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Abstract: Hypervelocity space debris poses a serious threat to the surfaces of on-orbit spacecraft, and impacts can cause severe
damage. To ensure the safety and long-term operation of spacecraft in orbit, it is urgent to enhance their protective capabilities
against such hypervelocity impacts. Numerical investigations on the impact failure behavior of metal debris against bio-inspired

honeycomb sandwich structures were conducted using the finite element-smoothed particle hydrodynamics (FE-SPH) adaptive

SR B R: _ 2026-06-02 ; BEBH: _ 2026-07-18

HEEWAE - ﬁ?;‘tﬁﬁ%zﬂ’wﬁ@im%/tlﬂfﬁﬁb”z??é’ﬁi‘%EEAM*JJMMH;-:U (LSSIKFJJ202404018)
F—fek: BHEE (2001- O, 5B, fiit, 878534035@qq.com

BfefEE: BReExE (1991- O , B, -+, B, chenjianyu@njust.edu.cn




mOE 5 &
Explosion and Shock Waves

coupling method. This numerical approach converts failed finite element meshes into smoothed particle hydrodynamics particles
that inherit the original physical properties of the elements, which effectively avoids energy non-conservation caused by element
deletion and achieves high-fidelity reproduction of the entire impact process with large deformation and material fragmentation.
First, by integrating gradient cell configurations with spiderweb-inspired topologies, a refined numerical model of a double-layer
bio-inspired honeycomb sandwich panel composed of alternating layers of CFRP face sheets and honeycomb cores was
established, and the reliability of the numerical model and algorithm in simulating impact damage and fragment cloud evolution
was verified. Subsequently, it was demonstrated that the dual-gradient design offers significant overall advantages over
conventional single-layer structures in effectively attenuating impact loads, controlling fragment cloud morphology, and
improving energy absorption efficiency. Then, the dynamic damage mechanisms and failure modes of the double-layer sandwich
panel under hypervelocity impact at 5818 m/s were revealed, clarifying how different cellular topologies regulate shock wave
propagation paths and structural failure processes. Finally, through systematic analysis of the efféets/of impact velocity within
the range of 2000-5000 m/s on structural mechanical response, damage evolution, fragment cleudicharacteristics, and energy
absorption performance, it was confirmed that the double-layer spiderweb honeycomb Sandwich ‘panel exhibits optimal
comprehensive protective performance. Results show that the designed bio-inspired“gradientl honeycomb sandwich panel
significantly enhances overall protection capability under hypervelocity impact by, inducing progressive layer-by-layer crushing
of the core and effectively controlling fragment cloud dispersion. The findings*provide important theoretical foundations and
references for future lightweight impact-resistant structural designs in spacecraft.

Keywords: Finite element-smooth particle adaptive coupling method;\ Bionic-honeycomb sandwich panel; Metal fragments;
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FELYN =28 - 0.33
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Fig.2 Fragment cloud morphology after an aluminum ball impacts a honeycomb core panel (hidden FEM part):(a)Numerical
simulation results of this study;(b) Numerical simulation results of Chen!?3]
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Fig.3 (a) Numerical simulation results of this paper (SPH particles hidden) ;(b) Numerical simulation results of this paper
;(c) Experimental results of Chen ;(d) Numerical simulation results of Chen[?*]
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Table 5 Experimental and Simulation Data

ZH JatR FFLERE HIAR 28 L 4% /cm
/em
Chen 1} FL45 23] 3.24 1.27
Chen 52645 H.[23] 33 1.2
AT AR 3.4 1.29
WE 1 11.55% 5.83%
WE D 23.33% 7.75%
ZH LE TN TTHE K T8 7 2 2l 1) 3 P (/)
(cm)
Chen {fj K 25 23] 2.56 4.55
Chen SE56 25 23] 237 4.38
AN AR 2.63 431
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Fig.4 Model diagram‘ef single-layer honeycomb structures: (a) Regular hexagonal honeycomb; (b) Spider-web honeycomb
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Fig.5 (a) Structure diagram of double-layer honeycomb sandwich panel; (b) Numerical calculation model of double-layer
honeycomb sandwich panel; (¢c) Mesh division of spherical projectiles; (d) Mesh diyiSion.efhoneycomb structure
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Fig.9 The Von Mises Stress diagram of the double-layer honeycomb sandwich panel after being impacted:(a) Side

view;(b) 30° tilted perspective view;(c) stress distribution of the honeycomb sandwich panel; (d) stress distribution of the
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Fig.10 Damage details of four types of double-layer honeycomb sa

S/panels at different times under the impact of
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Fig.11 Characteristic line patterns of four types of double-layer honeycomb sandwich panels at different times under the impact
of aluminum balls at 5818 m/s (bottom surface)
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Fig.12 The bottom surface shapes of four types of double-layer honeycomb sandwich panels at different times under the impact
of aluminum ballg’at,5818 m/s
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