
Vol.: (0123456789)
1 3

Meccanica 
https://doi.org/10.1007/s11012-024-01818-x

RESEARCH

Crashworthiness capability comparison of a 3D 
Greek cross fractal structure additively manufactured 
with polyamide and thermoplastic polyurethane

Marco Viccica  · Gabriel Ferreira Serra  · 
Ricardo Alves de Sousa  · Manuela Galati 

Received: 13 December 2023 / Accepted: 30 April 2024 
© The Author(s) 2024

polymeric materials, polyamide and thermoplastic 
polyurethane, and the mechanical response of the 
structure is analysed under dynamic compression 
tests. The tested geometries consisted of samples with 
a single 3D-CFS cell, various volume fractions and a 
configuration with multiple cells that emulated a pos-
sible layout for linear helmet application. The find-
ings indicate that the 3D-CFS is a promising geome-
try for eventual implementation into shock absorption 
applications, specifically in personal protective equip-
ment (PPE) usage.

Keywords Fractal · TPU · PBF-IrL · PA12 · PBF-
LB/P · PPE · Shock absorption

1 Introduction

In recent years, additive manufacturing (AM) devel-
opment has opened new design opportunities toward 
optimised and enhanced structural components in 
many different engineering areas. Specifically, the 
advancement of AM techniques and the implemen-
tation of mathematical and bio-inspired geometries 
have drastically accelerated the progress of impact 
absorber devices with superior efficiency, particularly 
for personal protective equipment (PPE) applications. 
In this context, extensive research explored the crash-
worthiness characteristics of liner helmets in military 
[1] and sports [2, 3] fields. The principal aim is to 
reduce the weight while increasing the effectiveness 

Abstract Designers are continuously searching for 
materials or meta-structures, also inspired by nature, 
that exhibit favourable strength-to-weight ratios, sub-
stantial heat transfer capabilities, and efficient energy 
absorption. One particular example includes fractal 
geometries, which usually consist of intricate three-
dimensional geometrical structures and are challeng-
ing to produce through traditional manufacturing 
methods. In this regard, this study analyses the per-
formance of a three-dimensional cross-based fractal 
structure (3D-CFS) designed for energy absorption 
and manufactured using polymeric materials. Mathe-
matically, the geometry is obtained using a 3D Greek 
cross repeated in the 3D space according to the fractal 
principle. Owing to the intricate final structure, sam-
ples are fabricated using an Additive Manufacturing 
system based on powder bed fusion with a laser beam 
and infrared light. The study is carried out using two 
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of the helmet. Periodic cellular structures, based on 
struts [4, 5] or surfaces [6–8] and fabricated using 
additive manufacturing technologies, are suitable 
options for decreasing the peak linear acceleration 
(PLA) of a helmeted head significantly. Therefore, 
these geometries are considered good candidates to 
replace liner materials, namely expanded polystyrene 
(EPS) [9]. Similarly, fractal geometry [10–12] and 
bio-inspired shapes [13, 14] have been demonstrated 
to be characterised by impressive cushioning proper-
ties. However, the application of such structures has 
been inhibited by the difficulties of fabricating such 
irregular, intricate, and self-similar three-dimensional 
characteristics. Few examples reported in the lit-
erature show how to overcome this issue using AM 
technologies. Concerning impact absorption, to the 
best of the authors’ knowledge, only one work [15] 
has been carried out on a single fractal cell based on 
a 3D Greek cross manufactured using polyamide 12 
(PA12). The structure has been tested under quasi-
static compression loads. This structure has shown up 
to 77% higher specific energy absorption than a con-
ventional EPS foam.

Owing to this promising preliminary result, this 
work is a detailed and extended version of Viccica 
et  al. [16] investigating the 3D cross-based fractal 
structure (3D-CFS) capabilities toward the testing 
under high strain-rate compression loads. Here, struc-
tures were designed by varying the volume fraction, 
and the performances of the most common PA12 
were compared to those of thermoplastic polyure-
thane (TPU). A configuration including multiple cells 
was also introduced to test a prototype closer to an 
actual application in linear helmets for personal pro-
tective equipment head protection.

2  Materials and methods

2.1  Greek cross-based fractal design

3D-CFS is designed by subsequently replicating and 
scaling a three-dimensional Greek cross initiator. Fig-
ure  1a illustrates the initiator shaped by three equal 
beams, obtained extruding, for a certain length, L, a 
circular section of diameter D along the axes of the 
cartesian frame. The third iteration (Fig.  1a) repre-
sents the elementary structure, which is repeated in 
the 3D space 15 times around a central structure to 

obtain a sufficient domain to extract the so-defined 
elementary cell (Fig. 1.b, each repetition is indicated 
with a different colour). Each elementary structure 
is adjacent to another and aligned to the vertexes of 
the structures without compenetrating so that the 
repetitions form a single continuous structure. From 
the obtained arrangement, the elementary cell for the 
testing is then obtained by cutting the structure in 
Fig.  1b using planes (Fig.  1c) perpendicular to and 
passing through the extremities of the three beams 
composing the initial initiator (Fig. 1a, 1st iteration). 
The extracted portion, called 3D-CFS, is reported in 
Fig. 1d, while the final structure for the testing is rep-
resented in Fig.  1e and includes two plates parallel 
to each other and perpendicular to one of the beams 
composing the initial initiator.

The global dimension and the volume fraction 
(VF) of the 3D-CFS are parametric and determined 
by two primary geometric parameters at the initial 
iteration: the strut length L and diameter D. The VF 
parameters represent the portion of the volume occu-
pied by the structure in comparison with the overall 
dimensions of the structure. To analyse the effect of 
VF on the mechanical performance, three configura-
tions have been chosen. The diameter of the initia-
tor has been set higher than 1.5 mm to avoid drastic 
drops in structural stiffness because of the appearance 
of manufacturing defects [15]. Each design is indexed 
with an alphanumerical code in which the letter pre-
cedes a number and identifies the variables (length, 
L or diameter, D). The number indicated the meas-
ure of the corresponding variable, expressed in mm. 
As an example, L40_D2.0 identifies an initiation with 
length L equal to 40 mm, and a diameter D equal to 
2 mm. The configurations are the following:

• L40_D2.0, resulting in a volume fraction VF equal 
to 9.1%.This configuration corresponds to the one 
reported in Ref. [15]

• L28_D1.8, resulting VF = 14.1%
• L28_2.0, resulting VF = 16.8%
• L20_D1.6, resulting VF = 20.1%.

The variation of the two parameters provides a 
comprehensive evaluation of the VF effect on the 
mechanical response of the structure. In addition, the 
analysis of the configurations with L = 28 mm allows 
to investigate the main impact of the diameter on the 
mechanical response of the structure.
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Fig. 1  a 3D-CFS iterations: in red, the first step; in blue and 
green, the added axes of the second and third steps, respec-
tively; b replication of the single structure in a 3D space, each 
repetition is indicated with a different colour; c cutting planes 

for obtained the cubic structure for the testing; d extracted 
cubic portion, 3D-CFS; e sample for the testing consisting of 
3D-CFS and two parallel plates for the load application cubic 
compression sample
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2.2  Production and testing

The materials analysed are two polymers that are 
characterised by substantially different properties: 
thermoplastic polyurethane (TPU) and polyamide 12 
(PA12) (Table 1). All samples were built using AM 
powder bed fusion systems. These systems operate by 
distributing a thin layer of powder on the build plat-
form and selectively sintering the powder material 
according to the 2D section of the 3D object using a 
light source. For the subsequent layers, the process 
proceeds until the completion of the object by repeat-
ing the sequence of lowering the build platform by a 
specific quantity equal to the set layer thickness, dis-
tributing the powder and exposing the material using 
the energy source. To promote the sintering and com-
ponent geometry stability, the chamber and the pow-
der bed are kept at a temperature nearly equal to the 
polymer glass transition temperature [17]. Because 
of that, at the end of the process, the object is sur-
rounded by sintered powder that must be removed by 
a mechanical action, such as shot peening [18]. The 
presence of sintered material surrounding the object 
may inhibit the fabrication of intricate structures 
because of the difficulties in accessing the smaller 
pores or the central part of the structure to remove the 
sintered powder [19].

The samples made by TPU, with the commer-
cial name of ESTANE® 3D TPU M95A [20], were 
processed via the HP® JetFusion 4200 MultiJetFu-
sion. This system uses an infrared light to sinter the 
material. To accelerate the sintering process, before 
the exposure, the powder material is wetted by a so-
called fusing agent [21]. The percentage of irradi-
ance was set equal to -2%. The remaining process 

parameters are closed; therefore, they were pre-set for 
the selected material as suggested by the supplier.

The samples made in PA12, commercially PA2200 
[22], were produced using a Formiga Velocis P110 
(EOS GmbH). This system employs a  CO2 laser of 
21 W to sinter the powder. The temperature levels of 
the removal chamber and process chamber were set to 
154 °C and 172 °C, respectively.

In both systems, a layer thickness of 0.1 mm was 
set.

For each configuration, three replicas were manu-
factured and tested. Figure 2 shows the four specimen 
configurations produced in PA12 and TPU compared 
to the nominal CAD. The variation of the L and D 
parameters highlights the differences in volume 
fraction.

As mentioned above, a multi-cell configuration 
was designed to emulate the crashworthiness capa-
bilities of the structure during a real application as 
the padding shell element (also known as liner) of a 
helmet. Considering the typical thickness of a liner 
(40  mm), the L20_D1.6 configuration was selected 
to be replicated in a matrix arrangement 2 × 2 × 2, 
as depicted in Fig.  3. The multi-cells, named L20_
D1.6_2 × 2 × 2, was manufactured only in TPU mate-
rial. Since the replication transformation is required 
to maintain the minimum gap among the adjacent 
replicas to avoid obstruction during the bending 
movements, the volume envelope of the structure 
increased, generating a reduced value of VF (16%) 
compared to the unitarian cell (20.1%).

Quasi-static tests were performed using a Shi-
madzu universal testing machine with a 5 kN load 
cell at a 1  mm/min speed. The high-speed (HS) 
compression load tests were performed using an 
in-house drop tower system developed at the Uni-
versity of Aveiro. The schematic representation of 
the drop tower machine is illustrated in Fig.  4. The 
impactor displacement was measured using a posi-
tional encoder (from where strains were calculated), 
whereas the response force related to the impact 
was measured using a 20 kN load cell. The impactor 
assembly (Fig. 4), containing the load cell, has a total 
mass of 20 kg. The flat square surface of the impactor 
(130 mm side length) guarantees a uniform applica-
tion of the load on the specimen upper surface.

The specimens characterised by the lower value 
of VF, i.e., the L40_D2.0, were used to conduct a 
preliminary characterisation of the structure under 

Table 1  Material and mechanical properties of the PA2200 
(PA12) [22] and ESTANE® 3D TPU M95A-545 powders 
(TPU) [20] according to the technical datasheet

PA2200 ESTANE® 
3D TPU 
M95A

Tensile modulus (MPa) 1650 60
Tensile strength (MPa) 48 11
Elongation at break (%) 18 180
Melting temperature (°C) 176 200
Bulk density (g/cm3) 0.45 N/A
Sintered part density (g/cm3) 0.93 1.17
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Fig. 2  3D-CFS configura-
tions with related VF: from 
top to bottom CAD version 
design, PA12 and TPU 
manufactured specimens

TPU

L40_D2.0 L28_D2.0L28_D1.8

Z

X

9.1% 14.1%

CAD

PA12

VF 16.8%

L20_D1.6

20.1%

Fig. 3  Single and multiple-
cell configuration of the 
sample L20_D1.6. Top: 
CAD illustration; bottom: 
representation of the TPU-
manufactured samples

L20_D1.6_2x2x2L20_D1.6

CAD

TPU
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a pre-set impact energy quantity value equal to 50 J. 
This test revealed that the selected energy was too 
high to detect the structure response adequately; 
therefore, the energy was subsequently reduced to 
25  J, except for the multiple-cell configuration. The 
resulting strain rates at the impact onset were 55.9  s−1 
for the first test (50  J) and 39.5   s−1 for the subse-
quent test with 25 J. As an example, a video record-
ing showing the experimental test of the multiple-cell 

configuration tested under 25 J impact load was pro-
vided as a supplementary file.

From the test, the measurements were elaborated 
to quantify the energy absorption properties of the 
structures using the energy per unit volume (W). This 
index was obtained by measuring the portion of the 
area subtended from the stress–strain curve at the 
densification point (εd), as illustrated in Fig. 5. The εd 
point for each structure was determined by identify-
ing the strain point corresponding to the highest value 
of the Ideality (I) efficiency parameter (see Fig. 5) for 
the investigated absorber. I is obtained by comparing 
the performance of the actual tested material with the 
corresponding of an ideal absorber. Thus, as observed 
in the formula reported in Fig. 5, the Ideality param-
eter is calculated as the ratio between the energy per 
unit volume evaluated up to the εd (Wεd) and the ideal 
energy per unit volume, i.e., the product between the 
stress at the densification point(σm = σεd) and εd [23].

In addition, since the materials employed in this 
study have different density values (Table 1), to make 
them comparable, the properties W has been divided 
by the material density, obtaining the so-called spe-
cific energy absorption (SEA).

3  Results and discussion

As mentioned above, the preliminary test was per-
formed with an impact energy equal to 50 J. Figure 6a 
shows the results from the impact tests of L40_D2.0 
for PA12 and TPU. The difference in stresses between 
the two materials is relevant. Specifically, the first 
response to the impact mass shown in the curve 
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Fig. 4  Schematic illustration of the drop tower system 
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elastic region (Segment AB in Fig.  6) reveals that, 
despite the higher stiffness of the PA12 sample, the 
elasticity of the TPU counterpart accommodates bet-
ter the strut bending behaviour by reaching a higher 

value of strain before the plastic region (Point B in 
Fig. 6). Then, after the quasi-linearly bending and the 
material has reached peak B in Fig.  6, a quick col-
lapse can be observed (point C in Fig.  6), probably 
due to premature failure of some struts or multiple 
fractures in the structure [5]. After the collapse of 
the struts, the structure densifies, as can be noticed 
by the rapid increase of the stress without increasing 
the strain (Point D in Fig. 6). This behaviour is most 
appreciable when the dependency of the material 
behaviour from the strain rate is higher, especially in 
brittle materials such as the PA12 processed by PBF 
[21]. This aspect could be easily detected by com-
paring the compression curves of the same 3D-CFS 
tested with quasi-static and dynamic load (Fig.  6b). 
The fracture mechanism shown by the sample tested 
under HS load significantly decreases the structure 
strength response. In contrast, the QS sample showed 
more controlled deformation mechanisms that guar-
antee handling more stress before densification.

Considering the findings mentioned above, the 
other structures were tested at lower impact energy 
equal to 25 J.

Figures  7, 8, and 9 report the results of the 
impact tests performed on the L28_D1.8, L28_
D2.0, and L20_D1.6 specimens, respectively.

As it can be observed, the stress and strain val-
ues among the replicas were quite similar. However, 
the deviations in the deformation mechanisms were 
significantly different, especially for the PA12 spec-
imens. The observed deviations may be attributed to 
defects induced during the manufacturing process, 
which can result in various localised fractures of the 
struts [24, 25].

Compared to L40_D2.0, the 3D-CFS configura-
tions with L = 28 mm showed higher energy absorp-
tion values with a notable plateau region for both 
materials. Owing to the lower stiffness, the energy 
absorption characteristics of TPU are relatively 
lower than those of PA12 specimens. Conversely, 
the magnitude of stress within the initial phase of 
impact is considerably reduced.

Regarding L20_D1.6, the results shown in Fig. 9 
indicate that the structure experiences rapid densifi-
cation in response to the impact. This behaviour is 
caused by the high volume fraction of the geometry, 
which limits the bending of the strut and generates 
a rapid increase in the force response, reducing the 
structure capability to absorb the energy uniformly. 

0

1

2

3

0 0.1 0.2

0

5

10

15

20

0 0.2 0.4 0.6

S
tr

e
s
s
 [

M
P

a
]

Strain [-]

0

10

20

30

40

0 0.2 0.4 0.6

S
tr

e
s
s
 [

M
P

a
]

Strain [-]

(a)

(b)

TPU_HS_L40_D2.0

PA12_HS_L40_D2.0

PA12_QS_L40_D2.0

A

B

B

B

A

C

C D

D

A

B

B

C

C

D

D

Fig. 6  Strain vs. stress curves of L40_D2.0 specimen: a com-
parison between the 3D-CFS manufactured with PA12 and 
TPU and tested with high-speed compression load (50  J); b 
comparison between the L40_D2.0 made in PA12 and tested 
with a quasi-static and high-speed compression load
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The phenomenon is particularly pronounced in the 
TPU samples, as the lower stiffness leads to a rapid 
collapse, resulting in a consistent increase in the 
compression curve response.

However, in the multi-cell arrangement, which 
was tested with the same impact load (25  J) as the 
related single cell, the energy absorption perfor-
mances increased significantly (Fig.  10a). As evi-
denced by the video recording that is included as a 

Fig. 7  Strain vs. stress curves of all the replicas of L28_D1.8 (VF = 14.1%) configuration manufactured in PA12 (a) and TPU (b) 
materials and tested under high-speed impact load (25 J)

Fig. 8  Strain vs. stress curves of all the replicas of L28_D2.0 (VF = 16.8%) configuration manufactured in PA12 (a) and TPU (b) 
materials and tested under high-speed impact load (25 J)
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supplementary file, the larger surface of the top plate 
guarantees the distribution of the impact load among 
the eight replicas of the L20_D1.6 uniformly, ena-
bling them to reach deformation mechanisms close to 
the those observed in the single structure configura-
tion [15] and generating an extended plateau region, 
that means higher energy absorption. Furthermore, 
when examining the acceleration vs. time graph 
depicted in Fig. 10b, it becomes more evident that the 
multiple-cell structures possess superior absorption 
capabilities. Particularly, an ideal absorber should 
maintain the peak of acceleration (PA) low as soon 
as possible and dissipate the impact energy for a long 
time to avoid damage to the protected item. As the 
graphs show, the PA of the L20_D1.6_2 × 2 × 2 sam-
ples (20.7 ± 0.9  g) are significantly lower than the 
L20_D1.6 (24.2 ± 1  g). In addition, the energy dis-
sipation time of the multiple-cell structure is double 
that of the single-cell.

From the HS compression tests, all the parameters 
extracted (σεd and εd) and calculated  (Wεd, SEA, I) 
are reported in Table 2. The structures made by PA12 
performed better than TPU counterparts in terms of 
SEA and I. In comparison with the set corresponding 
to L = 28 mm, a lower VF promoted a slightly better 
absorption efficiency. This result is due to the lower 

stress obtained at the densification point. Owing to 
the rapid densification mainly observed in structures 
with too low or too high volume fraction, e.g. L40_
D2.0 and L20_D1.6 configurations, respectively, the 
measured values of Ideality are significantly lower 
than the other structures.

The configuration using multiple cells enhanced 
the performance with respect to the single struc-
tures, reaching an efficiency parameter of 52%. 
Regarding SEA, it appears that L20_1.6 tested 
in single-cell performed better than multiple-cell 
configuration. However, it should be observed that 
by definition (See Sect.  2.2), the SEA considers 
the densification of the structure and, therefore, is 
affected by the higher stress detected for the single 
cell. On the other hand, in that condition, the struc-
ture already failed; when densified, it cannot dissi-
pate energy efficiently. Conversely, the I descriptor 
reveals how the multiple-cell configuration dissi-
pates the energy generated during the impact better 
thanks to the deformability of the internal reticular 
structure, which occurs under a more controlled and 
slow bending mechanism. This absorbed energy 
via the controlled deformation allows the multi-cell 
configuration to be more suitable for damage reduc-
tion, e.g., in the case of an application for personal 

Fig. 9  Strain vs. stress curves of all the replicas of L20_D1.6 (VF = 20.1%) configuration manufactured in PA12 (a) and TPU (b) 
materials and tested under high-speed impact load (25 J)
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protective equipment head protection. In this regard, 
data on the high strain rate response of complex 
structures produced by AM are lacking. Compared 
with the available data for cellular structures [5, 26, 
27], the efficiency of the 3D-CFS structure is com-
parable or slightly lower, while the SEA parameter 
is significantly higher (up to six times in the case of 
3D-CFS multiple cells) and comparable to the tradi-
tional foam obtained by moulding [28].

4  Conclusions

This study aims to examine the energy absorption 
capabilities of 3D-CFS under high-speed compression 
loads. The structures were fabricated using two poly-
meric materials, PA12 and TPU, through the powder 
bed fusion technique. Different structures have been 
designed by varying the length and the diameter of 
the beam initiator to obtain structures with different 
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volume fractions. Also, a new layout, including mul-
tiple cells, has been designed to emulate the crashwor-
thiness capabilities of an actual application.

The test results have shown that the behaviour 
of both PA12 and TPU samples is significantly 
strain-rate dependent. Overall, the volume fraction 
range that can provide higher efficiency values in 
terms of energy absorption of 3D-CFS under high 
strain rate has been identified between 14 and 17%. 
The multiple-cell configuration showed an excel-
lent energy absorption value with low values of the 
acceleration peak compared to the related unitarian 
cell. PA12 3D-CFS is a high energy absorber, but 
the TPU 3D-CFS ensures a significantly lower peak 
for the force impact. In the case of applications for 
personal protective equipment, the performance of 
TPU may be ideal for avoiding brain injuries during 
the impact. However, this could not be enough if the 
percentage of energy absorbed at the impact is low. 
Therefore, a possible solution could be to combine 
the two materials with a proper design in which the 
capabilities revealed could be exploited.
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