing from the inside outwards. Compared to ROH with uniform wall thickness at the same relative density, ROH with a gradient design can increase the plateau stress by over half. With the elevation of impact velocity, the plateau stress and specific energy absorption exhibit an upward trend, aligning with the dynamic performance pattern observed in conventional honeycombs. The results can be used as a reference for the design and application of honeycomb and provide a new idea for developing more efficient and reliable energy-absorbing materials.
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1  Introduction

As a highly representative lightweight porous material, honeycombs exhibit numerous outstanding mechanical properties and find applications in aerospace [1], vehicle engineering [2], and various other fields [3]. Over the past few decades, some novel honeycombs have been designed and explored through theoretical analysis [4], experiments [5], and numerical simulations [6]. Currently, honeycombs with various cross-sectional shapes have been developed and studied, including hexagonal [7], square [8], circular [9], and triangular [10]. However, these traditional honeycombs often fail to meet the requirements for high-performance, lightweight materials in many applications. Therefore, it is imperative to develop honeycomb materials with enhanced properties through design [11].

As commonly recognized, the topological configuration significantly impacts the performance of honeycomb materials [12]. Negative Poisson’s ratio structure has been widely investigated due to its excellent properties, such as fracture resistance, high shear modulus, and strong ductility [13]. Shen et al. [14] proposed a variable arc angle inward-corrugated honeycomb with a negative Poisson’s ratio and indicated that the arc angle significantly influences the effective elastic modulus. The effective Poisson’s ratio is more noticeably affected by the arc angle, the length of vertical wall panels, and the width between two vertical wall panels, while the impact of the length of the connecting part is less evident. Liu et al. [15] introduced an airbag-type negative Poisson’s ratio honeycomb structure, discovering that compared to the traditional inward hexagonal structure, the airbag-type honeycomb structure exhibits higher plateau stress and specific energy absorption, improving impact resistance and energy absorption capabilities. Bohara et al. [16] introduced a dual-mechanism auxetic (DMA) sandwich structure for blast protection. DMA combines auxetic compression and tension behavior, enhancing its protective capacity. Computational models in LS-DYNA were validated and employed to assess DMA’s energy absorption, stress mitigation, and deflection control. DMA outperformed an equivalent solid plate, and parametric studies revealed its optimal design for various blast environments. Liu et al. [17] proposed a novel cross-shaped negative Poisson’s ratio honeycomb structure and investigated the influence of the rod length ratio coefficient and impact velocity on its deformation modes. Focusing on star-shaped honeycomb structures, Huang et al. [18] provided a theoretical calculation model for the in-plane equivalent mechanical properties within the elastic deformation range, which has advantages over experimental methods. Liu et al. [19] introduced a novel chiral negative Poisson’s ratio structure, designed and fabricated configurations with different geometric parameters using 3D printing technology, and revealed that a stronger negative Poisson’s ratio effect within the structure corresponds to superior vibration-damping performance. Bohara et al. [20] evaluated the protective capacity of a re-entrant auxetic honeycomb-core sandwich panel (AHSP) for reinforced concrete slabs under high explosive detonations. Using numerical models validated with experimental data, AHSP outperformed a conventional honeycomb panel in energy absorption, pressure deflection, overpressure damping, and stress distribution.

In addition, gradient design is increasingly employed to enhance honeycomb performance. Numerous studies suggested that gradient honeycombs have significant potential to improve both mechanical [21] and energy absorption capacity [22]. Zhang et al. [23] proposed a variable cross-section of honeycomb materials, finding that the energy absorption performance of bidirectional negative gradient is superior to other structural configurations at medium to low speeds. Tao et al. [24] introduced a planar honeycomb with variable wall thickness, revealing that honeycombs with positive gradients exhibit significantly enhanced specific energy absorption (SEA) compared to those without gradients. Min et al. [25] investigated the in-plane impact performance of hexagonal honeycomb materials with gradient cell thickness by introducing the concept of gradient thickness, and indicated that concave hexagonal honeycomb materials with positive thickness gradients have better energy absorption and impact resistance. Wu et al. [26] introduced a novel approach by incorporating in-plane and out-of-plane thickness gradients into traditional honeycombs, resulting in a bidirectional gradient honeycomb design. They revealed that both types of gradients can augment the mechanical properties of honeycombs.

Accordingly, this study proposes a novel re-entrant octagon honeycomb (ROH) with a negative Poisson’s ratio, designed based on the traditional re-entrant honeycomb. It uses experiments and finite element methods to explore the mechanical performance and energy absorption characteristics of ROH. Hence, gradient designs along the impact and perpendicular-to-impact directions are applied to ROH while ensuring consistent relative density. Numerical simulation is then employed to investigate the mechanical performance and energy absorption capabilities of various gradients under different deformation modes and impact velocities.

2  Geometric Configurations

2.1 Geometric Description

It is known that honeycombs primarily dissipate energy through plastic deformation when subjected to impacts [24]. Hence, to improve the performance of honeycombs, a novel honeycomb with more plastic hinges is proposed in this study based on the traditional re-entrant honeycomb (TRH), as shown in Fig. 1. Since the unit cell of the novel honeycomb is created by adding two cell walls to the re-entrant octagon honeycomb, it is named the re-entrant octagon honeycomb (ROH).
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Figure 1: The geometric configurations of ROH

The deformation mode and energy absorption characteristics of the honeycomb are closely related to its relative density. The definition of relative density is as follows:

ρ¯=ρsρ0(1)

where ρs is the apparent density of the honeycomb and ρ0 is the density of the matrix material. The relative density of the ROH cell can be derived based on geometric relationships as follows:

ρ¯=(lcos⁡θ+hcos⁡θ+s)t(l−stan⁡θ)(h+s)cos⁡θ(2)

where l is the length of the horizontal cell wall, h is the length of the vertical support, θ is the concave angle, s is the height of the inclined angle, and t is the thickness.

2.2 Key Performance Index

The plateau stress (σm) and specific energy absorption (SEA) are two crucial indicators for assessing the energy absorption performance of honeycombs. The plateau stress is expressed as follows [24]:

σm=1εd∫0εdσ(ε)dε(3)

where εd is the onset strain of densification and σ(ε) denotes the stress varying with strain. Specific energy absorption is defined as the ratio of total energy absorbed to mass, calculated as follows [27]:

SEA=V∫0εdσ(ε)dεm=∫0εdσ(ε)dερ0(4)
where m is the mass of the honeycomb and V and ρ0 are the volume and density of the specimen, respectively. The energy absorption efficiency (η) is introduced to show the efficiency of energy dissipation of the honeycomb [4].
η=∫0εdσ(ε)dεσ(ε)(5)

3  Numerical and Experimental Methods

3.1 Finite Element Model

The in-plane compression of the ROH is simulated using the explicit dynamics software ABAQUS/Explicit. Fig. 2 illustrates the finite element numerical model, where the honeycomb is sandwiched between two rigid plates. The bottom plate is subject to constraints and confinement, effectively restraining all degrees of freedom of the rigid plates. The top plate compresses the honeycomb at a constant speed. In the simulation, a rigid body is utilized to construct the steel plate model, and ROH is modeled using C4R with five integration nodes in the thickness direction. Surface-to-surface contacts are employed to mimic the interactions between the unit cell and the two plates, while general contact is utilized to simulate the self-contact within the unit cell. A friction coefficient of 0.3 is adopted in the tangential direction. In addition, the matrix material of ROH is aluminum alloy AA3003 H18 [28] with density ρ=2700 kg/m3, Young’s modulus E=69 GPa, Poisson’s ratio ν=0.3, yield stress σy=115.8 MPa, and ultimate stress σy=154.5 MPa. Because AA3003 H18 is insensitive to the strain rate, the effect of strain rate is ignored in this study [5].
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Figure 2: Finite element model of ROH under axial compression

The mesh size can specifically impact the accuracy of finite element calculations. Therefore, this section discusses five different mesh sizes of 0.25, 0.75, 1.25, 2, and 3 mm. Since the thinnest cell wall thickness of the honeycomb explored in this study is 1 mm, a mesh convergence test was conducted on ROH with t=1 mm. The results of the convergence test are shown in Fig. 3. The plateau stress of the ROH exhibits a relatively close resemblance under mesh sizes of 0.25 and 0.75 mm, with a mere 3.71% discrepancy in the results. As the mesh size enlarges, σm also rises. This analysis suggests that as the mesh size diminishes, the mesh test outcomes tend to converge. Given the minor deviation in the analysis results of the 0.75 mm mesh and the consideration of time efficiency, the 0.75 mm mesh will be utilized for subsequent research and discussions.
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Figure 3: Plateau stress of ROH with different mesh sizes

3.2 Experimental Test

The additive manufacturing techniques was adopted in this study to fabricate the ROH. The matrix material used for 3D printing was C-UV 9400E. C-UV 9400E is a stereolithography resin with precise and durable characteristics, similar to ABS. Based on ASTM D638-22 standard [29], uniaxial tensile tests were conducted on three dog-bone shaped specimens using the SANS CMT5205 electronic universal testing machine to obtain the mechanical properties of C-UV 9400E. The loading velocity was kept at 2 mm/min. Fig. 4 shows the dog-bone shaped specimens and experimental setup. Based on the text results, the typical stress-strain curve of C-UV 9400E is plotted in Fig. 4d, and the mechanical property parameters of C-UV 9400E were obtained as follows: density ρs=1100 kg/m3, Young’s modulus Es=2400 MPa, Poisson’s ratio ν=0.45, yield strength σy=22.7 MPa, and ultimate stress σy=43.6 MPa.
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Figure 4: (a) Geometric dimensions of dog-bone shaped, (b) standard tensile specimens, (c) perform tensile test setup for standard tensile specimens, and (d) stress-strain curve of C-UV 9400E

Fig. 5a indicates that the ROH specimens consist of 6 × 5 cell elements arranged along the x × y direction. Table 1 provides the detailed geometrical parameters of these ROH specimens. The overall dimensions of the ROH specimens are 92 mm × 76 mm × 25 mm. The experimental setup adopted in this study is shown in Fig. 5b. A quasi-static compression experiment was conducted on the ROH specimen on a universal testing machine. The ROH specimen was placed at the center of the bottom plate of the testing machine. During the experiment, the upper plate remained stationary while the lower plate slowly rose at a speed of 2 mm/min until the sample was completely crushed. A total of three ROH samples were subjected to the same experiment to avoid any chance of results.
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Figure 5: (a) Specimens of C-UV 9400E material fabricated by 3D printing and (b) in-plane quasi-static compressive test setup for ROH
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3.3 Validation of Finite Element Modeling Method

The quasi-static compression experiment is adopted to compare the numerical results and validate the accuracy of the finite element method. The potential for excessively long computational times is used when using a low loading rate in Abaqus/Explicit. Hence, the loading mode in the finite element simulation was set to dynamic explicit, with a loading speed of 1 m/s to simulate the quasi-static compression process [4]. Fig. 6 depicts a comparative analysis of the result from quasi-static compression experiments and finite element simulations conducted on ROH. Fig. 6 indicates that the stress-strain curves from the experiments and simulations are relatively consistent, particularly between strains of 0.25 and 0.5, where the stress-strain curves from simulations closely match those from experiments. Fig. 7 shows that at a strain of 0.18, ROH undergoes uniform deformation, contracting towards the center. At a strain of 0.36, slight protrusions appear on the upper and lower parts of ROH in different directions, with a diagonal shear band forming in the middle. At a strain of 0.54, the diagonal shear band widens, leaving only the diagonals of the rectangle relatively intact. At a strain of 0.72, all cells collapse, and the honeycomb achieves densification to a large extent. During the compression process, it can be observed that the ROH contracts inward, exhibiting a pronounced negative Poisson’s ratio effect. Upon examining the deformation modes of both the experimental sample and the model, it can be found that their deformation patterns are virtually indistinguishable under the same strain. Upon comparison, it can be concluded that there is consistency between the experimental and simulated results, affirming the reliability of the finite element simulation method in studying the energy absorption characteristics of the re-entrant octagon honeycomb model. Based on the finite element simulation results, various gradient ROH impact performance and energy absorption mechanisms will be further explored.
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Figure 6: Comparison of experimental and simulation results
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Figure 7: Comparison of deformation modes between experiments and simulations

4  Results and Discussion

4.1 Gradient Design along the Direction of Impact

Based on Xiao et al.’s study [30], when subjected to medium to high-speed impacts (greater than 20 m/s), honeycombs undergo densification strains initially near the impact end, followed by layer-by-layer deformation downward. In this section, under an impact velocity of 20 m/s, a gradient design (Fig. 8) of cell wall thickness is applied to ROH in the impact direction (i.e., the y-direction). This is done to achieve a deformation pattern similar to that of low-speed impacts (5 m/s) and then to compare the energy absorption performance of the honeycomb with the same relative density before and after the gradient design. ROH-2 with varying cell wall thickness in the y-direction was designed, as depicted in Fig. 8. In contrast, ROH-1 features a uniform wall thickness of 0.274 mm to maintain consistent relative density.
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Figure 8: Cell wall thickness of ROH-2

Fig. 9a depicts the deformation pattern of the uniform wall thickness ROH-1 under an impact speed of 5 m/s. Fig. 9b illustrates the deformation pattern of the uniform wall thickness ROH-1 under an impact speed of 20 m/s. Fig. 9c shows the deformation pattern of ROH-2 that underwent gradient design along the impact direction under an impact speed of 20 m/s. Fig. 9 indicates that at a strain of 0.27, the deformation mode exhibited by ROH-2 under an impact velocity of 20 m/s is consistent with the deformation mode displayed by ROH-1 when subjected to an impact velocity of 5 m/s. Both exhibit overall contraction towards the center, with bending deformation occurring at both the impact and support ends, forming an ‘X-shaped’ shear band. In addition, ROH-1 under 20 m/s impact velocity undergoes deformation primarily near the impact zone, with no significant changes observed elsewhere.
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Figure 9: Deformation patterns before and after gradient design along the impact direction

Fig. 10 presents the stress-strain curves of the ROH-1 and ROH-2. It exhibits that, in the early stages of 20 m/s impact, the peak stress of ROH-2 is significantly higher than that of ROH-1. This is attributed to the larger wall thickness near the impact end of ROH-2. When strain varies from 0.1 to 0.5, the stress-strain curves of ROH-1 and ROH-2 fluctuate at the same horizontal level. When the strain exceeds 0.6, ROH-2 exhibits an increase in stress, entering the densification phase earlier. Considering the deformation mode, this can be due to the initial failure occurring at the region with a minimum wall thickness of 0.2 in ROH-2 while ROH-1 is still in the plateau stage. After a strain of 0.7, the stress of ROH-1 also begins to increase significantly, reaching densification. The plateau stresses for ROH-1 and ROH-2 are 0.345 and 0.352 MPa, respectively.
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Figure 10: Stress-strain curves of ROH-1 and ROH-2 at an impact speed of 20 m/s

The comparison of the energy absorption efficiency between ROH-1 and ROH-2 shows similarities, while ROH-2 exhibits slightly higher absorption energy than ROH-1, as shown in Fig. 11. However, its inflection point of ROH-2 occurs earlier than that of ROH-1, attributed to ROH-2 entering the densification stage earlier. Fig. 12 shows that when the strain is less than 0.1, the absorption efficiency of ROH-1 is significantly higher than that of ROH-2. However, once the honeycomb enters the plateau phase, the energy absorption efficiency of ROH-2 is superior to that of ROH-1. However, once the strain surpasses 0.6, the energy absorption efficiency of ROH-2 experiences a noticeable decline, whereas for ROH-1, this decrease occurs notably after 0.7.
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Figure 11: SEA of ROH-1 and ROH-2 under 20 m/s impact
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Figure 12: Energy absorption efficiency of ROH-1 and ROH-2 under 20 m/s impact

4.2 Gradient Design along the Direction Perpendicular to the Impact

This section proposes five gradient ROHs based on the wall thickness variation perpendicular to the impact direction. Fig. 13 shows the wall thickness distribution, where the same color represents the same wall thickness. The specific parameters of wall thickness are listed in Table 2.
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Figure 13: The geometric configurations of ROH-6
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Fig. 14 indicates that the dynamic performance of ROH follows a pattern similar to that of traditional re-entrant honeycomb [30]. Initially, upon impact, ROH remains in the elastic phase where stress and strain exhibit a linear relationship. Stress sharply rises with strain until reaching a peak stress. Following the peak stress, the honeycomb enters a plateau phase where stress fluctuates slightly with increasing strain. As the strain approaches around 0.6, the honeycomb transitions into a densification phase, marked by a significant increase in stress. Fig. 15 demonstrates that the energy absorption efficiency of each gradient is similar.
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Figure 14: Stress-strain curves of each gradient at an impact speed of 20 m/s
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Figure 15: Energy absorption efficiency curves of each gradient at an impact speed of 20 m/s

Fig. 16 shows the plateau stresses of different gradient ROH at various velocities. As the velocity increases, the plateau stresses of all graded honeycombs become larger. ROH-6 exhibits the highest plateau stress at the same velocity, while ROH-3 has the smallest. At an impact velocity of 20 m/s, the plateau stress of ROH-6 is 50% higher than that of ROH-3, indicating that the gradient design perpendicular to the impact direction positively impacts the honeycomb’s energy absorption.
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Figure 16: Plateau stress of each gradient at different speeds

Considering the specific energy absorption in Fig. 17, higher velocities result in greater specific energy absorption, and at each velocity, ROH-6 shows the highest specific energy absorption. This indicates that ROH with larger gradients perform better in energy absorption under medium to low-speed impacts (20–50 m/s).
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Figure 17: SEA of each gradient at different speeds

Mechanism analysis revealed that the reinforcement of the honeycomb structure is attributed to the special relationship between its graded variable relative density and graded variable compressive strength [31]. In short, by dividing a honeycomb with gradient wall thickness into different zones and calculating the compressive strength of each zone separately, the overall compressive strength can be obtained, similar to the behavior of parallel springs. For ROH, the linear relationship between the wall thickness and relative density in each zone, combined with the nonlinear relationship between the wall thickness and compressive strength, contributes to enhancing the honeycomb’s energy absorption performance. In addition, as the difference in wall thickness between zones increases, the enhancement effect becomes more significant.

When the internal wall thickness is smaller than the external wall thickness, the outer cells collapse inward, exhibiting uneven lateral deformation. This, coupled with the strength difference, leads to unstable deformation. In contrast, when the internal wall thickness is greater than the external wall thickness, the honeycomb can deform more stably along the impact direction without easily tilting to one side, resulting in smaller lateral displacement of the cells. In addition, the stress-strain curves in Fig. 14 show that the ROH with graded design enters the densification stage earlier, resembling the “shortest plank” effect, where the actual densification strain of the entire ROH is determined by the densification strain of the zone with the smallest wall thickness.

5  Conclusion

Based on the mechanical performance and energy absorption characteristics of a traditional re-entrant honeycomb, a novel re-entrant octagon honeycomb with a negative Poisson’s ratio is proposed, and its validity is confirmed through experimental validation of finite element methods. The mechanical properties and energy absorption characteristics of gradient-designed ROH along the impact and perpendicular directions under various deformation modes and impact velocities are investigated through simulation analysis. The following conclusions are drawn:

(1) Implementing a gradient design to maintain a similar deformation mode for ROH at 20 m/s as it experiences at 5 m/s does not significantly impact its energy absorption performance. However, the ROH with gradient design exhibits a notable increase in initial peak stress upon impact, and it enters the densification phase earlier.

(2) A gradient design perpendicular to the impact direction enhances the energy absorption performance of ROH to a certain extent. In addition, ROH, with a more pronounced increase in wall thickness from the inside to the outside, exhibits higher plateau stress and specific energy absorption. As the impact velocity increases, both the plateau stress (σm) and specific energy absorption (SEA) show an increasing trend, consistent with the dynamic performance pattern of traditional honeycombs.
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Table 1: Geometric parameters of ROH specimens
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Table 2: The detailed parameters of ROH

Honeycomb Thickness (mm) 0

ROH-3 0.3 0.0885
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