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Abstract: Architectured structures, particularly auxetic materials, have demonstrated encouraging
applications in energy absorption as they facilitate the customization of their structural response.
Specific geometries of unit cells can thus be tailored for particular needs due to recent progress in
additive manufacturing techniques. This paper experimentally studies how the grading of the cell unit
angle of an auxetic core in a sandwich panel affects its energy absorbing capability and structural
response. 3D printed sandwich panels with uniform and graded auxetic cellular core were tested under
quasistatic compression. The results show that sandwich panels with graded core exhibit much better
energy absorption capabilities with higher plateau stress and densification strain. This indicates that,
by appropriately controlling its geometry, auxetic structures can show further potential as core in
sandwich panels for energy absorption applications.
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1. Introduction

Recently, many industries have been widely using cellular materials and structures for their favorable
mechanical properties and increased energy absorption performances in addition to their light weight [1-
4]. Even though conventional cellular materials like foams exhibit excellent energy dissipation
properties, low manufacturing costs and low densities, their energy absorption performances cannot be
further enhanced, as their manufacturing techniques usually result in random unit cells and irregular
topology. To improve energy absorption performances and other mechanical properties, new geometries
of periodic cellular structures were designed [5-8]. The complexity of these novel structures increased
over the years, presenting a critical challenge of fabrication that traditional manufacturing techniques
are no longer suited for. Having the ability to produce intricate cellular structures in an economical and
controllable way, additive manufacturing (AM) or three-dimensional printing (3DP) allows the
fabrication of features that were previously unreachable. Thus, the cellular structure can achieve
particular mechanical properties by controlling the architecture of the repeating unit cell [9,10].
Moreover, some AM technologies allow the fabrication of an integral structure with differential
mechanical properties [11,12].

The design of cellular structures is a unit cell-based design arranged in two- or three-dimensional
arrays. Among the different types of cellular structures, auxetic structures, are some of the most
promising ones in terms of specific mechanical properties. They are typically known for their negative
Poisson’s ratio, meaning that, likewise conventional materials, they expand/contract laterally under
uniaxial traction/compression. This behavior leads to improved shear stiffness [13,14], increased
indentation resistance [15-16], remarkable fracture toughness [17] and high energy absorption
capabilities [18,19]. Among all these, their light weight and energy absorption properties make these
structures particularly attractive and useful in some modern applications. They can be successfully used
as cores in sandwich panels for ballistic protection in body and vehicle armor applications [20]. Also, in
sports, auxetic structures can be used as flexible pads to reduce impact severity for different body parts
(e.g., head, elbow, leg) [21].
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The use of auxetic cellular structures for energy absorption applications has received much attention
not only in industry, but also in research where an important number of valuable works has been
published recently. A lot of effort has been put to analyze the static and dynamic energy absorption
capabilities of auxetic structures, through both experimental and numerical methods. For example, Tan
et al. [22] parametrically studied the deformation modes and energy absorption capabilities of re-entrant
hierarchical hexagonal honeycombs and demonstrated that both their proposed solutions exhibit an
improved crushing performance. To further improve the energy absorption performance in impact,
Wang et al. [23] designed and studied a novel auxetic structure named re-entrant star-shaped honeycomb
(RSH) and showed, through both experimental and numerical simulation, that RSH shows excellent
impact resistance, compared with the classical re-entrant honeycomb (RH) with same cell wall thickness.
Using the finite element method, Qi et al. [24] examined the performance of a new protective system
using auxetic honeycomb-cored sandwich panels for mitigation of shock loads from detonations of high
explosives. They found that the proposed auxetic panels increased the energy absorption capacity of the
monolithic steel plate by a factor of 2.5 changing its deformation pattern.

Most of the cellular structures studied to date have homogenous materials and uniform cells. To
further improve the energy absorption capacity of these type of structures, the concept of graded
structures came into attention for many researchers, as it has been indicated that in this manner the
deformation mechanisms can be controlled and thus, by adopting a proper gradient strategy, a better
energy absorption performance could be achieved. For example, Li et. al. [25], showed that, under high
crushing velocity, piecewise linear graded honeycombs have better energy absorption capacity but low
impact resisting behavior than the uniform honeycombs. Ajdari et al. [26] investigated by using detailed
finite element models the in-plane dynamic crushing of two-dimensional honeycombs with both regular
and irregular cell structure. By applying a gradual change of the cell wall thickness, a density gradient
in the direction of crushing was introduced which proved to enhance the energy absorption of
honeycombs at early stage of crushing.

In this study, we propose a unit cell angle grading for the auxetic core of a sandwich panel as to
enhance its energy absorption capacity while keeping the stiffness and strength between acceptable
limits. We used 3D printing to manufacture sandwich panels with auxetic core of acceptable quality.
The resulting sandwich panels were subjected to uniaxial compression. Based on the experimental
results, the mechanical behavior and energy absorption efficiency of the proposed graded core sandwich
panel and the conventional uniform core sandwich panels were compared and discussed.

2.Materials and methods
2.1. Experimental methodology
2.1.1. Geometry and fabrication
The auxetic cores were generated using the unit cell shown in Figure 1.
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Figure 1. Unit cell geometry of auxetic core
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The geometry of the unit cell is defined by the following parameters: the internal cell angle 8, the
cell wall thickness t, the height of the unit cell h, the length of the unit cell ¢, the internal cell radius R;
and the external cell radius Re. The grading effect on the auxetic core was obtained by varying the
internal cell angle 8 along the height of the core. Three types of unit cells were thus obtained, as presented
in Table 1.

Table 1. Geometrical parameters of unit cells used in the graded auxetic core

Parameter
Unit cell type
P 6 [deg] t [mm] h [mm] Ri [mm] Re [mm] ¢ [mm]
UCT 1 5 5 6 2 15 8.596
UCT 2 20 5 6 4 35 9.425
UCT 3 35 5 6 6 55 10.434

Based on these types of unit cells three types of sandwich panels were fabricated (Figure 2). Two of
them have a uniform auxetic core with unit cell type 1 and 3 and one has a graded core that has all three
types of unit cells. All of them have the same dimensions 40 x 40 x 40 mm. The facesheets of the
sandwich panels have 2 mm thickness, while the core has 36 mm thickness. All cores, uniform or graded,
have six cells, in both horizontal and vertical direction.

Figure 2. Sandwich panels configuration: a) graded auxetic core (graded core in the legends
of the figures to follow); b) uniform auxetic core — unit cell type 1 (UCT 1);
¢) uniform auxetic core — unit cell type 3 (UCT 3)

The configuration of the sandwich panels was first created using CATIA V5 software, then the
stereolithography file (.stl) was outputted into a Fused Deposition Modeling (FDM) 3D printer
(Ultimaker 3 Extended) to realize the auxetic core structure and the facesheets of the sandwich panels.
FDM is one of the most used and affordable 3D printing technology where melted filaments of thermal
plastics are selectively deposited in a predetermined path, layer-by-layer. A polylactic acid (PLA)
material filament with a density of 1.24 g/cm?together with a 0.25 mm extruder were used to build, with
an infill topology of 100%, both the core and the facesheets of the sandwich panels. Melted PLA layers
of 0.1 mm height were deposited on the printing plate at a printing temperature of 190°C and a printing
speed of 30 mm/s. The printing building direction was parallel to the height of the specimen placed on
the printing bed. The saturation of the curing process for all printed sandwich panels was attained by
keeping them at room temperature for at least one week after the fabrication process.

2.1.2. Testing method

Uniaxial compression of the printed sandwich panels was undertaken using an Instron 8872 universal
testing machine. The 25 kN load cell of the system allowed to record data with a good accuracy. The
sandwich panels were placed on a fixed metal plate, and they were compressed up to densification,
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normal to the fabrication direction, by a moving metal plate at a constant speed of 2 mm/min. The
compressive force and displacement of the moving platen were recorded. Because of the long time
needed to print one sandwich panel (almost 25 h) only two samples of each design were tested.

3. Results and discussions
The mechanical properties and energy absorption capabilities of the uniform and graded auxetic core
sandwich panels were analyzed based on the uniaxial compression tests.

3.1. Mechanical behavior

The mechanical behavior is analyzed using the stress-strain curves. This are calculated based on the
force-displacement recorded data and considering the initial cross-sectional area and initial height of the
specimens. The resulting engineering stress-strain curves are presented in Figure 3.
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Figure 3. Experimental quasi-static compressive stress-strain
curves for sandwich panels with uniform and graded auxetic core

Similar to conventional cellular materials, the stress-strain curves of all three sandwich panels can
be roughly divided into three distinct zones: pre-collapse, post-yield plateau and densification [27]. The
first zone corresponds to the initial portion of the stress-strain curve before the first peak stress and ends
when yielding becomes widespread in many cells. The initial peak stress is very important especially if
the sandwich panels are used in body or vehicle armor applications where they should absorb most of
the impact energy and transmit the least amount of stress possible. Immediately after reaching the initial
peak a drop in stress occurs and the plateau regime starts. This is the part of the stress-strain curve where
most of the impact energy is absorbed and consequently is the most significant in establishing the energy
absorption performances of a structure. Thus, a protracted, high, and stable stress response before final
densification (steep rise in stress) is desirable [27].

As illustrated in Figure 3, the sandwich panel with uniform auxetic core UCT1 has the highest peak
stress, followed by the most severe drop of stress and a plateau with a sequence of undesired fluctuation
that tend to reduce its energy absorption capacity significantly. The severe drop of stress is caused by a
severe buckling of the cells’ walls on a direction that goes from the lowest left cell up almost to the
highest right cell of the auxetic core. In comparison, the sandwich panel with uniform auxetic core UCT3
has an initial peak stress almost three time smaller and exhibits stable post-yield response. Though, the
stress values in the plateau zone are significantly lower and thus the total absorbed energy is smaller.
For the sandwich panel with graded core the initial peak stress is a little higher than in the case of the
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sandwich panel with uniform core UCT3, enough to transmit less stress further but to give at the same
time sufficient rigidity to the sandwich structure. The plateau zone has also important fluctuations, but
unlike the sandwich panel with uniform core UCT1, the subsequent stress peaks have a bigger value
than the initial one. This happens because, due to different cell topology, the core fails layer by layer
and pre stages of densification occur. The first cells to fail are the ones with the biggest value of the
internal cell angle, namely UCT3. This pre stages of densification tend to increase the energy absorption
capacity of the sandwich panel with graded core. The last part of the stress-strain curves indicates that
sandwich panels with unit cells that have the highest internal cell angle have smaller densification strains.

3.2. Energy absorption characteristics

Energy absorption is one of the most important assessments of performance for sandwich panels with
cellular cores. Based on the experimental results, the energy absorption (E) is calculated as the area
under the stress-strain curve from initial loading up until densification strain (gq):

E=Iod0(8)de. (1)

There are many different methods available to determine the densification strain. One of the most
common used, calculates the densification strain based on the energy absorption efficiency. According
to this, the densification strain is the point where the last local maximum energy absorption efficiency
occurs [28]. The energy efficiency (n) is described as the ratio between the absorbed energy up to a
given strain and the corresponding nominal stress [28]:

J.Oga(g)dg

UZW. (2)

The calculated energy efficiency-strain curves for the examined sandwich panels are presented in
Figure 4.
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Figure 4. Energy efficiency-strain curves for sandwich panels with
uniform and graded auxetic core

Using equation (1) and the densification strains determined above, the corresponding absorbed
energy was calculated. The energy absorption-strain curves are presented in Figure 5.
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Figure 5. Energy absorption-strain curves for sandwich panels with
uniform and graded auxetic core

As it can be seen from Figure 5, the sandwich panel with graded auxetic core absorbs the highest
amount of energy compared to the sandwich panels with uniform auxetic core. For small strains the
absorbed energy of the graded sandwich panel is slightly smaller than the uniform sandwich panel UCT1.
The efficiency of the graded structure in absorbing energy becomes obviously after strains larger than
0.25. The absorbed energy at densification strain is 0.62 MPa for the uniform structure UCT1, 0.55 MPa
for the uniform structure UCT3 and 0.91 MPa for the graded structure, which indicates that the graded
sandwich panel has a greater energy absorption capacity.

4. Conclusions

Starting from the design of two sandwich panels with uniform auxetic core, the concept of a sandwich
panel with graded auxetic core was developed. The objective was to enhance the energy absorption
performance of these types of structures. The proposed graded sandwich structure was designed using
three different cell topologies, including the ones used in the uniform core structures. The complex
auxetic core structures were fabricated using 3D printing. The response of the sandwich panels to quasi-
static compression was investigated through experimental means and compared in terms of mechanical
behavior and energy absorption capabilities.

The results demonstrate that the sandwich panel with graded auxetic core shows enhanced energy
absorption performances compared to sandwich panels with uniform auxetic core. This is mainly
attributed to the fact that the graded structure has a layer-by-layer deformation mode that follows the
weak to strong direction generating multiple pre stages of densification that tend to enhance its energy
absorption capability. Also, the initial maximum stress value can be consistently reduced by adopting a
graded structure. The graded design is easy to be manufactured using the 3D printing technology and
thus promising energy absorption application potentials could be expected.
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