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Abstract

To enhance energy absorption and ballistic resistance, a novel auxetic unit cell is in-
corporated into sandwich structures and evaluated in this work. Starting from a per-
forated design domain and tested under regulated compressive and impact loading
conditions, a topology optimization technique is used to create a re-entrant braced
auxetic (REBA) geometry with auxetic behavior. When compared to traditional designs,
the resultant unit cell significantly improves specific energy absorption under quasi-static
compression and shows a negative Poisson’s ratio. Finite element simulations confirm
that the optimized core offers enhanced mechanical performance compared to con-
ventional lattice designs. Using a hemispherical shell, the new unit cell is further in-
corporated into a sandwich design with many layers, mimicking the use of ballistic impact.
Superior ballistic resistance and energy dissipation over conventional core designs are
demonstrated by high-velocity impact simulations, highlighting the suggested structure’s
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potential for defensive applications. The results demonstrate how well topology-driven
design works to customize cellular materials for impact loads.

Keywords
sandwich structures, topology optimization, negative Poisson’s ratio, ballistic resistance,
energy absorption

Introduction

Auxetic cellular structures, characterized by a negative Poisson’s ratio, have attracted
increasing attention for impact and energy-absorption applications due to their ability to
undergo transverse contraction under compressive loading.' Researchers have recently
focused on establishing lightweight structures with excellent energy absorption capa-
bilities.” Sandwich structures have become prominent, offering robust strength and
stiffness while maintaining a minimal weight.>* Figure 1 illustrates a conventional
sandwich structure composed of a central core layer enclosed between two external face
sheets, highlighting the role of core geometry in structural performance. The outer layers
often consist of materials with much higher strength and stiffness than the core, providing
greater structural integrity.” Their exceptional characteristics make them ideal for use in
various industrial and military applications, including high-performance vehicles, hel-
mets, aerospace engineering, and automobile frameworks.® Such structures can be ad-
versely affected when subjected to high-speed impacts, resulting in local damage and
reduced strength.”

Extensive research, both computational and experimental, has been conducted to
investigate the ballistic behavior of sandwich structures under projectile impact.®*1°
Yahaya et al.'! investigated how different sandwich structure designs responded to foam
projectiles firing at varying speeds. Their findings indicated that in the mid-range velocity
spectrum (175-375 m/s), the honeycomb-core sandwich structure demonstrated greater
impact resistance. Nia and Kazemi'? demonstrated that altering the density gradients
within the core materials significantly enhanced energy absorption and alters the ballistic
limit. Arslan et al.'® conducted research on functionally graded face sheets integrated
with honeycomb-core sandwich designs, which discovered that these sheets effectively
improved resistance to impact while reducing deformation and enhancing resistance to
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Figure I. Sandwich structure with various core shapes.
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damage. Furthermore, Giines et al.'* outlined that reinforcing honeycomb sandwich

structures with functionally graded face plates can absorb significantly higher kinetic
energy than conventional designs. Kollop et al.'> observed that sandwich panels with a
dry fabric face sheet outperformed metallic aluminum skins with equal weight and
indentation due to greater penetration resistance of the fabric layer. Ding et al.'® analyzed
Ultra-High Molecular Weight Polyethylene (UHMWPE) composite armor against ogive-
nosed projectiles, detailing penetration mechanisms and energy dissipation. The need to
modify structural designs according to anticipated projectile characteristics is further
supported by the work of Sasikumar and Sundareswaran.'” Ansari et al.'® demonstrated
that the perforation behavior of GFRP laminates was strongly influenced by projectile
nose shape, impact angle, and target thickness, with blunt projectiles and oblique impacts
causing more damage and higher energy absorption.

Sandwich and lattice core structures impact response under dynamic loading con-
ditions has been the subject of several investigations. Abbasi et al.'® highlighted how
foam core stacking improved sandwich panels’ resilience to high-velocity impacts.
Kepler®® performed a detailed experimental investigation that examined the impact
penetration of sandwich panels at various velocities and established important perfor-
mance criteria. Ivanez et al.”"*? studied the numerical modeling of sandwich beams and
plates with honeycomb and foam cores, respectively, and highlighted their low- and high-
velocity impact responses. Similarly, Hou et al.>* tested the ballistic performance of
metallic sandwich panels utilizing aluminum foam cores, demonstrating improved energy
absorption capacities. Liu et al.** investigated the high-velocity impact scenarios in-
volving sandwich panels composed of metal fiber laminate skins integrated with alu-
minum foam cores, and found encouraging results in structural integrity and energy
dissipation. Mohamed et al.>> examined ballistic impact effects and highlighted the
critical role of core configurations like honeycomb and auxetic geometries in energy
absorption and damage mitigation. Walkowiak et al.*® demonstrated that auxetic
sandwich cores enhance energy absorption and reduce rear-face displacement under
ballistic loading compared to conventional cores. The drop-weight impact behavior of
sandwich panels with metallic micro-lattice cores was examined by Mines et al.”” who
emphasized the panels’ better energy absorption and damage tolerance. The buckling
behavior of sandwich panels with strut-based lattice cores, both locally and globally, was
examined by Georges et al.”® Dahiwale et al.?’ demonstrated the advantages of strut-
based topologies through analytical and numerical investigations of the buckling and
impact of lattice and triangular cores. The bending characteristics of sandwich panels
with cellular cores were studied by Yang et al.>* who discovered that core shape sig-
nificantly affects both load-bearing capacity and flexural stiffness. Utham et al.’’
demonstrated that a circular re-entrant star auxetic core improves impact energy ab-
sorption and dynamic resistance over conventional designs. These studies collectively
demonstrate important developments in the design, analysis, and optimization of
sandwich structures with different core topologies for improved dynamic performance.

Topology optimization techniques provide a powerful computational framework for
identifying efficient core structural configurations through optimal material distribution
under prescribed loading conditions. Depending on the optimization formulation,
manufacturing-related constraints such as minimum feature size, overhang limitations,
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and additive manufacturing requirements can also be incorporated into the design
process.>” Creating new lattice structures by optimizing their topology has shown great
promise in recent years for improving impact resistance and energy absorption. Un-
derstanding the developments in this field requires examining a variety of study findings
that provide different approaches, materials, and configurations designed to maximize
energy absorption capacities.>*>* Lin et al.*® emphasized the relevance of density
gradients in regulating the compressive behavior of functionally graded BCC lattice
forms. They concluded that these gradients enhanced ductile fracture behavior, which
was important for continuous energy absorption during impact events. Shi et al.*® further
supported these findings, demonstrating that gradient-density designs outperformed
uniform lattices in energy absorption experiments, particularly under quasi-static loading
circumstances. Zhang et al.>” used wood-based materials to strengthen 3D Kagome lattice
structures, showing that natural fibers may significantly increase energy absorption while
maintaining lightweight properties. Auxetic sandwich structures were optimized to
maximize mechanical efficiency and control Poisson’s ratio through geometric tailoring
by Francisco et al.*® Bohara et al.** improved energy absorption by employing topology
optimization to create lightweight auxetic structures. Better mechanical performance for
impact resistance in armored composite panels was demonstrated by their designs. The
previous research provided valuable insights that open pathways for designing lattice
cores in lightweight hemisphere shells, while offering superior impact-absorbing per-
formance. The majority of auxetic honeycomb designs, such as re-entrant and chiral
geometries, are rarely optimized for high-strain-rate impact scenarios despite their
benefits. The capacity of current auxetic cores to distribute material optimally for
maximum strain-energy absorption is limited because they are typically based on pre-
determined unit-cell topologies. Furthermore, despite reports of improved performance
under quasi-static and low-velocity loading, little is known about the ballistic behaviour
of auxetic cores in curved sandwich shells that are pertinent to aerospace and defence
applications. Furthermore, impact-induced deformation mechanisms and energy dissi-
pation are not specifically addressed by existing optimization methodologies, which
instead focus on static stiffness or strength. Therefore, topology-optimized auxetic
metamaterials have not yet reached their full potential for ballistic protection.

In this paper, a novel auxetic core is numerically designed through a topology op-
timization approach for sandwich structures. The auxetic core exhibits significant me-
chanical properties, aiming to enhance energy absorption and ballistic performance under
impact loading. Section 2 provides the experimental data® of a high-velocity impact test
using compressed air and infrared sensors. Hemispherical sandwich shell targets with
honeycomb core and aluminum face sheets were tested under controlled ballistic con-
ditions.® It also deals with the Finite Element (FE) model created in Abaqus/Explicit for
numerical validation. The simulation uses comprehensive meshing, bonding, and contact
definitions to examine structural reaction to projectile impact. A novel auxetic unit cell is
designed using topology optimization with TOSCA optimization in ABAQUS to enhance
energy absorption in Section 3. The design exhibits a negative Poisson’s ratio and
improved stress distribution under compressive loading. Furthermore, the ballistic impact
performance of the new auxetic core in a hemispherical shell configuration is assessed in
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Section 4. Key metrics, including ballistic limit, residual velocity, and absorbed energy,
are analyzed.

Research significance and novelty

Topology optimization has been used extensively to enhance the ability of sandwich
structures to absorb energy under challenging loading conditions, including blast and
shock loads. The optimization goals and resulting core structures in prior research are
mostly designed to withstand loading scenarios dominated by global stiffness, mass
distribution, and general structural compliance. However, the physical mechanisms and
failure modes of blast loading and ballistic impact are essentially different.

Highly localized loading, incredibly short contact periods, significant stress gradients,
gradual penetration, and material failure caused by plastic deformation and fracture are all
characteristics of ballistic impact. Several auxetic cellular structures, including re-entrant,
chiral, and double-arrowhead geometries, have demonstrated promising energy ab-
sorption characteristics. Nevertheless, most existing studies are limited to planar
sandwich panels or conventional auxetic topologies, while investigations involving
curved sandwich shells subjected to ballistic loading remain limited. In addition, previous
topology optimization studies have primarily focused on stiffness or general energy
absorption enhancement rather than ballistic-specific structural application.

The REBA configuration developed in the present work is not intended to represent a
completely new auxetic mechanism, but rather a topology-optimization-driven re-entrant
braced cellular architecture designed for improved ballistic energy dissipation. The
primary contribution of this study lies in the implementation and assessment of the
optimized auxetic core within a curved semi-hemispherical sandwich shell subjected to
high-velocity projectile impact. The ballistic performance is systematically evaluated
using metrics including ballistic limit, residual velocity, and absorbed energy under
varying geometric parameters such as cell length, wall thickness, and re-entrant angle.
Furthermore, the numerical framework is validated against an existing experimental
ballistic configuration before being extended toward the analysis of a topology-optimized
auxetic core in a curved shell application. Due to the absence of available experimental
ballistic data for the topology-optimized REBA core, the numerical framework was first
validated against experimental results for a conventional honeycomb sandwich structure
before being extended to the proposed auxetic topology. Therefore, the ballistic per-
formance results presented in this study should be regarded as an initial numerical
assessment of the proposed REBA core, while direct experimental validation remains a
subject for future investigation. Overall, the novelty of the present work lies in the
ballistic-oriented application and evaluation of a topology-optimized auxetic core within
arealistic curved sandwich shell configuration rather than in topology optimization alone
or in proposing a completely new auxetic topology.
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Experimental and numerical validation

This section briefly summarizes the experimental configuration and numerical model
adopted from Khaire et al.® which are used here to validate the finite element (FE)
framework before applying it to the proposed auxetic core design.

Experimental configuration

The system consists of a reciprocating air compressor coupled to a 950-liter pressure
vessel capable of storing compressed air at up to 40 bar. Figure 2 depicts a schematic of
the high-velocity impact test setup used to assess the ballistic performance of a hemi-
spherical sandwich shell structure. A compressed-air system launches an ogive-nosed
EN-24 steel projectile with a mass of 52.5 g, a length of 50.8 mm, a diameter of 19 mm,
and a hardness of Rc 47-52 toward the target. The projectile’s velocity was monitored
before and after impact using a dual-array infrared sensor system consisting of two sets of
transmitter-receiver pairs. This configuration enables the exact calculation of incident and
residual velocities using time-of-flight measurements. The velocity may be adjusted by
changing the internal pressure at the point of release. To minimize aerodynamic dis-
turbances, the free-flight distance between the barrel exit and the target was set to around
50 mm. The targets are hemispherical sandwich shell structures made of aluminum. Both
the front and back face sheets are made of AA-1100H12 aluminum alloy, with radii of
100 mm and 80 mm, respectively, and a uniform thickness of 1 mm. The core is a normal
hexagonal aluminum honeycomb built of AA-3003H18 alloy, with 3.2 mm cell size,
0.05 mm wall thickness, and a total core thickness of 20 mm. All components are joined
using a structural epoxy glue. Target shells were fastened to a 10 mm-thick steel
mounting plate with eight equally spaced steel bolts to ensure stable fastening. To
minimize collateral damage or bounce, bullets are trapped after impact in a cotton-filled
bullet-catching box located downstream of the target. A defined labeling protocol is
employed to distinguish between target configurations based on face sheet thickness, core
thickness, cell wall thickness, and cell size, allowing for comparison across numerous
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Figure 2. Schematic of the projectile impact experimental testing system®,
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experimental runs. This setup enables precise and repeatable testing of composite shells
under high-velocity impact, allowing detailed analysis of penetration and energy
absorption.

Numerical model

A numerical simulation was performed using the Abaqus Explicit Solver, a widely used
FE package. The modeled hemispherical sandwich shell structure consists of two face
sheets, an adhesive layer, a honeycomb core, and a projectile, as represented in
Figure 3(a), while the hexagonal unit cell is represented in Figure 3(b). A structural
epoxy adhesive layer of 0.2 mm thickness bonds the core to the face sheets. Six elements
are used across each face sheet’s thickness to guarantee that through-thickness stresses
and possible delamination are appropriately captured. Similarly, the adhesive layer,
which bonds the core to the face sheets, is discretized with two elements through its
thickness to reflect its structural role and potential debonding behavior.
Surface-to-surface contact with friction was defined between the projectile and the
face sheets, while tie constraints are used to model the bonded interfaces between the
adhesive, core, and face sheets. Furthermore, friction was modeled using a static-kinetic
exponential decay algorithm with a static friction coefficient of 0.27 and a kinetic co-
efficient of 0.16 to account for sliding and energy dissipation during penetration. Figure 4
depicts the damage mechanism occurring during projectile impact. At lower speeds, the
projectile embeds without completely penetrating, resulting in local deformation and core
crushing. At greater velocities, full perforation occurs, as shown by ductile tearing, petal
development in the face sheets, and core buckling. The stress is highly concentrated in the
impact zone, with peak values occurring in the front face sheet beneath the projectile. The
stress propagates radially and transfers through the thickness into the core. This localized
stress concentration causes plastic deformation of the face sheet, progressive core
crushing, and increased interfacial shear stresses that promote adhesive debonding.

e
S

3
e

Cell size= 3.2mm
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Figure 3. Semi-hemisphere shell with hexagonal honeycomb core: (a) FE numerical model, and
(b) Hexagonal unit cell.
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Figure 4. Deformation and penetration response of the sandwich shell subjected to an ogive-
nosed projectile.

Constitutive model. The combined effects of fracture, strain hardening, strain rate sen-
sitivity, massive plastic deformations, and thermal softening cause metals to behave in a
highly nonlinear manner under high-impact loading situations. This complex behavior
during impact is effectively modeled using the Johnson-Cook material model.*’

14 Ch (iio[)] {1 —T’"} (1)

_ pl = . . . . . .
where &/,&", T are equivalent plastic strain, equivalent plastic strain rate, and non-
dimensional temperature.
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The material constants 4, B, C, n, and m, which are essential for defining the material’s
constitutive behavior, are listed in Table 1. The metallic face sheets are modeled using the
Johnson-Cook fracture criterion, which computes failure strain based on stress triaxiality,

strain rate, and temperature. The fracture strain is modeled as a function of stress tri-
axiality, strain rate, and temperature by equation (3).

g-;’,l (Jm .}—?pl’ ?> _ |:Dl + Dy exp (D3%nﬂ 1+DsIn <§TII>

o
where constants D; to Ds represent the material-specific damage parameters, which are
calibrated through various experiments® are shown in Table 1. ,, is the mean stress,
while 2 denotes the stress triaxiality.
A ductile damage model*' is used for the honeycomb core and adhesive layer. This

model causes material failure when plastic strain accumulation surpasses a certain limit,

[1 +Dsﬂ 3)
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Table |. Material properties for face sheet, core, and adhesive layer.

Material properties Face sheet al-1100 Honeycomb core Al-3003 Adhesive layer
Density (kg/m®) 2700 2680 1500
Poisson’s ratio, v 0.3 0.33 0.33
Modulus of elasticity, E (N/mm?) 65762 67600 2500
B 345.513 143 -

n 0.183 0.36 -
Yield stress, A (N/mm?) 148.361 214 48

C 0.001 0.015 -

m 0.859 - -
Reference strain rate 1.0 1.0 -
Tmete (K) 893 - -

To (K) 293 - -

D, 0.071 - -

D, 1.248 - -

o —1.142 )

D4 0.147 - -

Ds 0.0 - -

allowing for gradual element removal to simulate physical material fracture. In the
present model, damage initiation is defined by the following condition in equation (4).

104

102

Bullet Residual Velocity (m/s)
© © )
[=X} [ (=}
1 1 1

o
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T T
0.0 0.1 0.2 0.3 0.4 0.5
Mesh Size (mm)

Figure 5. Variation of bullet residual velocity with mesh size.
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where Wp is the damage variable linked to plastic deformation. For the adhesive and
honeycomb core, shear failure strain values of 0.02 and 0.4 are employed, and all material
properties are illustrated in Table 1.

Figure 5 displays the variation of bullet residual velocity with mesh size, comparing
numerical predictions against experimental measurements to assess mesh sensitivity and
convergence. The numerical solution shows low sensitivity and near-converged behavior
for fine meshes (0.05-0.5 mm), where the residual velocity remains almost constant. As
the mesh becomes coarser (>0.3 mm), the numerical residual velocity increases sig-
nificantly, indicating strong mesh dependency and overprediction of the residual velocity,
which indicates a lack of convergence.

Model verification. Table 2 provides a comparison of numerical and experimental data for
the residual velocity of a projectile striking the sandwich structure at different impact
velocities. By comparing it with actual test data, the objective is to confirm the predictive
ability of the numerical model. For all impact speeds, there is excellent agreement
between the experimental and numerical residual velocities. The error is constantly
within 5%, except for one case, indicating that the differences are negligible. The
discrepancy at 100 m/s impact velocity between experimental and numerical could arise
from idealized modelling assumptions such as perfect bonding and material behavior.
Near the ballistic limit, where experimental results are extremely sensitive to minute
changes in material behavior and impact conditions, these simplifications might mar-
ginally overpredict penetration. Overall, the results suggest that the ballistic response of
the auxetic sandwich structure can be accurately predicted by the numerical model.

Novel auxetic design by topology optimization

In this work, topology optimization is performed on the auxetic lattice structure using
Tosca Structure, which is incorporated into Abaqus. The goal is to improve the me-
chanical performance-to-weight ratio by increasing structural strain energy while re-
ducing material utilization. This formulation is suitable for generating lightweight auxetic

Table 2. Residual velocity of sandwich shell under ogive impact.

Residual velocity (m/s)

Bullet impact velocity (m/s) Experimental® Numerical Percentage error (%)
140 91.2 94.56 3.68

127 67.75 70.90 4.65

14 40.2 42.16 4.88

100 0 9.75 -

98 0 0 -
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architectures with enhanced deformation-driven energy dissipation characteristics, which
may contribute to improved impact resistance. The optimization strategy adopted here is
intended to generate a deformation-driven auxetic architecture with enhanced energy
dissipation capability rather than directly optimizing ballistic resistance or crashwor-
thiness. The strain-energy-based formulation is employed to promote flexible re-entrant
deformation mechanisms and distributed structural deformation within the cellular to-
pology. Under force-controlled loading conditions, maximizing strain energy is math-
ematically related to compliance maximization, which encourages the development of
deformation patterns associated with auxetic response instead of stiffness-dominated
configurations. Therefore, the topology optimization procedure is utilized to obtain
mechanically efficient auxetic geometries, while the ballistic performance of the resulting
configuration is subsequently evaluated through explicit dynamic impact simulations.
The topology optimization problem with maximizing strain energy with volume con-
straint is expressed in equation (5).

N
L e )
Subjectto: ———=<0.3
total
K(p)U = F
0<p,=<1

where kg is the elemental stiffness matrix of the solid material, and K(p), U, and F
represent the global stiffness matrix, displacement vector, and applied load vector, re-
spectively. p, denotes the relative density of the element e and is between 0 and 1.
0 indicates an empty space, and 1 indicates solid material. A penalization element is
added to the stiffness interpolation to discourage intermediate densities and encourage the
solution to converge toward a clear 0-1 design. This method enables gradient-based
optimization while assuring manufacturable structures with defined material boundaries.
30% of the design domain’s initial mass is designated as the target mass fraction, which
can be greater than the relative density of the final cellular configurations. This value was
selected to balance lightweight characteristics with sufficient structural continuity for
stable auxetic deformation and energy dissipation. The optimization was performed using
the SIMP (Solid Isotropic Material with Penalization) approach, and design variables
were iteratively updated using a gradient-based optimization algorithm implemented in
Tosca Structure within Abaqus. A penalization factor of 3 was employed to suppress
intermediate densities and promote clear solid-void topology generation. Density filtering
was used to reduce checkerboard patterns and mesh dependency effects. Passive (non-
design) regions were introduced near the loading and constraint boundaries to preserve
structural connectivity and avoid nonphysical material removal during optimization. The
optimization process was continued for 200 iterations until the variation in the objective
function between successive iterations became negligible. The final optimized topology
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Figure 6. Design domain for optimization of the unit cell.

was first thresholded to obtain a clear solid—void representation and subsequently
geometrically smoothed before finite element evaluation of the REBA configuration.
Figure 6 displays the FE mesh of a 2D auxetic unit cell model that has a 5 mm X 5 mm
auxetic hourglass geometry. An element size of 0.5 mm is used across the domain to
guarantee adequate precision in recording stress gradients and deformation features. To
mimic the mechanical reaction under impact loading, this produces a fine mesh with a
dense distribution of elements, especially in the core region. To activate the auxetic
deformation mechanism, a bi-directional compressive load is applied as part of the model
setup to get a negative Poisson’s ratio (NPR). It is a unique property of auxetic materials
that causes them to shrink laterally when compressed and expand laterally when
stretched, in contrast with conventional materials. The topology optimization of the
auxetic unit cell is performed under quasi-static displacement-controlled compressive
loading to capture the dominant deformation mechanisms governing structural energy
dissipation. A bi-directional compressive displacement is applied to the unit cell
boundaries, while the remaining degrees of freedom are constrained to prevent rigid body
motion and ensure stable auxetic deformation. This loading configuration is selected to
activate the auxetic deformation mechanism and ensure the development of a negative
Poisson’s ratio, which may not be fully captured under uniaxial compression alone. The
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applied loading induces localized bending and rotation of the re-entrant struts, allowing
assessment of strain energy distribution and deformation characteristics relevant to
impact mitigation applications.

The auxetic cell’s ultimate design is achieved after 200 optimization cycles in Tosca
Abaqus. Inward-tapering faces and internal diagonal supports define the re-entrant braced
auxetic (REBA) configuration of the resultant geometry, which is seen in Figure 7. This
optimized structure removes unnecessary mass from less stressed areas while efficiently
concentrating material in areas that are crucial for load-bearing and strain-energy ab-
sorption. A braced, open-core design is created when inner material is removed, with
material concentrated at the outer boundaries and in the central load-carrying sections.
The final topology’s reentrant shape preserves the auxetic behavior, and the central
bracing improves energy dissipation and structural stability under axial or impact loading.
This result shows how well the strain energy maximization method works to create a
lightweight, mechanically efficient auxetic unit cell.

Poisson’s ratio

The deformation characteristics of the optimized REBA lattice structure were investi-
gated under quasi-static displacement-controlled compressive loading. Auxetic structures
exhibit lateral contraction under axial compression and lateral expansion under tensile
loading, resulting in a negative Poisson’s ratio (NPR). The lattice geometry with an array
of REBA cells is illustrated in Figure 8. CPE4 elements are utilized to mesh the lattice
shape, using elements of 0.1 mm in size. The lattice is compressed in the y-direction, and
the bottom platen’s rotational and translational freedoms are all constrained, as displayed
in Figure 8(a). Lateral deformation is allowed to occur freely to capture the transverse
response of the lattice. Axial and transverse strains are obtained by monitoring the
displacement of selected nodes in the central region of the specimen, from which the
effective Poisson’s ratio is determined. The effective Poisson’s ratio of the REBA lattice

(a)

Figure 7. Optimal design after topology optimization: (a) 2D design, and (b) 3D design.



14 Journal of Sandwich Structures & Materials 0(0)

SoReld
=

=
Selel

o
.

Fixed plate { ( )‘I\
/ R PR Y

S EEES

E

(a) (b)

Figure 8. Numerical simulation model of a lattice with REBA cells: (a) before loading, and
(b) deformation after loading.

structure was evaluated from the ratio of lateral strain to axial strain during compressive
deformation, as shown in equation (6).

&
Y= — lateral (6)
Eaxial

Where &,4ja1 18 the axial compressive strain, and gjyera) is the corresponding lateral strain.
The axial strain was determined from the applied vertical displacement relative to the
initial specimen height, while the lateral strain was calculated from the change in lateral
width of the representative lattice region during deformation. A negative value of the
effective Poisson’s ratio, therefore, indicates auxetic behavior characterized by lateral
contraction under compressive loading. Figure 8(b) shows that the auxetic lattice deforms
primarily through rotation and bending of its re-entrant struts rather than localized
buckling. This mechanism leads to a uniform closure of the unit cells and a transverse
contraction, characteristic of negative Poisson’s ratio behavior.

The Poisson’s ratio of the structure, as determined using the simulation model, is
shown in Figure 9. Poisson’s ratio decreases rapidly from values near zero to
approximately —0.8 during the initial stages of compression, indicating the onset of
auxetic deformation characterized by lateral contraction under compressive loading. A
steady low Poisson’s ratio near —1.0 is reached between 26% and 38% strain, indicating a
consistent auxetic deformation process, since the ratio continues to decrease as strain
increases. The structure exhibits robust and persistent auxetic activity overall, which
qualifies it for applications requiring impact resistance and energy absorption.
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Figure 9. Poisson’s ratio of the new REBA structure.

Specific energy absorption

The quantity of energy that a structure absorbs per unit mass is known as specific energy
absorption (SEA). The absorbed energy is obtained from the area under the nominal
stress—strain curve up to the densification strain, beyond which a rapid increase in stress
occurs due to cell-wall contact and compaction. The specific energy absorption (SEA) is
then calculated by normalizing the absorbed energy with respect to the mass of the
structure. The ability to absorb energy more efficiently is indicated by a higher SEA
value.

EA
SEA = — (7)
m

Under quasi-static loading, it is discovered that the REBA structure performed better
at all global strain levels than the selected conventional auxetic configurations considered
in the present comparison. The REBA design’s hierarchical unit cell structure, which is
made up of a center hourglass and inner supporting ribs, results in an improved SEA. Two
stages of deformation are encouraged by this arrangement: the hourglass cell first ex-
periences lateral compression, and then the inner ribs undergo substantial plastic de-
formation. According to the comparison shown in Figure 10, the REBA honeycomb
exhibits higher SEA than the investigated conventional configurations, such as hexagonal
honeycomb (HH), re-entrant honeycomb (RE), double arrowhead honeycomb (DAH),
and tetrahedral chiral (THC). The specific energy absorption (SEA) values of the
conventional auxetic cores (hexagonal honeycomb, re-entrant honeycomb, double ar-
rowhead, and chiral structures) are adopted from the literature.*>** The results dem-
onstrate that the REBA structure achieves improved energy absorption per unit mass
compared with the selected conventional configurations considered in this study,
highlighting its potential for lightweight impact-resistant applications.
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HH RE DAH THC REBA

Figure 10. Comparison of SEA for various honeycomb cells.

Effect of filter radius on optimal topology and energy absorption

The filter radius in density-based topology optimization determines the robustness and
complexity of the optimized unit cell by imposing a minimum feature length scale. In this
work, strain energy is maximized over 200 optimization cycles under a fixed material
fraction (30%) to get the REBA design. Figure 11 shows the variation of normalized
specific energy absorption (SEA) as a function of filter radius (0.75-3 mm) for the REBA
auxetic core, given in relation to the element size of 0.5 mm. Filter radii smaller than
1.5 mm tend to generate highly localized thin ligaments and irregular material branches,
resulting in complex topologies that may be numerically optimal but susceptible to
unstable deformation and premature local buckling under impact loading. In contrast,
larger filter radii excessively smooth the topology, reducing geometric distinctiveness,
load-bearing efficiency, and consequently the SEA performance. The selected filter
radius of 1.5 mm, corresponding to approximately three times the element size, provides a
balanced topology by suppressing mesh-dependent features and checkerboard patterns
while preserving the re-entrant deformation mechanism and diagonal bracing charac-
teristics of the optimized auxetic structure. This intermediate radius also improves
geometric continuity and structural stability during post-processing and impact
simulations.

Ballistic performance of REBA core in semi-hemisphere
sandwich shell

This section focuses on assessing the REBA auxetic core’s ballistic behavior under high-
velocity impact. It investigates how a semi-hemispherical shell design reacts to bullet
impact situations. Its efficacy in reducing impact forces will be evaluated by carefully
examining important factors, including the ballistic limit, the projectile’s residual ve-
locity, and the core’s energy absorption capacity. Figure 12 shows a 3D finite element
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model of a semi-hemispherical shell reinforced with a REBA lattice core to evaluate its
ballistic performance. The same loading, contact conditions, and boundary conditions
described in Section 2 are adopted using the previously validated numerical framework to
evaluate the ballistic response of the proposed REBA core. In addition, the same material
constitutive and damage models described in Section 2.2.1 were employed for all REBA
shell simulations to ensure consistency with the validated numerical methodology.
Although direct experimental validation of the REBA topology is not currently available,
the validated computational framework provides a consistent basis for an initial nu-

merical assessment of its ballistic performance and comparison with the conventional
honeycomb configuration.

REBA core

Figure 12. Numerical model of a hemisphere with REBA core.
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Figure 13 illustrates the mesh convergence analysis of the REBA shell model using
different mesh sizes ranging from 0.1 mm to 0.5 mm. Three ballistic performance
parameters were evaluated, namely bullet residual velocity, energy absorption, and
ballistic limit. As shown in Figure 13(a), the bullet residual velocity increases pro-
gressively with increasing mesh size. The residual velocity rises from approximately
87 m/s at a mesh size of 0.1 mm to about 95 m/s at 0.5 mm. This indicates that coarser
meshes predict higher projectile exit velocities. Figure 13(b) presents the variation of
energy absorption with mesh size. In contrast to the residual velocity trend, the absorbed
energy decreases as the mesh becomes coarser. This behavior is consistent with the
increase in residual velocity, since lower absorbed energy results in greater remaining
projectile energy after perforation. Similarly, Figure 13(c) shows that the ballistic limit
decreases with increasing mesh size. The ballistic limit drops from approximately 103 m/
s for the finest mesh to about 96 m/s for the coarsest mesh. The reduction in ballistic limit
indicates that finer meshes yield higher resistance to projectile penetration. Overall, the
results demonstrate a clear mesh dependency of the ballistic response. Finer meshes
produce lower residual velocities, higher energy absorption, and higher ballistic limits,
whereas coarser meshes lead to comparatively less accurate predictions of impact
resistance.

Figure 14 illustrates the progressive deformation and failure sequence of the REBA
sandwich shell under ballistic impact. Initial impact causes plastic deformation beneath
the projectile, followed by progressive crushing and bending of the re-entrant ligaments.
As penetration advances, distributed plastic deformation and core buckling develop
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Figure 13. Mesh convergence for REBA shell with various ballistic metrices: (a) bullet residual
velocity, (b) energy absorbed, and (c) ballistic limit.
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Figure 14. Progressive deformation and failure of the REBA sandwich shell under ballistic impact.

within the auxetic structure, promoting gradual energy dissipation and delaying localized
collapse. At the final stage, severe core crushing, rear sheet failure, and final perforation
occur near the penetration region.

Ballistic limit

A key parameter for evaluating the protective effectiveness of armor structures is the
ballistic limit, which is the velocity at which a projectile has a 50% chance of fully
penetrating a target structure. Understanding the ballistic limit gives important infor-
mation about the impact resistance and durability of armor structures, particularly when
optimizing auxetic cellular configurations. The ballistic limit variations for a semi-
hemispherical shell exposed to ballistic impact under various auxetic cell parameters are
shown in Figure 15. The ballistic limit gradually decreases from about 100 m/s to about
85 m/s as cell length increases from 4 mm to 10 mm, as shown in Figure 15(a). Since they
are stiffer and have better energy dissipation capacities, smaller auxetic cell lengths are
thought to greatly increase impact resistance. As can be seen in Figure 15(b), the ballistic
limit is improved to slightly over 100 m/s by increasing cell thickness from 0.04 mm to
0.10 mm. Superior rigidity and improved structural integrity are two qualities of a thicker
cell structure that favorably impact ballistic protection. Figure 15(c) shows that the
ballistic limit improves significantly from around 90 m/s to almost 100 m/s when the cell
angle is increased from 15° to 60°. Because of their stronger negative Poisson’s ratio
effects, auxetic cells with larger cell angles are better at absorbing and redistributing
impact energy, according to this pattern. Overall, hemispheric shell efficiency against
ballistic impacts is improved, and ballistic limits are maximized by the best auxetic cell
designs, which are defined by short cell length, thicker cell, and higher cell angles.

Residual velocity

The velocity that a projectile maintains after entering or passing through a target is known
as residual velocity. A portion of the projectile’s kinetic energy is absorbed by friction,
elastic strain, plastic deformation, and other dissipative processes when it impacts a semi-
hemispherical shell. One important measure of the shell’s ballistic resistance is its re-
sidual velocity; a lower residual velocity suggests superior energy absorption and
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and (c) cell angle.

protective capacity. Determining the efficacy and failure mechanisms of protective
structures exposed to high-velocity impacts is made easier with an understanding of
residual velocity. Bullet impact velocity and residual velocity are shown in Figure 16(a)
for topologized cellular structure with different cell wall thicknesses (7}, = 0.04, 0.06,
0.08, and 0.10 mm). All thickness levels show a general rising trend in residual velocity as
impact velocity increases. At a given impact velocity, however, the residual velocity is
consistently lower for thicker cell walls, especially in the 100-140 m/s range. For in-
stance, structures with a thickness of 0.10 mm show a substantially lower residual
velocity than those with 0.04 mm at an impact velocity of 120 m/s, showing improved
impact resistance and energy dissipation. According to this pattern, thicker cell walls
improve the structure’s ability to absorb and release projectile kinetic energy, which
lowers the projectile’s residual velocity after impact. At higher impact velocities (over
160 m/s), where all thicknesses show comparable behavior, the variations in residual
velocities reduce, most likely as a result of approaching material or structural limitations.
The impact of core length on residual velocity can be seen in Figure 16(b). Core lengths of
4, 6, 8, and 10 mm are shown by the data points. The residual velocity rises a little as the
core length grows, suggesting that ballistic resistance decreases with increasing core
length. Shorter cores continuously exhibit lower residual velocities at the same bullet
impact velocities, suggesting that they absorb energy more efficiently than longer cores.
Figure 16(c) shows how different cell wall angles (15°, 30°, 45°, and 60°) affect a
projectile’s residual velocity after contact at various bullet impact velocities. Across all
impact velocities, an increasing cell wall angle correlates with less residual velocities,
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indicating an increase in energy absorption efficiency as the angle increases. This is
probably because higher angles allow the cell structure to better align with the direction of
contact, which improves load distribution and deformation processes. Smaller angles, on
the other hand, might promote localized buckling and less efficient energy transfer
pathways, which would lower overall impact resistance.

Energy absorption capacity

An important factor in assessing honeycomb sandwich shells’ effectiveness under
ballistic impact is their energy absorption capacity. When exposed to ballistic forces, the
auxetic core’s distinctive design causes plastic deformation and buckling, contributing
significantly to energy absorption. The difference between the projectile’s initial and final
velocity as it penetrates through the target is used to compute energy absorption during
ballistic impact. Furthermore, SEA is calculated as energy absorbed per unit mass of
sandwich structure. In particular, the following formulas are used to evaluate both
parameters:

Ea=3m( - }) (®)
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sEA = 4 ©)
mSS
where my;, is the mass of the bullet, v; and vy are the bullet’s initial impact velocity and final
velocity after perforation, respectively.

Figure 17(a) displays the effect of cell wall length on the energy absorption per-
formance of a cellular structure. The capacity to absorb energy decreases noticeably and
steadily as the cell length increases. This inverse relation implies that longer cell walls
weaken the material’s structural integrity and capacity to efficiently release energy when
subjected to loads. Shorter cells offer a more compact and dense structure, which in-
creases energy dissipation by producing more load-bearing components and greater
resistance to deformation. However, under stress, longer cells are more likely to buckle or
collapse, which results in less energy absorption. Figure 17(b) illustrates the impact of
cell wall thickness on a cellular structure’s capacity for energy absorption. Energy
absorption clearly and consistently increases as cell wall thickness rises from 0.04 mm to
0.10 mm. In particular, the energy absorbed increases from approximately 256 J at a
thickness of 0.04 mm to about 295 J at a thickness of 0.10 mm. This pattern suggests that
increased cell wall thickness greatly enhances mechanical performance under impact
loads. However, it’s also critical to consider any potential trade-offs, as thicker cell walls
may need more material and weigh more, which, depending on the application, may
affect overall efficiency. However, thicker cell walls are associated with better energy
absorption properties throughout the range under study. The impact of cell angle on the
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Figure 17. Energy absorption with various structural configurations: (a) cell length, (b) cell
thickness, and (c) cell angle.
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structure’s ability to absorb energy is shown in Figure 17(c). The trend indicates that
energy absorption rises with increasing cell angle. The energy absorption is maximum in
the structure with a 60° cell angle and lowest in the structure with a 15° cell angle.
According to this pattern, greater cell angles might improve the structure’s ability to
deform under compressive or impact loads, increasing its energy absorption capacity.

Correlation between quasi-static energy and ballistic metrics

The REBA auxetic lattice was initially designed and optimized under quasi-static
compressive loading conditions, as discussed in Section 3, to maximize strain energy
absorption while maintaining a fixed mass fraction. The quasi-static response of the
lattice was evaluated using the specific energy absorption (SEA), which served as the
primary performance metric during the design stage. Since ballistic resistance is also
governed by the structure’s ability to dissipate impact energy through progressive de-
formation and plastic collapse, a sensitivity analysis was conducted to investigate the
correlation between the quasi-static SEA and the ballistic performance metrics.
Figure 18(a) illustrates the normalized variation of quasi-static SEA and ballistic
limit with respect to the cell angle. Both parameters exhibit a consistent increasing trend
as the cell angle increases from 15° to 60°. This direct relationship indicates that the
geometric configurations providing improved quasi-static energy absorption also en-
hance ballistic resistance. Figure 18(b) illustrates the normalized SEA compared with the
normalized residual velocity for different cell angles. As the SEA increases, the residual
projectile velocity continuously decreases. The structure with the maximum SEA cor-
responds to the minimum residual velocity, demonstrating that improved quasi-static
energy absorption capability directly contributes to enhanced kinetic energy dissipation
during ballistic penetration.

The correlation between quasi-static and ballistic performance is further confirmed
through the cell wall thickness sensitivity analysis presented in Figure 19. Increasing the
cell wall thickness from 0.04 mm to 0.10 mm simultaneously increases both the nor-
malized SEA and the ballistic limit, as shown in Figure 19(a). Furthermore, Figure 19(b)
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Figure 18. Correlation between normalized quasi-static SEA and ballistic metrics with varying cell
angle: (a) SEA and ballistic limit, and (b) SEA and residual velocity.
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shows that increasing wall thickness leads to a continuous reduction in normalized
residual velocity. The structure with the highest SEA again corresponds to the lowest
projectile residual velocity. Thicker ligaments delay structural failure and improve the
interaction time between the projectile and the auxetic core, thereby increasing energy
dissipation and reducing projectile penetration capability. The observed trends show a
clear correlation between quasi-static SEA and ballistic performance metrics, indicating
that the energy absorption mechanisms remain effective under projectile impact.
However, the REBA topology was optimized under quasi-static loading using SEA as the
objective rather than direct ballistic optimization.

Comparative ballistic performance of REBA core

This section presents a quantitative comparison of the ballistic performance enhancement
achieved by the REBA auxetic core relative to the conventional honeycomb core. The
comparison is based on the percentage difference in ballistic performance metrics under
different geometric conditions. Figure 20(a) shows the percentage increase in ballistic
limit for the REBA auxetic core compared with the conventional honeycomb core at
different cell lengths. The maximum improvement of 11.3% occurs at a cell length of
4 mm and decreases to 5.4% at 10 mm. Figure 20(b) presents the effect of cell wall
thickness on ballistic limit enhancement. The REBA core improves the ballistic limit by
approximately 4-5%. Figure 21(a) shows the percentage reduction in projectile residual
velocity achieved by the REBA auxetic core compared with the conventional honeycomb
core at fixed cell length. The reduction decreases from approximately 10.5% at 100 m/s to
about 5.2% at 180 m/s. Figure 21(b) presents another REBA configuration with fixed cell
thickness, where the residual velocity reduction reaches approximately 12% at 100—
120 m/s and decreases to about 6.3% at 180 m/s.

Figure 22(a) presents the percentage increase in energy absorption for REBA cores
with different cell lengths. The absorbed energy increases from approximately 11.4% ata
cell length of 4 mm to about 18% at 10 mm, indicating improved energy dissipation for
larger cell lengths. Figure 22(b) shows the effect of cell wall thickness on energy
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absorption enhancement. The maximum increase of approximately 15.2% is achieved at a
wall thickness of 0.04 mm, while the improvement decreases to about 7.2% at 0.10 mm.
Overall, the REBA core demonstrates significantly higher energy absorption than the
conventional honeycomb core.

Figure 23(a) shows that the conventional honeycomb core experiences a sharp stress
peak at an early stage of impact, indicating severe stress concentration and localized
collapse beneath the projectile. In contrast, the REBA core exhibits a broader and more
progressive stress evolution with a slightly delayed stress peak, suggesting improved load
redistribution through the re-entrant ligaments and diagonal bracing members. Fur-
thermore, Figure 23(b) demonstrates that the REBA structure dissipates higher plastic
deformation energy throughout the impact event compared with the conventional
honeycomb core. The continuous and progressively increasing plastic dissipation re-
sponse indicates more stable crushing behavior and distributed plastic deformation within
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the REBA core. In contrast, the honeycomb structure exhibits earlier stabilization of
plastic energy accumulation due to localized core collapse and reduced deformation
progression. The enhanced plastic energy dissipation capability of the REBA configu-
ration contributes directly to its improved ballistic resistance and lower residual velocity
under impact loading.

Structural efficiency: Weight reduction and boundary reaction force mitigation

The ballistic performance of cellular sandwich structures depends not only on topology
but also on structural mass. Increasing wall thickness generally improves ballistic re-
sistance due to the presence of more material for energy dissipation. Therefore, to
properly assess the effectiveness of the proposed topology-optimized REBA auxetic core,
both direct ballistic performance and mass-normalized structural efficiency must be
evaluated. The initial comparison between the conventional honeycomb core and the
topology-optimized REBA core shows that the REBA structure possesses slightly higher
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Figure 23. Comparison of impact response between honeycomb and REBA cores: (a) peak von
Mises stress and (b) plastic dissipation energy.



Hamid et al. 27

core mass, as shown in Table 3. Compared with the conventional honeycomb core, the
topology-optimized REBA auxetic structure increased the ballistic limit by 7.8%, en-
hanced energy absorption by 14.9%, and improved SEA by 11.4%, while reducing
projectile residual velocity by 7.1%. However, these improvements were accompanied by
increases in core mass and areal density.

To further validate the ballistic performance, an equal-mass comparison was per-
formed by adjusting the REBA geometric parameters to achieve approximately the same
total mass and areal density as the conventional honeycomb configuration. Figure 24(a)
presents the ballistic limit normalized by areal density (Vp;/p,) for both core config-
urations. The REBA auxetic core exhibits slightly higher normalized ballistic efficiency
(1.8%) compared to the conventional honeycomb structure, indicating that the improved
ballistic resistance is maintained even after accounting for the influence of structural
mass. Figure 24(b) compares residual velocity and specific energy absorption (SEA)
under equivalent-mass conditions. The REBA structure exhibits lower residual velocity
and higher SEA than the conventional honeycomb core. Specifically, the SEA increased
by approximately 7.4%, while the residual velocity decreased by nearly 5.5% under
equal-mass conditions.

The proposed topology-optimized REBA re-entrant core demonstrates reduced
reaction forces and transmitted impulse at the boundary constraints compared with the
conventional honeycomb core, indicating improved impact mitigation. Figure 25(a)
presents the reaction force—normalized time response of the honeycomb and REBA
core structures under impact loading. The honeycomb core exhibits a higher peak
reaction force, indicating a stiffer and more abrupt load transfer behavior. In contrast,
the REBA core shows a lower peak force with a more gradual increase and extended
deformation duration, demonstrating improved impact mitigation characteristics. The
smoother decay in the REBA curve indicates enhanced progressive crushing and energy
dissipation. Figure 25(b) compares the peak reaction forces, confirming that the REBA
core reduces the maximum transmitted force compared to the honeycomb core.
Figure 25(c) illustrates the transmitted impulse, where the REBA core exhibits a
lower impulse value, suggesting reduced momentum transfer during impact. Overall,
the REBA core provides enhanced impact attenuation by lowering both the peak force
and transmitted impulse.

Table 3. Structural efficiency and ballistic performance comparison of honeycomb and REBA
cores.

Core Relative Areal density SEA  Ballistic limit Residual
Core type Mass (g)  density (kg/m?) (J/kg) (mls) velocity (m/s)
Honeycomb 315 0.0115 0.73 442.6 94.46 95.4

core
REBA core 36.8 0.016l1 0.78 493.1 101.9 88.6
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Conclusion and related future work

This study presents the design, optimization, and performance assessment of a unique
topologized auxetic core embedded in a sandwich structure to improve impact and
ballistic resistance. A unique hourglass-shaped cellular unit cell is designed using a
combination of topology optimization and advanced FE simulations. It exhibits both
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negative Poisson’s ratio behavior and improved energy absorption properties under
quasi-static compression loading. FE simulations demonstrated that the REBA core
exhibited superior strain energy absorption and better Poisson’s ratio compared to
conventional honeycomb and auxetic cores. Under quasi-static compression, the structure
maintained consistent auxetic behavior with a Poisson’s ratio approaching —1, indicating
excellent potential for impact mitigation. To evaluate the REBA cell’s performance in
real-world ballistic impact scenarios, it is further incorporated into a semi-hemispherical
sandwich shell. Numerical tests demonstrated the REBA-based core’s distinct advantage
in terms of energy absorption, lower residual projectile velocities, and higher ballistic
limits. In particular, the structural resistance to penetration and deformation is increased
by the design parameters of thicker walls, greater cell wall angles, and shorter cell
lengths.

Overall, the work shows that cellular designs may be effectively tailored for per-
formance needs by combining advanced topology optimization with auxetic design
concepts. The REBA-based sandwich structure offers a promising solution for next-
generation protective systems in aerospace, military, automotive, and personal armor
applications, where low weight and high impact resistance are critical. Future work could
explore the manufacturability of these optimized geometries using additive
manufacturing techniques and investigate their performance under multi-impact or
oblique projectile conditions to further broaden their applicability. These developments
would also facilitate experimental compression and impact testing of the REBA core for
validation of the numerical predictions.

Acknowledgment

The authors acknowledge the Higher Education Commission (HEC) of Pakistan for providing
financial assistance. This work is supported by the National Natural Science Foundation of China
(project no. 12272270), the Shanghai Pilot Program for Basic Research, and the Fundamental
Research Funds for the Central Universities. This work is supported by the National Natural
Science Foundation of China (Project no. 52175205 and Project no. 51875565). The authors extend
their appreciation to the Deanship of Research and Graduate Studies at King Khalid University for
funding this work through the Large Group Project under grant number (RGB.2/750/46).

Ethical considerations

This article does not contain any studies with human participants or animals performed by any
authors.

Consent to participants

Informed consent was obtained from all individual participants included in the study.

Author contributions

Usama Hamid: Conceptualization, Investigation, Data curation, Methodology, Validation,
Writing — original draft, review & editing.

Magd Abdel Wahab: Supervision, Conceptualization, Validation, Writing — review & editing.
Dagang Wang: Review & editing.



30 Journal of Sandwich Structures & Materials 0(0)

Saeed Althamer: Review & editing.
Lihua Wang: Validation, Review & editing.
All authors read and approved the final paper.

Funding

The authors disclosed receipt of the following financial support for the research, authorship, and/or
publication of this article: This work was supported by the National Natural Science Foundation of
China (project no. 12272270), Shanghai Pilot Program for Basic Research, and the Fundamental
Research Funds for the Central Universities, National Natural Science Foundation of China
(Project no. 52175205 and Project no. 51875565), Deanship of Research and Graduate Studies at
King Khalid University for funding this work through the Large Group Project under grant number
(RGB.2/750/46).

Declaration of conflicting interests

The authors declared no potential conflicts of interest with respect to the research, authorship, and/
or publication of this article.

Data Availability Statements

Data is available from the authors upon reasonable request.

References

1. Periyasamy M and Srinivasan N. A review on auxetic structures: applications, properties,
classifications, finite element analysis, manufacturing methods, and selective laser melting
process parameters. Results Eng 2025; 28: 107660. https://doi.org/10.1016/j.rineng.2025.
107660

2. Ren X, Das R, Tran P, et al. Auxetic metamaterials and structures: a review. Smart Mater
Struct 2018; 27: 023001. https://doi.org/10.1088/1361-665X/aaa61c

3. Birman V and Kardomateas GA. Review of current trends in research and applications of
sandwich structures. Compos B Eng 2018; 142: 221-240. https://doi.org/10.1016/].
compositesb.2018.01.027

4. Allen HG. Analysis and design of structural sandwich panels. Elsevier, 2013.

5. Sahu SK, Sreekanth PSR and Reddy SVK. A brief review on advanced sandwich structures
with customized design core and composite face sheet. Polymers. 2022; 14(20): 4267.

6. Tarlochan F. Sandwich structures for energy absorption applications: a review. Materials
(Basel) 2021; 14: 08-28. https://doi.org/10.3390/mal14164731

7. Sun G, Chen D, Wang H, et al. High-velocity impact behaviour of aluminium honeycomb
sandwich panels with different structural configurations. Int J Impact Eng 2018; 122:
119-136. https://doi.org/10.1016/j.ijimpeng.2018.08.007

8. Khaire N and Tiwari G. Ballistic response of hemispherical sandwich shell structure against
ogive-nosed projectile. Thin-Walled Struct 2020; 154: 106869. https://doi.org/10.1016/j.tws.
2020.106869

9. Wang Z, Tian H, Lu Z, et al. High-speed axial impact of aluminum honeycomb — experiments
and simulations. Compos Struct Part B: Engineering 2014; 56: 1-8. https://doi.org/10.1016/.
compositesb.2013.07.013


https://doi.org/10.1016/j.rineng.2025.107660
https://doi.org/10.1016/j.rineng.2025.107660
https://doi.org/10.1088/1361-665X/aaa61c
https://doi.org/10.1016/j.compositesb.2018.01.027
https://doi.org/10.1016/j.compositesb.2018.01.027
https://doi.org/10.3390/ma14164731
https://doi.org/10.1016/j.ijimpeng.2018.08.007
https://doi.org/10.1016/j.tws.2020.106869
https://doi.org/10.1016/j.tws.2020.106869
https://doi.org/10.1016/j.compositesb.2013.07.013
https://doi.org/10.1016/j.compositesb.2013.07.013

Hamid et al. 31

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

Buitrago BL, Santiuste C, Sanchez-Saez S, et al. Modelling of composite sandwich structures
with honeycomb core subjected to high-velocity impact. Compos Struct 2010; 92: 2090-2096.
https://doi.org/10.1016/j.compstruct.2009.10.013

Yahaya M, Ruan D, Lu G, et al. Response of aluminium honeycomb sandwich panels
subjected to foam projectile impact — an experimental study. /nt J Impact Eng 2015; 75:
100-109. https://doi.org/10.1016/j.ijimpeng.2014.07.019

Nia AA and Kazemi M. Experimental study of ballistic resistance of sandwich targets with
aluminum face-sheet and graded foam core. J Sandw Struct Mater 2018; 22: 461-479. https://
doi.org/10.1177/1099636218757669

Arslan K, Gunes R, Apalak MK, et al. Experimental tests and numerical modeling of ballistic
impact on honeycomb sandwich structures reinforced by functionally graded plates. J Compos
Mater 2017; 51: 4009—4028. https://doi.org/10.1177/0021998317695423

Gunes R, Arslan K, Apalak MK, et al. Ballistic performance of honeycomb sandwich
structures reinforced by functionally graded face plates. J Sandw Struct Mater 2017, 21:
211-229. https://doi.org/10.1177/1099636216689462

Kolopp A, Rivallant S and Bouvet C. Experimental study of sandwich structures as armour
against medium-velocity impacts. Int J Impact Eng 2013; 61: 24-35. https://doi.org/10.1016/].
ijimpeng.2013.05.007

Ding L, Gu X, Shen P, et al. Ballistic limit of UHMWPE composite armor under impact of
ogive-nose projectile. Polymers. 2022; 14(22): 4866.

Sasikumar M and Sundareswaran V. Influence of projectile nose shape on ballistic limit and
damage to glass/vinyl ester composite plates. Adv Compos Lett 2011; 20:
096369351102000502. https://doi.org/10.1177/096369351102000502

Ansari MM and Chakrabarti A. Influence of projectile nose shape and incidence angle on the
ballistic perforation of laminated glass fiber composite plate. Compos Sci Technol 2017; 142:
107-116. https://doi.org/10.1016/j.compscitech.2016.12.033

Abbasi M, Alavi Nia A and Abolfathi M. Experimental study on the high-velocity impact
behavior of sandwich structures with an emphasis on the layering effects of foam core.
J Sandw Struct Mater 2018; 23: 3-22. https://doi.org/10.1177/1099636218813412

Kepler J. Impact penetration of sandwich panels at different velocities-An experimental
parameter study: part I-Parameters and results. J Sandw Struct Mater 2004; 6: 357-374.
https://doi.org/10.1177/1099636204038217

Ivanez I and Sanchez-Saez S. Numerical modelling of the low-velocity impact response of
composite sandwich beams with honeycomb core. Compos Struct 2013; 106: 716-723. https://
doi.org/10.1016/j.compstruct.2013.07.025

Ivanez I, Santiuste C, Barbero E, et al. Numerical modelling of foam-cored sandwich plates
under high-velocity impact. Compos Struct 2011; 93: 2392-2399. https://doi.org/10.1016/].
compstruct.2011.03.028

Hou W, Zhu F, Lu G, et al. Ballistic impact experiments of metallic sandwich panels with
aluminium foam core. Int J Impact Eng 2010; 37: 1045-1055. https://doi.org/10.1016/].
ijimpeng.2010.03.006

Liu C, Zhang Y and Ye L. High-velocity impact responses of sandwich panels with metal fiber
laminate skins and aluminium foam core. Int J Impact Eng 2017; 100: 139-153. https://doi.
org/10.1016/j.ijimpeng.2016.09.004


https://doi.org/10.1016/j.compstruct.2009.10.013
https://doi.org/10.1016/j.ijimpeng.2014.07.019
https://doi.org/10.1177/1099636218757669
https://doi.org/10.1177/1099636218757669
https://doi.org/10.1177/0021998317695423
https://doi.org/10.1177/1099636216689462
https://doi.org/10.1016/j.ijimpeng.2013.05.007
https://doi.org/10.1016/j.ijimpeng.2013.05.007
https://doi.org/10.1177/096369351102000502
https://doi.org/10.1016/j.compscitech.2016.12.033
https://doi.org/10.1177/1099636218813412
https://doi.org/10.1177/1099636204038217
https://doi.org/10.1016/j.compstruct.2013.07.025
https://doi.org/10.1016/j.compstruct.2013.07.025
https://doi.org/10.1016/j.compstruct.2011.03.028
https://doi.org/10.1016/j.compstruct.2011.03.028
https://doi.org/10.1016/j.ijimpeng.2010.03.006
https://doi.org/10.1016/j.ijimpeng.2010.03.006
https://doi.org/10.1016/j.ijimpeng.2016.09.004
https://doi.org/10.1016/j.ijimpeng.2016.09.004

32

Journal of Sandwich Structures & Materials 0(0)

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mohamed R, Lawaty S and El-Butch. Ballistic impact response of an aluminium sandwich
panel with auxetic honeycomb core structure. The International Conference on Applied
Mechanics and Mechanical Engineering 2016; 17: 1-12. https://doi.org/10.21608/amme.
2016.35167

Walkowiak M, Anders D and Reinicke U. Comparative numerical studies of the mechanical
efficiency of sandwich-panels with different non-/auxetic prismatic and lattice cores subjected
to ballistic loading. Forces in Mechanics 2026; 22: 100354. https://doi.org/10.1016/j.finmec.
2026.100354

Mines RAW, Tsopanos S, Shen Y, et al. Drop weight impact behaviour of sandwich panels
with metallic micro lattice cores. Int J Impact Eng 2013; 60: 120—132. https://doi.org/10.1016/
j-ijimpeng.2013.04.007

Georges H, Becker W and Mittelstedt C. Analytical and numerical analysis on local and global
buckling of sandwich panels with strut-based lattice cores. Arch Appl Mech 2024; 94:
2269-2283. https://doi.org/10.1007/s00419-024-02636-z

Dahiwale N, Panigrahi S and Akella K. Numerical analyses of sandwich panels with triangular
core subjected to impact loading. J Sandw Struct Mater 2014; 17: 238-257. https://doi.org/10.
1177/1099636214565190

Yang L, Harrysson O, West H, et al. A comparison of bending properties for cellular core
sandwich panels. Mater Sci Appl 2013; 4: 471-477. https://doi.org/10.4236/msa.2013.48057
Utham AV, Watts G and Mishra RR. Numerical assessment of blast performance of a
sandwich structure with novel circular re-entrant star honeycomb auxetic core. J Sandw Struct
Mater 2025; 28: 10996362251411359-10996362251411945. https://doi.org/10.1177/
10996362251411359

Zhu J, Zhou H, Wang C, et al. A review of topology optimization for additive manufacturing:
status and challenges. Chin J Aeronaut 2021; 34(1): 91-110. https://doi.org/10.1016/j.cja.
2020.09.020

Cheng F, Zhao Q, Mao Z, et al. Mechanical response of gradient lattice structures based on
topology optimization. Adv Eng Mater 2024; 26: 2301887. https://doi.org/10.1002/adem.
202301887

Wang X, Qin R and Chen B. Mechanical properties and energy absorption capability of a
topology-optimized lattice structure manufactured via selective laser melting under axial and
offset loading. Proc IME C J Mech Eng Sci 2022; 236: 10221-10236. https://doi.org/10.1177/
09544062221100614

Lin Y, Shi W, Sun X, et al. Influence of density gradient on the compression of functionally
graded BCC lattice structure. Materials 2023; 16: 520. https://doi.org/10.3390/ma16020520
Shi W, Lin Y, Li J, et al. Mechanical response and energy absorption of 316L stainless steel
body-centered-cubic functionally graded lattice structures under quasistatic compressive test.
Adv Eng Mater 2023; 25: 2300451. https://doi.org/10.1002/adem.202300451

Zhang Y, Bai Z, Zhang Y, et al. Compression and energy absorption of wood-based reinforced
3D kagome lattice structures. J Sandw Struct Mater 2024; 26: 1060—1080. https://doi.org/10.
1177/10996362241272808

Brendon FM, Gomes RA, Pereira JLJ, et al. High-performance design of auxetic sandwich
structures: a multi-objective optimization approach. Mech Adv Mater Struct 2025; 32:
1225-1240. https://doi.org/10.1080/15376494.2024.2361452


https://doi.org/10.21608/amme.2016.35167
https://doi.org/10.21608/amme.2016.35167
https://doi.org/10.1016/j.finmec.2026.100354
https://doi.org/10.1016/j.finmec.2026.100354
https://doi.org/10.1016/j.ijimpeng.2013.04.007
https://doi.org/10.1016/j.ijimpeng.2013.04.007
https://doi.org/10.1007/s00419-024-02636-z
https://doi.org/10.1177/1099636214565190
https://doi.org/10.1177/1099636214565190
https://doi.org/10.4236/msa.2013.48057
https://doi.org/10.1177/10996362251411359
https://doi.org/10.1177/10996362251411359
https://doi.org/10.1016/j.cja.2020.09.020
https://doi.org/10.1016/j.cja.2020.09.020
https://doi.org/10.1002/adem.202301887
https://doi.org/10.1002/adem.202301887
https://doi.org/10.1177/09544062221100614
https://doi.org/10.1177/09544062221100614
https://doi.org/10.3390/ma16020520
https://doi.org/10.1002/adem.202300451
https://doi.org/10.1177/10996362241272808
https://doi.org/10.1177/10996362241272808
https://doi.org/10.1080/15376494.2024.2361452

Hamid et al. 33

39. Bohara RP, Linforth S, Nguyen T, et al. Novel lightweight high-energy absorbing auxetic
structures guided by topology optimisation. Int J Mech Sci 2021;211: 106793. https://doi.org/
10.1016/j.ijmecsci.2021.106793

40. Johnson GR. A constitutive model and data for materials subjected to large strains, high strain
rates, and high temperatures. In: Proceedings of the 7th international symposium on ballistics,
The Hague, 19-21 April 1983, pp. 541-547.

41. LiF, Yuan H and Liu H. Implementation of metal ductile damage criteria in abaqus FEA.
J Phys Conf 2021; 1906: 012058. https://doi.org/10.1088/1742-6596/1906/1/012058

42. Zhou J, Liu H, Dear JP, et al. Comparison of different quasi-static loading conditions of
additively manufactured composite hexagonal and auxetic cellular structures. Int J Mech Sci
2023; 244: 108054. https://doi.org/10.1016/j.ijmecsci.2022.108054


https://doi.org/10.1016/j.ijmecsci.2021.106793
https://doi.org/10.1016/j.ijmecsci.2021.106793
https://doi.org/10.1088/1742-6596/1906/1/012058
https://doi.org/10.1016/j.ijmecsci.2022.108054

	Ballistic performance of a novel auxetic core in sandwich structures under impact loading
	Introduction
	Research significance and novelty

	Experimental and numerical validation
	Experimental configuration
	Numerical model
	Constitutive model
	Model verification


	Novel auxetic design by topology optimization
	Poisson’s ratio
	Specific energy absorption
	Effect of filter radius on optimal topology and energy absorption

	Ballistic performance of REBA core in semi-hemisphere sandwich shell
	Ballistic limit
	Residual velocity
	Energy absorption capacity
	Correlation between quasi-static energy and ballistic metrics
	Comparative ballistic performance of REBA core
	Structural efficiency: Weight reduction and boundary reaction force mitigation

	Conclusion and related future work
	Acknowledgment
	Ethical considerations
	Consent to participants
	Author contributions
	Funding
	Declaration of conflicting interests
	Data Availability Statements
	References


