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1. Introduction

Metamaterials are engineered lattice structures with unique 
properties not found in nature, such as negative refractive index, 
perfect absorption, negative thermal conductivity or negative 
Poisson’s ratio [1]. In the case of a periodic lattice, these 
properties arise from the complex, repeating structure (i.e. the 
unit cell) that can be designed to exhibit specific characteristic
metamaterial behaviour. Recently, Additive Manufacturing 
(AM) technologies have revolutionised, amongst others, the 
field of metamaterials by enabling the efficient and economic 
production of complex lattice structures [2-3]. AM technologies 
offer local tailorability, freeform capability, tool-free 
fabrication and flexibility in geometric coverage allowing for 
the design and fabrication of complex structures, such as 
metamaterials, with predefined mechanical properties. This has 
opened up new avenues for research in various fields, including 
aerospace, defence, energy, biomedical and others [4].

Mechanical metamaterials feature counterintuitive 
mechanical properties arising from their unit cell architecture
[5]. Recent studies have examined AM-fabricated mechanical 

metamaterials, including those with high-energy absorption and 
large deformability [6-7]. For energy absorption, the focus of 
this study, Stanczak et al. [8] studied the energy absorption 
properties of various lattice designs fabricated by Laser Powder 
Bed Fusion (LPBF) by exposing them to a blast compression 
test. They conclude that a 3D unit cell can absorb more energy 
compared to a 2D-extruded type of unit cell. However, 
manufacturing limitations, such as those imposed by LPBF, 
make it challenging to produce certain part features [9]. In 
particular, parts that include overhanging structures, such as 3D 
metamaterial lattices, are difficult to manufacture. To improve 
the manufacturability of metamaterial structures, researchers 
have adapted the design of the unit cell e.g. by replacing 
overhanging struts with inclined struts or by incorporating 
support material into the unit cell [10-11]. These approaches are 
however suboptimal, as they compromise the desired 
metamaterial behaviour by changing the design of the unit cell.

From a manufacturing point of view, the selection of LPBF
process parameters specifically for the fabrication of 3D lattice 
structures featuring many individual struts that come together 
at the nodal positions is challenging. Karami et al. [12]
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considered both continuous and pulsed laser power to improve 
the properties of Ti6Al4V lattice structures. The former 
resulting in fewer imperfections, while the latter results in a 
more homogenous microstructure. Vrána et al. [13]
demonstrated the fabrication of 35° AlSi10Mg struts by 
applying a 25% scan track overlapping strategy. Di Prima et al. 
[14] reported that laser offset adjustments produce noticeable 
changes in the strut diameter of Ti6Al4V lattices. More 
practically, Groβmann et al. [15] proposed a scaling law that 
relates the width of a single melt track to the laser power and 
scan speed for processing low-density lattice structures. Their 
model however assumes that melt pool consolidation is done on 
top of an already solidified track allowing for good heat 
conduction from the melt pool to the build plate, while for 
overhanging struts of 3D metamaterials this is clearly not the 
case. Accordingly, Beevers et al. [16] concluded that optimal 
process parameters for lattice structures differ significantly 
from bulk material parameters.

The goal of this study is to optimise LPBF process 
conditions specifically for 3D metamaterials featuring a unit 
cell design with horizontal struts build without a solid structure 
underneath. The performance of fabricated 3D metamaterials 
will be assessed based on energy absorption by drop-weight 
impact testing.

2. Experimental design and data analysis

For this study, two types of unit cell design are selected to 
investigate the manufacturability by LPBF and associated 
energy absorption behaviour. First, the 3D auxetic re-entrant 
lattice is selected, see Fig. 1(a), as this type of lattice structure 
exhibits a negative Poisson's ratio. Hence, the structure will 
contract laterally when compacted longitudinally. This unusual 
behaviour is achieved through the specific arrangement of the 
unit cell, which is characterized by inward-pointing members 
that connect to the lattice nodes. The advantages of auxetic re-
entrant lattices include their potential for improved energy 
absorption and a unique deformation behaviour. Second, the 
3D octet truss lattice is selected, see Fig. 1(b), as this type is 
mechanically more suitable to support loads in multiple 
directions. The octet truss lattice is known for its high strength-
to-weight ratio, making it a popular choice for applications 
where lightweight yet robust structures are required, such as in 
aerospace engineering or architecture. The advantages of an 
octet truss lattice include its high stiffness, resistance to 
buckling and ability to withstand various types of loading. For 
both 3D re-entrant and 3D octet truss lattices, manufacturing 
limitations and cost currently hamper large-scale application.

a) 3D auxetic re-entrant b) 3D octet truss

Fig. 1. Studied types of metamaterial lattice designs (three adjacent unit cells 
placed on support pillars for LPBF fabrication are depicted).

LPBF fabrication of both metamaterial lattice structures is 
not straightforward, due to the large number of horizontal struts 
that are part of the unit cell design. The aim here is to enable 
direct LPBF fabrication of the afore unit cell designs rather than 
modifying the designs to accommodate manufacturing 
limitations thereby compromising metamaterial behaviour. 
Hence, the LPBF process parameters need to be matched with 
the sizing of the unit cell and constituent members. This is done 
in a first experiment, in which a full-factorial experimental 
design is performed. The unit cell size and the strut diameter 
are varied between 4 mm and 8 mm, and 0.3 mm and 0.7 mm, 
respectively, for both the 3D re-entrant and 3D octet truss unit 
cell designs. The resulting structures are examined visually to 
select optimal parameter combinations for the second 
experiment, in which a number of complete 3D metamaterial 
lattices is fabricated for functional energy absorption testing. 

The metamaterial lattices are fabricated on a Nikon SLM 
Solution 280HL machine using Stainless Steel 316L (SS316L) 
as powder feedstock material. SS316L is selected because of 
its high elongation at break property (up to 60%), which is ideal 
for large deformations of the unit cell. Also, Smith et al. [17]
examined yield stress and energy absorption characteristics of 
SS316L lattices and concluded that good impact protection is 
achievable due to the uniform collapse response of lattices.

LPBF process parameters are derived from an earlier test 
campaign that focused on consolidating scan tracks on powder 
rather than on a previously solidified structure. Contour line 
scanning is performed with a laser power and scan speed of 
150 W and 450 mm/s, respectively, while downskin 
parameters are set to 125 W and 400 mm/s, respectively. In this 
case, resulting single track widths are in the order of 150-
200 µm. Hence, the smallest 0.3 mm strut diameter consists of 
just two adjacent contour line scans. 

After fabrication, a stress-relief heat treatment at 1095 °C 
for 4h and successive rapid cooling from 900 °C to room 
temperature under an argon environment is applied. Finally, the 
metamaterial lattices are removed from the build plate by wire 
Electrical Discharge Machining (EDM).

Functional testing of the metamaterial lattices is performed 
by drop-weight impact testing. An impactor of 5.658 kg is 
dropped onto the metamaterial lattices from a height of 4.5 m 
resulting in a nominal impact energy of 250 J. The impactor is 
equipped with a load cell that measures the impact force during 
the impact at 250 kHz. Just before impacting, the velocity of 
the impactor, which is used to compute the actual impact 
energy, is determined by an optical sensor. This sensor also 
triggers a high-speed camera that is used to observe the impact. 
A Photron Fastcam SA5 is used to capture the impact and 
lattice deformation with a frame rate of 7200 fps and an image 
resolution of 1024 x 752 pixels per frame.

During the impact, the metamaterial lattices drastically 
deform as energy is absorbed by the structure. The equivalent 
stress, σeq, during the time of impact is determined by:

𝜎𝜎𝑒𝑒𝑒𝑒(𝑡𝑡) =
𝐹𝐹(𝑡𝑡)
𝐴𝐴eff

(1)

where, F(t) is the force-time series acquired from the impactor 
load cell and Aeff is the effective surface area of the 
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metamaterial lattice perpendicular to the impact direction. The 
surface area of the lattice is measured before the impact test.

The force-time series are reformulated as a deceleration-
time series by scaling with the mass of the impactor. By time 
integration and using the measured initial velocity at impact by
the optical sensor, the time evolution of the velocity decrease 
is determined. In a second time-integration step, the depth of 
impact, x(t), is determined. By scaling with the measured 
original height of the metamaterial lattice, h0, the equivalent 
strain during the time of impact is determined according to:

𝜀𝜀𝑒𝑒𝑒𝑒(𝑡𝑡) =
𝑥𝑥(𝑡𝑡)
ℎ0

(2)

To evaluate the characteristic behaviour and performance of 
the metamaterial lattices to absorb the impact energy, the stress-
strain plot for each type of lattice is examined. Typically, three 
characteristic regimes can be observed in the stress-strain plot 
of a lattice structure during compressive deformation [7]. For a 
stretch-dominated lattice, a generalised stress-strain plot is 
illustrated in Fig. 2. First, a linear-elastic regime is present up 
to the initial yielding point. Second, a stress plateau is reached 
characterised by a constant average stress-strain curve although 
sequential local collapsing of unit cells within the lattice is 
observable. Third, a densification regime is present, in which 
the stress rapidly increases indicating that unit cells are 
internally colliding causing direct material-to-material contacts,
subsequently loosing characteristic metamaterial behaviour.

Fig. 2. Generalised stress-strain plot for a stretch-dominated lattice under 
compression deformation; redrawn from [7].

To determine the onset of densification, the energy 
absorption efficiency during the time of impact is determined
according to:

𝜂𝜂(𝜀𝜀) = 1
𝜎𝜎𝑒𝑒𝑒𝑒(𝜀𝜀)

∫ 𝜎𝜎𝑒𝑒𝑒𝑒(𝜀𝜀𝑒𝑒𝑒𝑒)𝑑𝑑𝑑𝑑
𝜀𝜀
0 (3)

Here, a peak in absorption efficiency is defined as the end 
point of the stress plateau regime and starting point for the 
densification regime, following the approach of Li et al. [18].

In conjunction, the total energy that is absorbed by the 
metamaterial lattice is also evaluated. Hereto, the Specific 
Energy Absorption (SEA) is determined, as the work done per 
unit mass of the metamaterial lattice, according to:

𝑆𝑆𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝑒𝑒𝑒𝑒(𝜀𝜀𝑒𝑒𝑒𝑒)𝑑𝑑𝑑𝑑
𝜀𝜀
0

𝑚𝑚 (4)

where, m is the measured mass of the metamaterial lattice.

3. Results and discussion

A selection of the fabricated samples of the first experiment 
is shown in Fig. 3. The effect of an increasing strut diameter 
from 0.3 mm to 0.7 mm is depicted. The samples on the left-
hand side of the images show that if the strut diameter is too 
thin, the build fails. In this case, the horizontal struts are not 
strong enough and detach from one end of the connection 
points. After consolidation before recoating, they bend 
upwards due to thermal stresses. If this process repeats for a 
number of layers, the struts will protrude through a newly 
deposited powder layer and hit the recoater during recoating, 
resulting in the breakage patterns visible in Fig. 3. 

a) 3D auxetic re-entrant b) 3D octet truss

Fig. 3. Results of first experiment to find optimal LPBF process parameters 
and unit cell dimensions for the 3D metamaterial lattices.

Similar to a too small strut diameter, also if the unit cell size 
is selected too large, the build fails. The experiment showed 
that a strut diameter of 0.3 mm was too thin in all cases, and for 
a strut diameter of 0.5 mm only the smallest 4 mm unit cell size 
gives successful results. This led to the selection of eight
combinations of unit cell design parameters for the fabrication 
of metamaterial lattices of approximately 32 x 32 x 25 mm3, as 
listed in Table 1, for the second experiment. The exact 
dimensions vary a little due to the sizing of the unit cell itself. 
From the nominal mass, it can be observed that the unit cell 
density of the octet truss is about 40% higher than the unit cell 
density of the auxetic re-entrant.

Table 1. Experimental design of metamaterials’ unit cell and nominal mass of 
the complete lattice (appr. 32 x 32 x 25 mm3) for the second experiment.

Unit cell type -
Sample ID

Unit cell size 
[mm]

Strut diameter 
[mm]

Nominal mass 
[g]

Re-entrant - 8 – Ø0.7 8 Ø0.7 14.3
Re-entrant - 6 – Ø0.7 6 Ø0.7 21.6
Re-entrant - 4 – Ø0.7 4 Ø0.7 44.9
Re-entrant - 4 – Ø0.5 4 Ø0.5 24.2
Octet truss - 8 – Ø0.7 8 Ø0.7 19.8
Octet truss - 6 – Ø0.7 6 Ø0.7 28.7
Octet truss - 4 – Ø0.7 4 Ø0.7 63.8
Octet truss - 4 – Ø0.5 4 Ø0.5 35.4

Fig. 4 depicts the fabricated metamaterial lattices on the 
build plate. In the top left-hand corner four 3D auxetic re-
entrant lattices are visible, while in the bottom right-hand 
corner four 3D octet truss structures are visible. The insets 
show a close-up of the lattices with a unit cell size of 6 mm.

To compare both unit cell types, the results of the drop-
weight impact test of the smallest unit cell size and smallest 
strut diameter are shown in Fig. 5. The black and red lines refer 
to the re-entrant and octet truss structures, respectively. The 
dotted lines indicate the time evolution of the deceleration of 
the impactor computed from the force sensor data. Following 
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the aforementioned time integration, both the velocity of the 
impactor and the depth of impact are computed and visualised 
by the dashed and solid lines, respectively. Finally, the depth 
of impact resolved from image analysis of the high-speed 
camera is depicted by the solid line with markers indicating the 
individual frames.

Fig. 4. Fabricated 3D metamaterial lattices by LPBF; insets show a close-up 
of the re-entrant and octet-truss lattices with a 6 mm unit cell size.

By comparing the time evolutions of the impactor 
deceleration, the octet truss lattice absorbs the energy such that 
the deceleration is maximised to a certain plateau similar to the 
generalised stretch-dominated lattice. As soon as all the impact 
energy is absorbed, the deceleration rapidly drops to zero. For 
the Octet truss - 4 – Ø0.5, this plateau is around 4 mm/s2. This 
lattice is able to absorb the impact energy in about 2.7 ms. 
Conversely, for the auxetic re-entrant lattice, the impactor 
deceleration increases continuously at a lower rate and almost 
linearly with time to a maximum at which all the impact energy 
is absorbed. Compared to the octet truss lattice, deceleration is 
slower during the first 2 ms of the impact, resulting in a longer 
time duration of 3.3 ms to absorb an equal amount of impact 
energy. The progressive deceleration can be attributed to the 
auxetic behaviour of the unit cell. During the sequential local 
collapses material is drawn into the lattice structure, rather than 
being pushed out. Hence, the impactor sees progressively more 
material during the time evolution of the impact, resulting in a 
higher deceleration towards the end of the impact. This inward 
motion (i.e. negative Poisson’s ratio) of the lattice is also 
visible in the top insets of Fig. 5. 

The time evolution of the impactor velocity shows in both 
cases a negative velocity at the end of the impact. Also, on the 
high-speed camera video, some rebound effect of the impactor 
is observed. Moreover, as the integration constant is 
determined by the measured initial impact velocity, a time-
integration error may accumulate. An offset is also observed by 
comparing the computed depth of impact with the observed 
images from the high-speed camera. The computed depth of 
impact is higher compared to the visually observed depth with 
an overshoot of 1.6 and 1.9 mm for the re-entrant and octet 

truss, respectively. Similar to the computed velocity error, here 
also a time-integration error may accumulate during the time of 
impact. Interestingly, for the lattice structures with a larger unit 
cell size, the computed and observed depths of impact match 
much better with an average deviation of 0.2 mm. 

Fig. 5. Results of drop-weight impact testing of re-entrant and octet truss 
structures; insets are selected frames from high-speed camera imaging.

The inset high-speed camera images of Fig. 5 also highlight 
the behavioural difference between both types of unit cell
design upon deformation. The auxetic re-entrant structure is 
deformed more due to local collapses of the unit cell and less 
material usage within the unit cell. Those collapses cause 
material to be drawn inwards progressively providing more 
material in the path of the collision. Conversely, while the unit 
cells of the octet truss also deform, they do not seem to totally 
collapse. In this case, the lattice bulges outwards pushing 
material away from the collision path. This characteristic 
behaviour related to the design of the unit cell is seen in all 
samples, as evidenced by Fig. 6. Henceforth, this is studied 
further by comparing the stress-strain responses. 

a) 3D auxetic re-entrant

b) 3D octet truss

Fig. 6. Deformed 3D metamaterial lattice structures after impact testing
ordered according to the resulting strain.

The equivalent stress-strain responses of all fabricated 
metamaterial lattices are depicted in Fig. 7. The responses of 
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the auxetic re-entrant lattices are different compared to the 
responses of the octet truss structures. For the most open 
structures, indicated by the blue lines, between a strain of about 
20% to 70% a constant average stress plateau showing 
sequential local collapses is clearly visible. The average stress 
levels at the plateau are 2.3 MPa and 7 MPa for the auxetic re-
entrant and octet truss structures, respectively. After 70% 
strain, the densification regime starts. At the end of the 
densification regime, the force levels reach the impact sensor’s 
saturation level of 35 kN, clipping the signal. In practice, this 
means that the impactor is ‘seeing’ the assumed infinitely stiff 
table underneath the lattice and hence the lattice in between the 
impactor and the table is collapsed to a stiffness equivalent to 
the table. The most right images of Fig. 6 attest to this.

Conversely the densest structures, i.e. the smallest unit cell 
size and thickest strut diameter, indicated by the green lines, 
almost immediately exhibit a densification regime. The auxetic 
re-entrant structure shows a little over 20% strain including a 
number of local collapses, while the octet truss only reaches 
10% strain without any local collapses. At this point, sensor 
saturation is reached indicating a densified material response
equally stiff as the table, rather than metamaterial deformation.

For the other two intermittent types, indicated by the orange 
and red lines, the stress-strain curves also show a stress plateau 
starting at about 20% strain. For the auxetic re-entrant 
structures, the stress-strain curve curves up at about 50% strain,
while continuously showing sequential local collapses. This 
strain-hardening effect can be attributed to the aforementioned 
negative Poisson’s ratio of the re-entrant unit cell. Both octet 
trusses could absorb the total amount of impact energy, while 
for the auxetic Re-entrant - 6 – Ø0.7, indicate by the orange 
line, the force sensor went into saturation at 79% strain. 

The effect of force sensor saturation can also be observed in 
Fig. 8. Here, the absorption efficiency, according to Equation 
(3), is plotted against the computed equivalent strain. Based on 
the computed position of the impactor, the absorbed energy is 
determined by time integration and compared to the initial 
impact energy determined from the initial velocity. This way 
the energy absorbance by metamaterial deformation is 
assessed. The insets of Fig. 8 list the percentage of the impact 
energy that was absorbed by metamaterial deformation.

The Fig. 8 inset shows that only the auxetic Re-entrant - 4 –
Ø0.5 lattice is able to absorb the full impact energy. The three 
other re-entrant types either get fully densified or become too 

stiff before the total amount of impact energy could be 
absorbed by metamaterial deformation. For the Octet truss - 6 
– Ø0.7 and Octet truss - 4 – Ø0.5, both lattices are able to 
absorb the full impact energy.

As expected, before reaching the densification regime both 
metamaterial types behave differently. Due to the auxetic 
behaviour of the re-entrant type, the absorption efficiency 
reaches a maximum efficiency of about 30% at about 50% 
strain. For the remaining strain, the maximum efficiency stays 
approximately at this plateau. Conversely, for the octet truss 
lattices the absorption efficiency increases linearly with the 
strain until a maximum efficiency at about 50% is reached. At 
that point, Octet truss - 8 – Ø0.7, the most open structure, is 
saturated and the densification regime starts, while for Octet 
truss - 6 – Ø0.7 and Octet truss - 4 – Ø0.5 all impact energy is 
already absorbed and the densification regime is not reached. 

The results of Fig. 8 demonstrate that metamaterial 
behaviour is inherent to the unit cell design and not the unit size 
cell nor its strut diameter. Hence, depending on the application 
needs, the designer should select a unit cell design based on the 
required metamaterial behaviour. Subsequently, by tuning the 
unit cell size and strut diameter, the amount of energy 
absorption and strain can be matched with the foreseen impact 
loading conditions.

Table 2. Measured mass and Specific Energy Absorption (SEA).

Unit cell type -
Sample ID

Measured mass 
[g]

Mass deviation 
[%]

SEA 
[kJ/kg]

Re-entrant - 8 – Ø0.7 14.4 +0.9 7.12
Re-entrant - 6 – Ø0.7 21.7 +0.4 9.01
Re-entrant - 4 – Ø0.7 45.9 +2.2 2.06
Re-entrant - 4 – Ø0.5 27.9 +15.6 8.00
Octet truss - 8 – Ø0.7 21.4 +8.0 7.66
Octet truss - 6 – Ø0.7 31.1 +8.4 7.20
Octet truss - 4 – Ø0.7 68.6 +7.5 0.46
Octet truss - 4 – Ø0.5 42.3 +19.5 5.28

Next to energy absorption efficiency, for applications in 
which mass is a critical design parameter, as it is for aerospace 
applications, the SEA is another important metamaterial 
attribute. Table 2 lists the measured mass and SEA, according 
to Equation (4), of each sample. Also, the deviation compared 
to the nominal mass is listed. All fabricated samples are heavier 
compared to the nominal mass, which is typical for LPBF due 
to adhesion of loose powder particles to the structures. Results 
show that for the smallest 0.5 mm strut diameter, the mass 

Fig. 7. Equivalent stress-strain responses of drop-weight impact testing using 5.658 kg from 4.5 m (i.e. 250 J).

Re-entrant - 8 – Ø0.7
Re-entrant - 6 – Ø0.7
Re-entrant - 4 – Ø0.7
Re-entrant - 4 – Ø0.5

Octet truss - 8 – Ø0.7
Octet truss - 6 – Ø0.7
Octet truss - 4 – Ø0.7
Octet truss - 4 – Ø0.5
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overshoot is most pronounced. Similarly, the octet truss 
structures show a higher overshoot compared to the re-entrant 
structures, which can be attributed to the fact that the unit cell 
of the octet truss contains more struts, and thus more volume, 
that needs to be consolidated during the LPBF process. 
Although the energy absorption efficiency is generally higher 
for the octet truss lattices, the specific energy absorption is 
generally higher for the auxetic re-entrant type. Hence, where 
mass is a crucial design parameter, the auxetic re-entrant type 
unit cell seems favourable.

4. Conclusions

Successful AM of 3D metamaterials for energy absorption 
has been demonstrated. LPBF process parameters are matched 
with unit cell sizes and strut diameters for unit cell designs of 
both auxetic re-entrant and octet truss types. Following a two-
step experimental approach to select optimal combinations, 
eight 3D metamaterial lattices were successfully fabricated. 
Drop-weight impact testing was applied to characterise and 
assess the metamaterial performances.

Results demonstrate that LPBF is a suitable manufacturing 
technique for the fabrication of 3D metamaterials. Moreover, 
from the analysed impact energy responses, a two-step design 
approach can be formulated. First, the designer should match 
the design of the unit cell with application needs in terms of 
impact behaviour (i.e. maximise deceleration force or slower 
deceleration rate). Second, the design parameters of the unit 
cell itself should be matched with the expected energy 
absorption level and strain allowance of the application.
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