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This study explores the high-velocity impact response of 3D-printed composite mechanical metamaterials
through a combination of experimental testing and numerical simulations. Auxetic structures demonstrated
a marked reduction in transmitted force and an extended force duration, both of which are advantageous
for mitigating impact-related injuries. Specifically, the double arrowhead auxetic geometry reduced the
transmitted force by 44% compared to conventional hexagonal structures, albeit at the cost of 17% greater
deformation. Novel hybrid designs, integrating auxetic and conventional geometries, achieved a decoupled
control of deformation and force responses. For instance, a re-entrant auxetic structure on the impact face,
transitioning into a hexagonal configuration, led to a 10% increase in deformation compared to the reverse
orientation while maintaining a similar transmitted force. Additionally, a comprehensive parametric study was
conducted to examine the influence of cell size and relative density on the overall impact performance of these

metamaterials.

1. Introduction

Cellular structures are widely studied due to their high energy
absorption and lightweight properties [1-5], making them ideal for
applications such as blast protection and impact mitigation. These
structures absorb energy through plastic bending and buckling of cell
walls, enabling increased energy absorption and a reduced peak force
compared to the base material [6]. Recent advancements in additive
manufacturing allow for the fabrication of complex cellular struc-
tures with tailored mechanical properties [3,4] via, for example, stere-
olithography (SLA) [7-11], fused filament fabrication (FFF) [12-16]
and selective laser melting (SLM) [17-20]. This has led to significant
progress in fields where energy absorption is critical, such as automo-
tive crashworthiness [21-25] and blast protection [26,27]. In particular
auxetic structures, which exhibit a negative Poisson’s ratio, have shown
superior performance under blast and impact loading compared to
non-auxetic counterparts [28,29].

Previous studies have explored the energy absorption capabilities
of various 3D-printed auxetic structures [30-35]. Zhang et al. [36]
developed a novel auxetic unit cell inspired by a windmill, an extension
of the anti-tetra-missing rib structure. This structure maintained a
negative Poisson’s ratio over a larger strain rate than the original,
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improving the energy absorption capacity during quasi-static compres-
sion. A study by Linforth et al. [34] considered the energy absorption
of aluminium laser cut with an auxetic oval pattern via both quasi-
static and dynamic experiments finding no significant difference. Novak
et al. [37], however, found a major increase in specific energy absorp-
tion of chiral auxetic structures at high strain rates. Najafi et al. [38]
compared the energy absorption capabilities of re-entrant, arrowhead,
and anti-tetrachiral structures under quasi-static and low-velocity im-
pact conditions. They found that the anti-tetrachiral and arrowhead
geometries outperformed the re-entrant design in quasi-static tests, but
the performance converged under low-velocity impacts. This sensitivity
to loading conditions highlights the importance of understanding the
impact response at high velocities. Qi et al. [39] numerically inves-
tigated the ballistic resistance of standard and auxetic (re-entrant)
aluminium honeycomb sandwich panels, finding the auxetic structure
gave the best ballistic performance, a result echoed by Mohamed
et al. [40]. Madke & Chowdhury [41] investigated the impact perfor-
mance of auxetic sandwich structures with braided face sheets and 3D
re-entrant cores. They found that for an impact velocity of 211.8 m/s,
and near-equal mass, sandwich structures with a 3D re-entrant core had
a significantly higher energy absorption than the non-auxetic counter-
part. Critchley et al. [42] showed that additively manufactured auxetic
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honeycombs mitigated blast impulse and reduced peak transmitted
pressure compared to traditional honeycombs. They noted that there is
a need for future studies to investigate the effect of geometric parame-
ters and relative density as well as explore alternative geometries such
as arrowhead structures. These gaps have been addressed in this work.
A recent review on the impact performance of auxetic structures [43]
recommended the investigation of hybrid structures, that is cellular
structures containing more than one type of geometry, which has been
explored in this work. Previous studies have explored different types of
hybrid structures for example combining two unit cells into one [44-
48], alternating cell geometry between layers [49-51] and grading the
thickness throughout the structure [52-54]. Tan et al. [48] designed a
hierarchical structure consisting of re-entrant cells with honeycomb or
triangular substructures in place of the cell walls. They found that the
introduction of hierarchy into sandwich panels significantly reduced
the peak force during crushing and improved the impact resistance.
Combining auxetic and non-auxetic geometries into one unit cell, for
example AuxHex [47], has been shown to enhance energy absorp-
tion properties compared to a standard auxetic re-entrant structure.
Angle gradient honeycombs, where the angle changes throughout the
structure [55-58], have been shown to enhance control of the global
and local mechanical response [55] and improve energy absorption
compared to other gradient structures [57].

Building on previous studies, this work investigates the high-velo
city impact response of 3D-printed composite mechanical metamate-
rials through both experimental validation and extensive numerical
simulations. Despite significant research on auxetic structures, there
remains a need to fully understand the dynamic response of these
structures under high-velocity impacts. This study addresses this gap
by examining the performance of 3D-printed composite cellular struc-
tures through a combination of experimental testing and finite element
simulations. A key contribution of this paper is the comprehensive
parametric study which investigates the effects of cell geometry, size,
and relative density on the impact performance of these structures.
By focusing on how these parameters affect force transmission and
deformation, the study provides new insights that can inform the
optimisation of cellular structures for impact mitigation. Three main ge-
ometries are considered: hexagonal [59-61], and two auxetic structures
— re-entrant [62,63] and double arrowhead [64-66]. Additionally, this
work explores hybrid structures, combining auxetic and conventional
geometries. These hybrid configurations demonstrate promising poten-
tial for enhancing both force transmission and deformation control
under high-velocity impacts, offering a new avenue for future research.

The remainder of this paper is organised as follows. Section 2
details the materials and methods used for both the experimental and
numerical investigations, including the 3D-printed auxetic re-entrant
structure and the impact testing setup. Section 3 presents and discusses
the results, starting with the comparison between experimental and
numerical findings, followed by an extended numerical analysis that
includes ballistic impacts and parametric studies of relative density and
cell size. Finally, Section 4 concludes the paper by summarising the key
findings and suggesting avenues for future research.

2. Materials & Methods

This section details the experimental and numerical methods em-
ployed to investigate the impact response of 3D-printed composite
structures. The primary objective of the experimental phase was to
validate the numerical model by testing a 3D-printed auxetic re-entrant
structure, which was impacted by a steel ball launched pneumatically.
A numerical model was then developed to conduct parametric studies
on the structure, investigating the effects of varying relative density and
cell size on impact performance. The materials used, the experimental
setup, and the modelling techniques are described next in detail.
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2.1. Experimental

The experimental study was carried out at Simpact Engineering
Ltd, Leamington Spa, England to assess the performance of a 3D-
printed auxetic re-entrant structure under high-velocity impact. This
experiment aimed to observe the deformation behaviour and force
transmission characteristics of the structure when subjected to impact,
thus providing a benchmark for the numerical simulations. The impact
was conducted using a pneumatic launcher, and high-speed cameras
were employed to capture the deformation process in real-time.

A 150 x 150 x 40 mm cellular core consisting of a 4 x 10 array of re-
entrant unit cells, Fig. 1, was 3D-printed by FFF with a 0.4 mm diameter
nozzle [67,68] using the Markforged Mark Two printer. The structure
had a 0.7 mm wall thickness, labelled “s”. The structure was printed
in the z direction with a layer height of 0.2 mm. The material used
in this investigation was “Onyx”, nylon reinforced with ~13 wt% [69]
short carbon fibres approximately 98 pm in length (full microstructure
characterisation of “Onyx” is in [69]), which has been characterised
in previous work [70]. The constitutive material models used in this
work have been calibrated and validated for use in impact loading
simulations in [71]. Face sheets 2 mm thick made of aluminium 6082-
T6 (AA6082-T6) were bonded to the front and back of the printed
structure using 3M DP460 epoxy adhesive.

The testing was carried out using a bespoke pneumatic launcher
“SPL 6000” shown in Fig. 2(a). The projectile used was a 250 g
hardened steel ball with a 40 mm diameter. The sample was positioned
on a rigid base with the central 70 mm span supported from behind by
a wooden block, as shown in Fig. 2(b). A pressure of 6 bar was used
to launch the projectile at a velocity of 38 m/s towards the sample. A
Photron FASTCAM SA1.1 675K-C2 high-speed camera was positioned
above the sample, which was illuminated using three ICARUS LED
lights, to capture the impact. The camera was set to record at a fram-
erate of 12,000 fps using a shutter speed of 1/frame s. Post-processing
of the camera footage, including calibration and motion tracking, was
carried out using Photron FASTCAM Viewer 4 software.

2.2. Numerical modelling

A numerical model of the experimental setup was created using
Abaqus 2020 FE platform, Fig. 3(a). The primary objective of the nu-
merical simulations was to replicate the experimental results, providing
a foundation for extending the analysis to higher velocity impacts
and parametric studies. A Johnson—-Cook material model, Table 1,
was implemented for the 3D-printed core [70,71] with S4R [72-74]
elements and the face sheet [75] with C3D8R elements. Damage for
the 3D printed core was modelled using the ductile damage parameter
pairs: rate (r, s~!) and plastic strain (e), also given in Table 1. The
projectile, base and rear support were modelled as analytical rigid
parts. Hard contacts with a penalty friction of 0.3 [76-78] were applied
to the whole model and a tie constraint was used to represent the bond
between the printed part and the face sheets. The base and rear support
were fixed (“encastre”), the core/face sheet assembly was free to move
and the projectile was given an initial velocity of 38 m/s. No mass
scaling was used in the numerical model to ensure the accuracy of the
dynamic response.

The numerical model of the experimental impact was extended
to explore ballistic impacts. A Kevlar face sheet is used to repre-
sent the materials used in body armour [79,80] and combat hel-
mets [81,82]. Fig. 3(b) shows a 3D-printed structure with dimensions of
130 x 130 x 30 mm behind a 9.6 mm thick Kevlar face sheet, modelled
with C3D8R elements using a previously developed vectorised user
material subroutine (VUMAT) [83]. A 9 mm full metal jacket (FMJ)
bullet impacts the structure with an initial velocity of 358 m/s fol-
lowing the NIJ-STD-0106.01 standard. The FMJ, modelled with C3D8R
elements, uses a Mie-Griineisen hydrodynamic equation of state for the
lead core and Johnson-Cook plasticity and damage for the brass outer
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Fig. 1. 4 x 10 array of re-entrant cells for experimental impact with the wall thickness .

(b)

Fig. 2. Experimental impact set-up: (a) Simpact Engineering Ltd.’s Pneumatic Launcher - SPL 6000; (b) sample positioned for impact behind protective screens.
(a) (b)

9 mm FMJ bullet

. v =358 m/s
3D printed core
\ Kevlar
i T(’); clamp
3D printed I 9.6 mm
Projectile :;2 ©
v=38ms T,

30 mm

Rear clamp
130 mm

Rear support
PP x

Fig. 3. Finite element models of (a) experimental impact setup with a projectile at 38 m/s impacting the 3D printed structure sat on a rigid base; (b) extended ballistic impact
setup with a 9 mm FMJ bullet impacting a 3D printed structure with a Kevlar face sheet, clamped around the edge.

Base

Aluminium face sheets

Table 1

Johnson-Cook material parameters for the 3D-printed core and aluminium face sheet.
Material E (MPa) A (MPa) B (MPa) n C & (1/s) rl (1/s) el r2 (1/s) e2 r3 (1/s) e3
Onyx 1500 8.48 53.3 0.224 0.22 0.43 0.001 0.18 0.02 0.35 0.1 0.11
AA6082-T6 70000 305 304.9 0.67 0.0043 - - -
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(a) (b)
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(€)

Fig. 4. Unit cells under investigation: (a) hexagonal, (b) re-entrant, (c) double arrowhead.

Table 2
Properties of aramid plate [84].
Ey Ey Es; G, Gy G Vi Vi3 Va2
(GPa) _
18 18 4.5 0.77 2.6 2.6 0.25 0.33 0.33
Xy X X X Xy X3e Siy Sis S
(MPa)
555 555 555 555 1050 1050 77 1060 1060
Table 3
Intralaminar fracture energies of aramid plate [83].
G G Gy G
(N/mm?)
25 20 0.28 1.3
Table 4
Interlaminar damage parameters of aramid plate [84].
tn Ié ,l Grl GA G/
(MPa) (N/mm?)
34.5 9 9 0.24 0.47 0.47
Table 5
Mie-Griineisen hydrodynamic equation of state parameters for lead core [84].
P G € s Iy G,
(kg/m?) (MPa) (cm/ps) - - U kg KD
11840 200 0.2006 1.429 2.6 150
Table 6
Johnson-Cook parameters for brass shell [84].
o A B n m T,K)  Tp®) C G
Plasticity 115 505 042 168 1189 373 0.009 1
d, d, dy d, ds
Damage (54 489 303 00014 112

shell. Material properties for the Kevlar, brass and lead are given in
Tables 2-6 [83].

The structure is held in position by rigid clamps, fixed with an
encastre boundary condition, that extend 15 mm from the edge of the
specimen. During impact, the force transmitted to the clamps and the
back face deformation (BFD) of the structure were monitored. Three
unit cell geometries, Fig. 4, were considered: Hex, RE and DAH with
the latter two being auxetic. The effect of relative density (p), defined
as the ratio of the density of the structure to the density of the base
material, and unit cell size were also investigated.

3. Results & Discussion

This section presents the findings from both the experimental and
numerical investigations of the 3D-printed auxetic re-entrant structure
under high-velocity impact. The experimental results are first compared
with the numerical simulations to validate the accuracy of the model,
demonstrating a strong correlation between observed and predicted
deformation and force transmission. Following this validation, the nu-
merical analysis was extended to simulate ballistic impacts, allowing

for the exploration of higher velocity conditions. Additionally, para-
metric studies were conducted to investigate the influence of varying
relative density and cell size on the structure’s performance. The results
are discussed concerning existing literature, with an emphasis on their
implications for the design of impact-resistant materials.

3.1. Experimental

Experimental testing of the 3D-printed auxetic re-entrant structure
yielded data on force transmission and deformation under high-velocity
impact. These results serve as a benchmark to validate the numerical
model and to understand the structure’s physical behaviour under
impact conditions.

The numerical model predicted a permanent indent of 7.2 mm depth
in the aluminium face sheet which is 4% greater than the experimental
indent of 6.9 mm, measured using Mitutoyo digital callipers. The
experimental and numerical deformation of the 3D-printed structure at
maximum indentation is compared in Fig. 5. The auxetic nature of the
structure is seen clearly, both on a cellular and a global level, where
the folding of individual unit cells as well as an overall contraction
of the structure is observed. Fig. 5 further confirms the understanding
that auxetics densify under impact loading. The numerical deformation
pattern is extremely similar to the experimental, exemplified by the
close-up view in Fig. 5b. Failure of the adhesive between the face
sheet and the outer cells, seen in Fig. 5a, was not captured by the
numerical model due to the assumption of a perfect bond. This failure
also reduced the global contraction seen in the experiment compared
to the numerical prediction.

The experimental velocity profile of the steel ball was obtained
by taking the derivative of its displacement, found using the motion
tracking software. This was compared with the velocity extracted from
the reference point of the rigid ball used in the numerical simulation
in Fig. 6. Fluctuations are observed in the experimental velocity plot
due to frame rate limitations of the high-speed camera. This is most
significant at lower velocities, below ~ 10 m/s, where the smaller
distance between frames increased sensitivity to measurement noise,
resulting in fluctuations in the derived velocity.

Overall, good agreement is observed between the numerical and
experimental velocity-time curves with the ball reaching 0 m/s, cor-
responding to maximum displacement, at 0.95 and 1.05 ms respec-
tively. The numerical simulation predicted a higher rebound velocity of
12 m/s compared to the experimentally recorded velocity of 7.6 m/s.
This discrepancy can again be attributed to the assumption of a perfect
bond in the numerical model. In the experimental impact, energy
dissipated during the bond failure would reduce the kinetic energy of
the ball and thus its rebound velocity. Slight rotation of the projectile
was also observed during rebound which affected the accuracy of the
motion tracking.

The strong correlation gives confidence in the material data and
techniques used for modelling the 3D-printed cellular structures under
impact loading, thus allowing for further numerical investigation into
geometry and loading conditions.
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(b)

Fig. 5. Deformation of the 3D-printed structure under impact loading showing densification. (a) Global view: top — experimental, bottom — numerical; (b) Close-up view of

central densified portion: left — experimental, right — numerical.

40
301 ——  Experimental
—— Numerical
@ 20
E
2
g 10F
2
0 | -
710 | -
| | | | |
0 0.5 1 1.5 2 25 3
Time (ms)
Fig. 6. Velocity—time graph of the steel ball during the impact event.

3.2. Parametric studies

The validated numerical model was further extended to simulate
ballistic impacts as detailed in Section 2.2. Parametric studies were
conducted to explore the influence of cell geometry, size and density
on impact performance.

3.2.1. Cell geometry

Hexagonal, re-entrant and double arrowhead structures at a con-
stant relative density were considered. Wall thicknesses of 0.84, 0.70
and 0.54 mm respectively were used to achieve a relative density of
30% for each structure.

The deformation of the three structures is shown in Fig. 7. The
auxetic densification behaviour of the re-entrant and double arrowhead
structures are clearly shown. The bending-dominated behaviour of the
double arrowhead structure is observed, in contrast with the folding-
dominated behaviour of the hexagonal and re-entrant. Bending of the
cell walls, as opposed to folding/rotating around the nodes leads to
reduced damage of the material. Numerical peak force and BFD data
are tabulated in Table 7.

The force transferred to the rigid clamp was monitored and is
shown in Fig. 8(a). The non-auxetic hexagonal structure transmitted
a peak force of 25.7 kN, which is significantly higher than that of both
auxetic structures. The re-entrant transmitted 18.8 kN, while the double

Table 7
Peak transmitted force and BFD for each geometry under consideration at 30% relative
density.

Geometry Hex RE DAH RE — Hex Hex — RE
Force (kN) 25.8 18.8 14.3 23.2 23.7
BFD (mm) 8.6 8.9 10.0 9.6 8.7

arrowhead transmitted 14.3 kN, representing reductions of 27% and
44%, respectively, compared to the hexagonal structure. The duration
of the force pulse was also notably greater for both of the auxetic
structures. A lower, longer pulse such as this is typically correlated with
less severe injury as the energy is dissipated over a longer time [85,86].
Increased BFD was observed in the auxetic structures, Fig. 8(b), in
agreement with [87] who reported higher deformations in re-entrant
structures compared with hexagonal under impact loading. The double
arrowhead structure considered in this work underwent the greatest
deformation, 17% higher than the hexagonal.

The Hex and RE structures share the same base geometry with
differing oblique angles. As a result, it is possible to blend smoothly
between the two unit cells, Fig. 9, creating a hybrid structure. A
wall thickness of 0.77 mm, constant throughout the structure, results
in an overall relative density of 30%, consistent with the previous
analyses. The peak force transmitted during impact was similar for
both orientations, close to the pure hexagonal structure. The BFD
of each orientation, however, differed with the RE — Hex structure
deforming approximately 10% more than the Hex — RE. This is a
significant finding as it suggests the displacement response can be con-
trolled independently of the force response, these results are included
in Table 7. Applications such as body armour, helmets or protective
structures often require minimal back face deformation whereas large
deformations may be preferable in other applications such as seismic
isolators.

3.2.2. Relative density

Three relative densities were considered: 20%, 30% and 40%, each
obtained by varying the cell wall thickness, Table 8. A positive relation
between relative density and transmitted force was observed across all
unit cells, Fig. 10(a), whereas the BFD reduced with increasing relative
density, Fig. 10(b). This is in agreement with Gibson & Ashby [1] who
predict an increase in modulus with relative density, a result echoed
experimentally by [88] who considered the out-of-plane compression
of honeycomb structures.
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Fig. 7. Plots of the numerical deformation patterns: (a) hexagonal, (b) re-entrant, (c) double arrowhead. Undeformed shape in grey, deformed shape overlaid in black.
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Fig. 8. Plot of (a) transmitted force and (b) back face deformation during impact for hexagonal, re-entrant and double arrowhead structures at 30% relative density.

3.2.3. Cell size

x 15,5 x 13,4 x 10,3x 8 and 2 x 5 arrays for extra-small (XS), small

The effect of cell size on the impact response was explored by (S), medium (M), large (L) and extra-large (XL) respectively as shown
investigating five variants. The overall size of the structure was kept in Fig. 11. The cell wall thicknesses were adjusted as per Table 9 to
constant with the number of cells varied. Cells were arranged in 6 maintain a relative density of 30%.
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Fig. 9. Hybrid structure composing blended geometry in two orientations: (a) re-entrant — hexagonal, (b) hexagonal — re-entrant.
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Fig. 10. Variation of (a) peak transmitted force and (b) BFD with relative density for the three structures.
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Fig. 11. Arrays of hexagonal (Hex), re-entrant (RE) and double arrowhead (DAH) unit cells in five sizes: extra-small (XS), small (S), medium (M), large (L) and extra-large (XL).

Fig. 12(a) shows a relatively consistent transmitted force until the
medium cell size, after which the transmitted force begins to increase
significantly. This can be attributed partially to the increase in wall
thickness and partially to the concentration of force on a smaller
number of struts at larger cell sizes. The increase is most significant
for the hexagonal structure due to its bending-dominated deformation
mechanism compared to the folding-dominated deformation of the
auxetics. Supporting this, under ballistic impact Guo et al. [89] saw

a reduction in residual velocity with increasing cell size for their re-
entrant star honeycomb structure, indicating an increase in transmitted
force.

Fig. 12(b) shows a non-linear relation between cell size and BFD,
with the BFD increasing to a maximum before decreasing at larger
sizes. Notably, the variation in deformation between geometries di-
minished with increasing cell size, indicating a reduced influence of
cell geometry at larger sizes. These results suggest that for applications
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Fig. 12. Variation of (a) peak transmitted force and (b) BFD with unit cell size for the three structures.

Table 8

Cell wall thicknesses of 3D-printed structures for relative density investigations.
7 Cell wall thickness (mm)
(%) 20 30 40
Hex 0.71 0.84 1.41
RE 0.58 0.70 1.17
DAH 0.46 0.54 0.91

Table 9

Cell wall thicknesses of 3D-printed structures for unit cell size investigations.

Cell wall thickness (mm)

Xs S M L XL
Hex 0.72 0.84 1.07 1.35 2.03
RE 0.56 0.70 0.88 1.12 1.67
DAH 0.46 0.54 0.69 0.88 1.33

such as body armour or helmets, small structures may be optimal due
to the minimisation of both transmitted force and BFD. If the force
response is not critical, larger cell sizes can reduce BFD while enhancing
manufacturability.

4. Conclusions

This study explored the impact response of 3D-printed mechanical
metamaterials through experimental and numerical approaches. Exper-
imentally, a 3D-printed re-entrant structure was impacted at 38 m/s.
The auxetic behaviour was captured with high-speed footage clearly
showing the densification characteristic of auxetic structures. The resul-
tant indentation, deformation pattern and velocity—time response were
closely replicated by a numerical model, validating the constitutive
material model used.

The study extended these results by considering the response of
these structures, with a Kevlar face sheet, under ballistic loading. Aux-
etic geometries, especially the double arrowhead, proved superior in
force mitigation, reducing transmitted force by up to 44% compared to
standard hexagonal structures of the same mass. Along with force miti-
gation, the auxetic structures increased the duration of the force pulse,
a key factor in reducing injury. The potential of hybrid structures was
also demonstrated, with a re-entrant to hexagonal transition offering a
way to control deformation independently from force transmission. A
hybrid structure with auxetic geometry on the impact face deformed

10% more than one with conventional geometry on the impact face,
both transferring a similar peak force.

A parametric study showed an increase in transmitted force, along
with a decrease in deformation, across all structures with increasing
relative density. Complex relations were observed when investigating
cell size effects. Transmitted force increased non-linearly with cell size,
however, BFD peaked at a medium cell size, reducing for smaller and
larger variants.

Although this study has provided new insights into the design of
3D-printed metamaterials for impact mitigation, there remain several
areas for future work. Investigations into the effect of overall structure
thickness would be beneficial, especially for space-limited applications
such as body armour. Additionally, given the non-linearity of cell
size effects, a potential relation between impactor size and cell size
will be explored. Future studies will also explore the influence of
other geometric parameters, such as cell wall angle, to fully optimise
the mechanical properties of metamaterials for high-velocity impacts.
Furthermore, different base materials should be investigated to assess
their potential to enhance the impact resistance of these structures.
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