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Abstract
The objective of the study is to evaluate the performance of solid cellular structures in Polylactic Acid (PLA) by extrusion 
of material. The structures studied are Strut-Based, Triply Periodic Minimal Surfaces (TPMS) and Spinoidal. Impact tests 
allowed the identification of three categories of energy absorption (low, medium, high). The structures with lower deformation 
were subsequently subjected to cyclic impact tests, while the others were discarded from the analysis. Once the structures 
were deformed, they were immersed in a thermostat bath at 70 ºC, a temperature higher than the glass transition of PLA, 
necessary for the recovery of shape. TPMS structures display the best performance for high and medium impact energies, 
thanks to the presence of few internal defects. Spinoidal structures perform well at low impact energies but are less suitable 
for cyclic testing due to their geometric characteristics. Despite featuring the same density of TPMS structures, the strut 
based ones are not suitable for cyclic testing due to poor mechanical strength. The experimental findings are very promising 
as the best performing structures can be suitable for the fabrication of products with an increased life cycle, especially in the 
ever growing and flourishing market of technical items for impacts protection.
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1 Introduction

4D printing is one of the most innovative technologies of 
recent years. Its origin dates back to 2013 thanks to the 
studies conducted by the research group of MIT (Massa-
chusetts Institute of Technology) [74]. These studies are 
based on 3D printers, an additive manufacturing technol-
ogy that has allowed greater precision in the production 
of end-goods [56], through a layer-by-layer manufacturing 
process that allows the manufacture of three-dimensional 
objects [38, 82]. 4D printing represents, in particular, an 
evolution of 3D printing, as the functionality, properties and 
shape of the product can also vary as a function of time 
[55], which becomes the fourth dimensional variable of the 

manufacturing process [10, 17]. Furthermore, 4D printing 
allow to confer functions such as self-assembly, multi-func-
tionality and self-repair [46].

In the context of 4D printing, the development of Shape 
Memory Materials (SMM) is of utmost interest. SMM are 
materials capable of recovering the original shape after a 
permanent deformation, once subjected to an external stimu-
lus [22]. These materials can be activated by different types 
of stimuli, such as thermal ones [37, 68, 75], mechanical 
[23, 29, 47], luminous [24, 30], electrical [14, 60], mag-
netic [44, 64] or chemical [32, 90], exploiting the material 
shape memory effect (SME) [80, 91]. In particular, shape 
memory polymers (SMPs), once permanently deformed, are 
fixed in their provisional temporary configuration [31]. They 
therefore have the ability to recover their permanent shape 
when heated to a temperature higher than the glass transition 
temperature of the material [89].

Metamaterials are artificial materials characterized by 
an engineered architecture. They can exploit the shape 
recovery capabilities of SMMs. They are designed in order 
to have physical properties determined by the geometry of 
the “cellular” structure rather than the chemical composi-
tion of the material [48, 83]. Furthermore, these materials 
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have unique characteristics not found in other types of 
material, such as, for example, low density [71], high stiff-
ness and mechanical strength [63, 76] as well as negative 
Poisson’s ratio [6, 8].

Numerous studies [16, 35, 45, 85] have attributed to met-
amaterials excellent energy absorption capabilities both for 
metallic [70, 88] and polymeric [1, 69] materials.

Polylactic acid is widely used among thermoplastic poly-
mers in additive technology and the design of cellular struc-
tures. [13] analyzed sandwich structures made of FDM with 
fragile core with high mechanical strength in PLA, instead 
of fossil-based plastics such as polyvinyl chloride and poly-
ethylene terephthalate. PLA is the base material and it is 
inserted in between two unidirectional glass fiber reinforced 
polymer by compression molding so as to form a sandwich 
structure. This configuration improves the mechanical 
properties of the sandwich structure, both in terms of shear 
strength, Young’s modulus and bending load. In another 
study [11] studied sandwich structures in continuous fibre 
reinforced PLA together with sandwich composites contain-
ing short polyester fibre and PLA. The extrusion of the mate-
rial took place in a vacuum glass chamber, with the analysis 
considering three types of surface coatings. The use of flax 
fibre demonstrated a similar durability with respect to con-
ventional glass fibre composites. In addition, the presence of 
the microsilice/epoxy resin coating improved the mechani-
cal and stability properties of the structures. Finally, [12] 
studied thermoplastic matrix composites reinforced with 
carbon fiber acting as heating element. This design led to a 
significant improvement in thermal resistance, especially at 
the edges of the heating element. The choice of the geometry 
of the structure is a fundamental step, as it affects the per-
formance and properties of the material itself. Recently, the 
Triply Periodical Minimal Surfaces (TPMS) structures have 
attracted considerable attention. TPMS are geometries that 
repeat themselves in three dimensions with zero mean curva-
tures and large surface areas [39]. In [57], the TPMS struc-
tures in 316L steel manufactured using LPBF (Laser Powder 
Bed Fusion) were tested in compression. They highlighted 
how the Nevious structure is the best in absorbing energy 
up to strain equal to 50%. In terms of elastic modulus, the 
best geometries were found to be the Fischer Koch with 6.96 
GPa, the Nevious with 6.74 GPa and the Gyroid 4.46 GPa. 
The Diamond, Nevious and Gyroid geometry showed higher 
yield strength with values ranging between 71—83 MPa. 
[36] studied the mechanical behavior of different TPMS 
such as the Primitive and Gyroid structures fabricated by 
SLM (Selective Laser Melting). The Gyroidal structure was 
found to gradually deform during compression and show 
highly hardened areas, due to the presence of macro-locali-
ties where the geometry underwent high deformations. The 
Primitive structure instead showed a rapid local deforma-
tion after the application of the static load, but it exhibited 

a better capacity to absorb energy in case of structures with 
relative densities < 0.35.

TPMS are studied as energy absorbers, when made with 
metallic materials. However, the existing literature lacks 
information regarding TPMS structures fabricated with 
polymeric materials. Biopolymers such as PLA (polylactic 
acid) represent an excellent alternative to conventional shape 
memory polymers, as in addition to having good mechanical 
resistance, they are environmentally sustainable (Caceres-
Mendoza et al., 2023).

Strut-based structures are often used in metamaterial 
applications. These are reticular structures made up of unit 
cells that repeat themselves on a regular and periodic basis. 
In [72], the BCC (Body-Centered Cubic) lattice was found to 
boast good energy absorption for relative densities of 10, 20 
and 30%, respectively, but still lower than those of the FCC 
(Face -Centered Cubic) of equal density. Furthermore, once 
stressed in compression, the response at break of the BCC 
lattice is stable and remains so until the densification con-
dition. [86] compared the performance in terms of energy 
absorption of the TPMS structures with the BCC structures, 
highlighting how the former are superior, even in terms of 
fluctuation of the stress level in the plateau region, i.e. in the 
area of the stress–strain curve in which the load is almost 
constant [20]. Another category of structure that could guar-
antee good absorption capacity and mechanical resistance 
is the Spinoidal. This structure consists of smooth and non-
intersecting surfaces with almost zero mean curvature [27, 
66]. In the scientific literature, the behaviour of Spinoides is 
not investigated, with the exception of some studies where 
their behaviour as acoustic absorbers is analysed [79].

More in detail, the mechanical properties of metamateri-
als and their ability to absorb energy are extensively studied 
mainly under compressive stresses [7, 36, 42, 50, 62, 77]. 
Much less frequent is the study of energy absorption when 
dynamic loads are applied to the structures [25, 52]. In these 
studies, however, the number of geometries investigated is 
limited. Furthermore, there is a lack of specific assessments 
in which the resistance of the structure in withstanding load 
cycles is also associated with the subsequent recovery phase. 
Recently, [18] have addressed these issues with reference to 
chiral geometries that are tested under compression load. 
The resistance to cyclic stress would ensure prolonged use of 
the product and would allow for a reduction in the weight of 
the component, thanks to the adoption of low-density grids 
or patterns. The number of cycles applicable to the structure 
is strictly dependent on the lattice geometry analysed and on 
the characteristics of the chosen material. In this context, 
the aim of the present work is to investigate the mechanical 
performance provided by Strut-based, TPMS and Spinoi-
dal metamaterial structures made of PLA, once subjected 
to dynamic loads applied by a machine designed to perform 
impact tests. Initially, the strength of structures for various 
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impact energies was tested. Three ranges have been defined 
for the impact energy: high, medium and low. Once the best 
geometries for each category had been identified, i.e. those 
which did not show a plastic deformation such as to prevent 
further impact tests, the structures were restored to their 
original form by applying a thermal stimulus transmitted via 
a thermostatic bath. The structures have therefore been sub-
jected to a sequence of cycles of stress—recovery of shape, 
to evaluate their energy absorption capacity. The structures 
chosen for each category were compared by identifying a 
correlation between mechanical properties as the absorption 
energy and the ability to recover the shape, a typical effect 
of SMPs. The best geometries for high and medium impact 
energies were found to be the TPMS, as the limited internal 
manufacturing defects do not compromise the mechanical 
resistance of the structure, nor the shape recovery. For low 
impact energies, on the other hand, the Spinoidal structures 
showed better behaviour even in the case of cyclic stress. 
Finally, a relationship between damage status and speed of 
recovery of the different structures investigated was identi-
fied. A more damaged structure recovers its shape in less 
time, except for the lamellar Spinoidal structure as it features 
a lower stiffness. The Spinoidal structures, instead, when 
subjected to cyclic stresses, deforms plastically, compacting 
in such a way and increasing their overall strength as to be 
unable to recover the initial height.

2  Materials and methods

2.1  Materials

For the manufacturing of the samples, a PLA filament (Ulti-
maker, Utrecht, Netherlands) was used. The choice to use 
technical PLA was determined by the need to obtain greater 
mechanical resistance than that which would be obtained 
using non-technical PLA filaments. Furthermore, the tech-
nical filament showed less brittleness than standard PLA 

[53]. The diameter of the filament is 2.85 ± 0.10 mm, with a 
density of 1.22 g/cm3.

2.2  Geometry definition and design

The analysed structures are three-dimensional of the non-
stochastic type, characterized by a unitary lattice cell 
repeated within the volumetric region [5, 54], with the 
exception of the Spinodoides which instead are stochastic 
structures [26, 78]. In this study, three types of patterns were 
designed: Strut-based, TPMS and Spinoidal. For the first two 
categories of cellular structures, the pattern density was set 
at 30%, a value below which it is possible to define a struc-
ture as cellular [15]. The relative density of the Spinoidal 
structures was set at 0.50, as problems in the fabrication 
were encountered for lower values. The dimensions of the 
samples are 30 × 30 × 30 mm 3 with the insertion of a 0.5 mm 
thick bottom layer to allow the correct gripping of the sam-
ple on the machine during the manufacturing process.

2.2.1  Strut‑based structures

The Strut-based structures investigated are essentially two: 
BCC (Body Centered Cubic) and FBCC (Face Body Cen-
tered Cubic) already analysed in [19, 34, 40]. The structures 
were created using the "Autodesk Inventor 2022" software, 
considering the size of the single cell equal to 6 × 6 × 6  mm3. 
The diameter of the single rod that makes up the BCC struc-
ture was calculated as explained in [9], setting the length of 
the 4 beams of the cell (Fig. 1a) to 10.392 mm. The volume 
of the single cell and the relative density of the structure can 
be calculated as in Eqs. 1 and 2:

(1)Vcella BCC = 4
(

�rBCC
2
)

h = �D2

FBCC

2
h

(2)� =
Volume occupato

Volume totale
=

Vcella BCC

VCUBE

Fig. 1  a BCC cell CAD model, 
b FBCC cell CAD model



1700 The International Journal of Advanced Manufacturing Technology (2024) 132:1697–1722

Having imposed the height of the cell at 6 mm, the vol-
ume of the entire cube in which the cell is inscribed is equal 
to VCUBE = (6mm)3 = 216m3 and imposing the density equal 
to � = 0.30 , the diameter of the single rod will result accord-
ing to Eq. 3:

In a similar way it is possible to measure the diameter of 
the rod for the FBCC cell (Fig. 1b). In this second case, there 
is a greater quantity of material due to the addition of the 
semi-beam on the external faces. For this reason, the volume 
of the FBCC can be defined as equal to twice the volume of 
the BCC, which according to Eq. 4 will be equal to:

Considering the relative density of the structure equal to 
30% and VCUBE = 216m3 , the diameter of the beam for the 
FBCC structure can be calculated according to Eq. 5:

2.2.2  TPMS Surface‑based structures

The Triply Period Minimal Surface (TPMS) are structures 
that are characterized by surfaces with zero mean curvature 
[49, 84]. The geometries were generated starting from the 
Matlab MS lattice application [3]. The structures shown in 
Fig. 2 are:

(a) Diamonds:

(b) Fischer-Koch:

(c) FRD:

(3)D
BCC

=

√

V
CUBO

∗ �

V
cella BCC

∗ �
=

√

216mm3 ∗ 0.3

2 ∗ 10.392mm ∗ 3.14
≈ 1.4mm

(4)Vcella FBCC = 2Vcella FBCC = 8
(

�rFBCC
2
)

h = 2�D2

FBCC
h

(5)

DFBCC =

√

VCUBO ∗ �

Vcella FBCC ∗ �
=

√

VCUBO ∗ �

Vcella FBCC ∗ �
≈ 0.99mm

(6)

F(x, y, z) = sin sin (x) ∗ sin sin (y) ∗ sin sin (z)

+ sin sin (x) ∗ cos cos (y) ∗ cos cos (z)

+ cos cos (x) ∗ sin sin (y) ∗ cos cos (z)

+ cos cos (x) ∗ cos cos (y) ∗ cos (z)

(7)

F(x, y, z) = cos cos (2x) ∗ sin sin (y) ∗ cos cos (z)

+ cos cos (x) ∗ cos cos (2y) ∗ sin sin (z)

+ sin sin (x) ∗ cos cos (y) ∗ cos (2z)

(8)

F(x, y, z) = (x) ∗ cos cos(y) ∗ cos cos (z)]

− [(2x) ∗ cos cos (2y) + cos cos (2y)

∗ cos cos (2z) + cos cos (2z) ∗ cos (2x)]

(d) Gyroids:

(e) IWP:

(f) Nevious:

(g) PMY extension

(h) Primitives:

In Eqs. (6, 7, 8, 9, 10, 11, 12, and 13) the mathematical 
functions of the various geometries are reported [33, 73] 
and [59]. Table 1 shows the parameters used to generate the 
geometry through the application. After inserting the inputs, 
a geometry file in *.stl format is obtained.

2.2.3  Spinoidal structures

The geometries shown in Fig. 3 are Spinoidal, respectively 
columnar (a), cubic (b), isotropic (c) and lamellar (d).

The geometries were created by the Matlab software 
using the codes made available by the Gibbon tool [43]. To 
generate these structures, a random field of radial Gaussian 
functions (GRFs) was used. The size of the domain, where 
the GRF function was sampled, was set to 1. The sampling 
resolution was set to 100. Next, the wavenumber and wave-
number for the function GRF were set to 15π and 1000, 
respectively. After calculating the solid geometry and cre-
ating the corresponding mesh, the model was exported to a 
file in a *.stl format.

2.3  Geometry manufacturing with FDM technology

The specimens were produced using the “Ultimaker S5” 
3D printer (Ultimaker, Utrecht, Netherlands). For the Strut-
based structures it was necessary to convert the *.ipt format 
CAD files into a *.stl format files. While for the TPMS 
and Spinoidal structures this step was not necessary, as a 

(9)
F(x, y, z) = cos cos (x) ∗ sin sin (y) + cos cos (y)

∗ sin sin (z) + cos cos (z) ∗ sin sin (x)

(10)

F(x, y, z) = (x) ∗ cos cos (y) + cos cos (y) ∗ cos cos (z)

+ cos cos (z) ∗ cos (y)) − (2x) + cos cos (2y)

+ cos cos (2z))

(11)
F(x, y, z) = (x) + cos cos (y) + cos cos (z))

+ 4 ∗ (x) + cos cos (y) + cos cos (z))

(12)
F(x, y, z) = 2 ∗ cos (x) cos (y) cos (z) + sin (2x) sin (y)

+ sin (x) sin (2z) + sin (2y) sin (z)

(13)
F(x, y, z) = cos cos (x) + cos cos (y) + cos cos (z)
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file of this type is already obtained in output to the gen-
eration code. The printing temperature was set at 215 °C, 
the height of the layer which was instead assumed to be 
equal to 0.2 mm. The printing speed was set to 60 mm/s 
in order not to induce residual tensions within the mate-
rial [87]. Furthermore, a filling density of 100% was set 

to maximize the mechanical resistance [58]. The printing 
bed temperature was set at 60 °C to ensure sufficient bond 
strength during the printing process [67]. The structures 
investigated do not have thin elements in contact with the 
hot plate. Therefore, it was not necessary to insert a water-
soluble polymer support during the manufacturing process.

Fig. 2  TPMS structures: Dia-
mond (a) Fischer-Koch (b) FRD 
(c) Gyroid (d) IWP (e) Nevious 
(f) PMY (g) and Primitive (h)
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2.4  Impact test

The impact tests were carried out using a custom-built 
machine which involved the fall of a 6.5 kg steel weight 
from an adjustable height (i.e., maximum height of 0.9 m). 
The experimental results were considered for comparative 

purposes as the same architecture of the tests was kept dur-
ing the experimental plan.

Figure 4 shows the frame of the machine used. The siz-
ing of the machine was determined considering a maximum 
impact energy imposed on the specimens of approximately 
58 J [4, 61, 87].

The grave was chosen in steel, therefore the density 
is known � = 7810

kg

m3
 . A diameter of 5.8 cm was set. The 

grave is bound by the presence of the plexiglass tube 
which guides its motion during the test. The mass of the 
grave, once the height hgrave = 0.3 m has been set, can be 
expressed by Eq. (14):

(14)

mgrave = � ∗ Vgrave = � ∗ [

(

�d2
grave

4

)

∗ hgrave = 6.5Kg

Table 1  Inputs required for 
geometry generation entered 
into the MS Latex application

Geometry generation input

Relative densities (%) 30
Unit cell size (mm) 15
Sample length (mm) 30
Sample Width (mm) 30
Sample Height (mm) 30
Mesh density point 40

Fig. 3  Spinoidal structures: Columnar (a) Cubic (b) Isotropic (c) and Lamellar (d)
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The only unknown is hstroke , i.e. the maximum impact 
height that can be set, which can be calculated using 
Eq. (15), imposing g = 9.81 m/s 2 and the principle of con-
servation of mechanical energy

As hstroke is equal to 0.9 m, it is possible to determine the 
height hmax which includes both the height of the grave and 
the maximum impact height. This height is fixed at 1.2 m, 
which is suitable to avoid an excessively tall structure.

Table 2 shows the correspondence between the falling 
height of the body and the associated impact energy. The 
energy range referred to is between a maximum of 57.4 J, 
obtained when the object is dropped from the maximum 
height of 0.9 m to a minimum of 19.1 J, when the object 
is dropped from the minimum height, i.e. 0.1 m.

(15)mgrave ∗ g ∗ hstroke =
1

2
∗ mgrave ∗ v2 ≅ 57.4J

In an initial phase, the strength at break of the different 
structures was tested by setting the maximum height and 
energy level. To determine a level of impact height and 
energy that would not cause permanent deformations on 
the specimens, the structures involved were subjected to 
tests at progressively lower heights. This process allowed 
to define a combination of impact height and energy that 
would preserve the integrity of the specimen. Such com-
bination should allow the specimen to be restored to the 
initial shape for any load and recovery cycles, allowing it 
to be retested in the subsequent steps of the investigation.

For each type of structure, three replicas were tested 
to obtain an accurate and representative evaluation of the 
results. During the tests, the pre- and post-impact height of 
the samples is measured. However, the measurements are 
influenced by the high variability of the geometry in the 
upper part of the sample, where a proper smooth top layer 
is not present. Thus, measuring the samples with the cal-
liper becomes very complex and inaccurate. To solve this 
problem, flat plates larger than the base of the cube were 
interposed between the movable and fixed beaks of the 
calliper, the CAD model of which is shown in Fig. 5a. The 
presence of these two elements allowed to measure with 
good accuracy the distance between the two extremes, i.e. 
the lower and upper peak as shown in Fig. 5b. The dishes 
were made of aluminium with a mirror finish.

2.5  Shape recovery

After the impact tests, the recovery processes of the shape of 
the structures are carried out by applying an external thermal 
stimulus. The stimulus is provided by dipping the samples 
in a temperature-controlled bath with an immersion ther-
mostat C series (Julabo GmbH Seelbach, Germany), inside 

Fig. 4  Frame of the machine with which the impact tests are con-
ducted

Table 2  Correspondence 
between severe fall height and 
impact energy

Severe fall height 
(m)

Impact 
energy rating 
(J)

0.9 57.4
0.8 51.8
0.6 38.3
0 0.5 31.9
0.4 25.5
0.3 19.1
0.2 12.7
0.15 9.6
0.1 6.4
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a transparent tank with a capacity of 19 L. The temperature 
was set at 70 °C, higher than the glass transition temperature 
of polylactic acid T g = 58 °C [41].

Tracking software was used to monitor the sample recov-
ery. To prevent the formation of deposits inside the bath, 
70% demineralised water and 30% natural water have been 
used, so as not to compromise the sharpness of the images. 
The dipping of the specimen inside the bath was carried out 
using a support consisting of a clamp equipped with a handle 
to facilitate entry and exit from the tank, as shown in Fig. 6.

The support consists of two parts, a fixed base for sup-
porting the frame and a smaller mobile one for containing 
the sample during the test, both made of aluminium to with-
stand high temperatures. The approach between the fixed 
and the mobile part takes place through the presence of two 
cylindrical guides and a central pin completely threaded 
and screwed inside the two parts. To facilitate the approach 
phase, a knob has been created which rotates the head of 
the bolt, recalling the mobile part from the fixed one and 
reducing the distance between the two parts. The knob, the 

side joints of the clamp and the handle that allows the cor-
rect immersion/extraction of the clamp itself in the thermo-
static bath are made by SLA (Stereolithography) (Formlabs 
FORM 3 printer). The photopolymer resin used is able to 
withstand temperatures of 238 °C, thus avoiding problems 
of contact with a liquid at high temperatures. The feet of 
the clamps are made of black plastic material, with a radius 
of connection identical to that of the internal corners of 
the tank. This choice allows to place the clamp in the same 
position, ensuring greater stability and facilitating repeated 
use. The lower bars of the clamp have a specific length of 
30 cm, equal to approximately two thirds of the total length 
of the tank, further contributing to the safety and efficiency 
of using the device.

Recordings of the sample shape recovery were made 
with a full HD video camera (GZ-E205, JVC, Yokohama, 
Kanagawa, Japan). The tracking software makes it possible 
to trace a specific pixel and to follow its movements over 
time, following the definition of a fixed reference system as 
shown in Fig. 7. In particular, the software provides the pos-
sibility of distinguishing the selected pixel among those in 
the neighbourhood by means of an algorithm which is based 
on the reiteration in each frame of the method of the occur-
rence matrices. Furthermore, the system allows the option 
of selecting a fixed reference measurement, in this case the 
length of the clamp. This makes it possible to associate a 
measurement of the distance travelled to the movement of 
the pixel to be able to calculate the actual distance travelled 
over time from the point chosen as a reference. The track-
ing process is facilitated by the presence of a red marker to 
enhance the contrast between the pixel and the adjacent ones.

2.6  Deformation analysis and application of cyclic 
loads

Once the best structures have been defined for each category, 
cyclic stressing of the structures was performed. Cyclic tests 

Fig. 5  a CAD model of the measuring plates, b Contact between 
plate and specimen surface

Fig. 6  Support used for the immersion of the sample in the thermo-
static bath

Fig. 7  Identification of the reference pixel, of the fixed reference sys-
tem and of the known measurement, for the operation of the tracking 
software
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are carried out by testing the specimens at the heights that 
corresponds to each macro-category of impact energy. In the 
case of high impact energies, the selected structures were 
tested at heights of 0.9 m, 0.8 m and 0.6 m, respectively, 
that correspond to energies of 57.4 J, 51.8 J and 38.3 J. For 
an average (medium) impact energy level, the structures are 
tested at heights of 0.6 m, 0.5 m and 0.4 m. For the lowest 
impact energies, the heights considered are between 0.3 m 
and 0.1 m. Subsequently, load-recovery cycles were carried 
out.

The number of cycles investigated are variable, being 
based on the specific mechanical properties of the structure 
studied. The tests on the individual structures were carried 
out in a single day to have sufficiently reliable results and to 
avoid the effects of the aging process of the material.

3  Results

3.1  Identification of impact resistance categories

In the first part of the experimental investigation, the speci-
mens are tested up to break by identifying the correspond-
ing impact heights and maximum energies. Subsequently, 
the samples that have been broken are tested with impacts 
heights and energy progressively lower to measure the defor-
mation achieved. This procedure allowed to identify three 
categories of impact resistance for all the investigated struc-
ture, as it is defined in Table 3. Each structure tested is there-
fore classified within a specific category: high, average, low.

As earlier mentioned, the definition of the impact cat-
egories was based on the identification for a threshold value 
both in terms of the falling height of the body during the 
impact test and the resulting impact energy. The defined 
value allows the structures to deform mostly in the elastic 
range, bringing back to the smallest plastic deformations 
following the impact itself. This in turn creates the condi-
tions for a possible subsequent recovery of shape and the 
possibility of submitting the structures to repeated cyclic 
stresses, as it happens in the second part of the experimental 
investigation.

The category characterized by the lowest impact energy 
(namely, Low) requires a greater number of experimental 
levels during the impact tests to avoid that some structures 
are broken whatever the energy value is set, while others 
only undergo deformations in the elastic range. In this way, 
a correct balance can be achieved between the capacity of 
each sample to absorb the impact energy and the possibility 
of a subsequent recovery of shape. This would allow to study 
under cyclic stress the structure of interest.

Figure 8 illustrates the trend of the height variation ∆l 
of the specimens, which represents the difference in height 
respectively of the specimen after the manufacturing by 3D 

printing and that after the impact test, precisely after impact 
tests led at low impact energy.

The histogram highlights the different behaviour between 
the Columnar and Lamellar Spinoidal structures. In the first 
case, displacements of less than 1 mm are recorded, for all 
energy sub-categories. The Lamellar Spinoidal structure, on 
the other hand, has limited displacements only for impact 
energies lower than 10 J. However, as the energy increases, 
the displacement ∆l also increases reaching values close to 
6 mm. In both cases, the structures have a high capacity 
to absorb the impact energy in the respective deformation 
fields, elastic–plastic for the Lamellar and only elastic for 

Table 3  Impact resistance categories with the corresponding heights 
and impact energies

CATEGORY HEIGHTS (m) ENERGY (J)

High

0.9 57.4

0.8 51.8

0.6 38.3

Medium

0.6 38.3

0.5 31.9

0.4 25.5

Low

0.4 25.5

0.3 19.1

0.2 12.7

0.15 9.6

0.1 6.4

Fig. 8  Trend of displacement Δl as energy and impact height vary for 
low energy levels
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the Columnar structure. The other structures do not prove 
as effective in resisting the impact. Therefore, the was not 
tested under cyclic stress, as this kind of test would quickly 
lead them to collapse.

The Strut-based structures BCC and FBCC broke for 
impact heights greater than 0.15 mm. Therefore, they cannot 
be testes further under cyclic stress, due to their low impact 
resistance as well as due to the strong localization of the 
stresses near the central nodes of the individual cells. Also 
the Primitive structure cannot be testes further under cyclic 
stress, as for impact energy around 38 J, the displacement ∆l 
undergoes an increase of 7.2% and the structure is broken.

For the structures tested at medium impact energy 
(namely, Average), an energy range between 25.5 J and 
38.3  J is considered and a corresponding height range 
between 0.4 m and 0.6 m. Figure 9 shows the histogram 
of the mean and standard deviation of the displacement ∆l 
measured during the test.

The Diamond Lattice structure shows greater impact 
resistance, as the displacement ∆l is limited compared to 
other geometries and therefore more suitable to be tested 
under cyclic stress. In [65], the Diamond structure fabri-
cated from PLA exhibits higher mechanical strength than the 
Nevious structure and higher energy absorption for strains 
of 30%. The other structures, all belonging to the surface-
based category, show higher deviations and higher deforma-
tions once subjected to impact. In particular, for energies of 
38.3 J, the Nevious structure shows displacements slightly 
higher than the Diamond structure, with the displacement ∆l 
upper deviation being 10%. At the same time the structure 
cannot be tested under cyclic stress. The PMY structures 
and the FRD cannot be tested under cyclic stress because 
for impact energies higher than 31.9 J, they show a high 
plastic deformation, which leads to their irreversible failure. 

Consequently, recovering their shape later is useless as they 
are irreparably damaged by the first impact.

The geometries tested at high impact energies (namely, 
High) are tested at impact heights which correspond respec-
tively to 38.3 J, 51.8 J and 57.4 J. The structures which are 
best suited to operate with high impact energy impacts 
are those which are not irreparably damaged after the first 
impact and that are virtually insensitive in low and medium 
energy impact tests. Figure 10 shows the histogram with 
mean and standard deviation of the displacement ∆l meas-
ured during the impact tests. The Gyroid structure and the 
Cubic Spinoidal structure show greater strength. Therefore, 
they will be analysed later under cyclic stress. Although the 
Spinoidal structure is the best in terms of displacement ∆l, 
the Gyroid structure was also included in the investigation in 
order to make a comparison between two different types of 
structures. In fact, these structures have two different types 
of filling. The TPMS structure appears, in fact, more regular 
than the Spinoidal one which is instead more randomized.

Lastly, during the impact tests at average impact energy, 
the Diamond structure showed a remarkable resistance to 
deformation. Therefore, it was deemed appropriate to be also 
tested for high impact energies. The displacements ∆l of 
the Diamond structure are higher than those of the Gyroid 
structure and the Cubic Spinoidal structure by 52 and 65%, 
respectively, when considering impact heights of 0.9 m. 
For impact heights of 0.8 m, the difference is 65 and 80%, 
respectively. Finally, for impact heights of 0.6 m, there is a 
difference of 59% with the Gyroidal structure and of 30% 
with the Spinoidal one. Despite the higher deformations, 
the Diamond structure was tested under cyclic stress, as the 
maximum displacement still remains less than 10% of the 
height of the cubic structure. Accordingly, the Isotropic Spi-
noidal, IWP and Fischer-Koch structures were not tested 
under cyclic stress. The structures chosen at the end of the 

Fig. 9  Trend of displacement ∆l as energy and impact height vary for 
average energy levels

Fig. 10  Trend of displacement ∆l as energy and impact height vary 
for high energy levels
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impact tests for each energy category are, therefore, shown 
in Fig. 11.

3.2  Tests with cyclic load—recovery of shape

3.2.1  Structures with high impact energy

The second step of the experimental investigation was con-
ducted after the selection of the best geometries. During 
this step, the selected structures are submitted to cyclic 
loads. The resulting shape is subsequently restored through 
a heating process. The high impact energy structures tested 
were submitted to cyclic stresses at heights of 0.6, 0.8 and 
0.9 m, in agreement with the values reported in Table 3. 
Table 4 shows the initial height, the height following the 
impact and the height recorded after the recovery of the 
shape, respectively, for impacts at 0.6 m, corresponding to 
38.3 J as impact energy. For the Gyroid structure, the initial 
heights for the first three cycles are lower compared to the 
height after the shape recovery, highlighting the complete 
recovery of the height. This phenomenon can be justified by 
considering two fundamental aspects: (i) the effect of the 
pressure exerted by the water bath on the structure during 
the recovery step; (ii) the state of damage of the material [21, 
81]. During the cyclic stresses, the specimen develops cracks 
that already start from the first cycles, which expand in the 

last two cycles, in such a way as to prevent the structure from 
fully recovering both the height and the shape itself. In the 
fourth and fifth cycles, the damages caused by the impact 
cycles are, in fact, such that the post-recovery height is lower 
than the initial one, as the cracks created do not allow a total 
recovery of the shape.

Table 5 shows the values of the initial height, of the 
height after the impact and after the shape recovery, respec-
tively, for impact tests carried out with a grave height of 
0.8 m corresponding to 51.8 J. In this case, the Gyroid struc-
ture is able to withstand three cycles of stress—recovery 

Fig. 11  Selected geometries 
for the three impact energy 
categories

Table 4  Stress cycle results Gyroid tested at impact heights at 0.6 m 
and 38.3 J

Gyroid 0.6 m – 38.3 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.5 29.8 31.6
2nd Cycle _ 31.75 30.4 32
3rd Cycle _ 32 30.65 32.15
4th Cycle 32.15 30.5 32.1
5th Cycle _ 32.1 30.25 32.05
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of the shape, thus highlighting a behaviour similar to that 
obtained for impacts at heights of 0.6 m.

For impact tests with energy corresponding to 57.4 J, i.e. 
with a falling height of the body equal to 0.9 m, the struc-
ture breaks irreversibly already at the third impact, after the 
second shape recovery (Table 6).

Figure 12a illustrates the shape recovery trend during the 
first cycles at impact energies of 57.4 J, 51.8 J and 38.4 J. 
In the first cycle carried out at an impact height of 0.6 m, 
recovery occurs faster in the first five seconds, compared 
to tests carried out with impact heights of 0.8 m and 0.9 m. 

Thereafter, recovery proceeds gradually up to approximately 
20 s, with further height recovery over the remaining 25 s.

Figure 12b shows the time vs. displacement trends of the 
shape recovery for the cycles performed at impact heights 
of 0.6 m. The recovery speed is higher in the last recovery 
cycles due to the greater damage present in the structures 
tested. In the first cycles, particularly in the first cycle, the 
recovery speed is rather slow, with the maximum recovery 
occurring in about 40 s. For the subsequent cycles, the maxi-
mum recovery is reached before 20 s. The greater integrity 
of the structure during the first cycle makes recovery more 
complex by virtue of the greater mechanical resistance of 
the structure itself. When significant damage in the struc-
ture take place, such damage reduces the mechanical resist-
ance of the structure and this allows an acceleration of the 
recovery process. Figure 13 shows the state of damage of 
the Gyroidal structure after the impacts at 0.6 m (a), 0.8 m 
(b) and 0.9 m (c), respectively. In all cases, it is evident that 
from the first impact cracks form, which subsequently widen 
in size as the number of cycles increases. It is important to 
note that the rate of crack expansion is closely related to the 
magnitude of the impact energy and the number of cycles.

Tables 7, 8 and 9 show the results of the stress cycles for 
the Cubic Spinoidal structure relating to the impact energies 
of 38.3 J, 51.8 J and 57.4 J. For impact heights of 0.6 m, the 
structure shows a limited deformation of about 0.2 mm, only 
in the first cycle. In subsequent cycles, the displacement 
increases until it exceeds 1.3 mm in the fourth cycle, where 
the structure is permanently deformed and can no longer 
be submitted to further cycles. These considerations can be 
extended to impact heights of 0.8 m. If the structure is sub-
mitted to an impact height of 0.9 m it is possible to carry out 
only one cycle, since for a second impact with an energy of 
57.4 J the geometry breaks irreversibly.

Table 5  Stress cycle results Gyroid tested at impact heights at 0.8 m 
and 51.8 J

Gyroid 0.8 m – 51.8 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.5 29 31.7
2nd Cycle _ 32 29.5 31.75
3rd Cycle _ 32 29.75 31.5

Table 6  Stress cycle results Gyroid tested at impact heights at 0.9 m 
and 57.4 J

Gyroid 0.9 m – 57.4 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.8 29.25 31.55
2nd Cycle _ 31.6 28.85 31.75

Fig. 12  a Recovery of shape of the first cycle performed at energies of 57.4 J, 51.8 J and 38.3 J, respectively, b Shape recovery cycles for impact 
heights of 0.6 m



1709The International Journal of Advanced Manufacturing Technology (2024) 132:1697–1722 

Fig. 13  Damage to the Gyroidal structure as the cycles vary for impacts of 0.6 m (a) 0.8 m (b) 0.9 m (c)
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The damage of the structure influences, as already seen 
previously, the recovery of the initial height. In the first 
recovery cycles, the resulting height is greater than the start-
ing height. As the damage increases, the structure is unable 
to fully recover its shape and consequently the initial height 
is not restored. During the first cycles carried out at different 
impact energies, the Spinoidal structure shows a reduced 
displacement compared to that recorded in the case of the 
Gyroid structure. At the same time, the Gyroidal structure 
has a superior mechanical strength, allowing it to undergo 
a greater number of stress cycles—shape recovery. Also in 
[2] in the case of compressive stress, the Gyroid structure is 
competitive with the other periodic triple surface structures. 
It has superior mechanical strength and better absorption 
capacity for relative densities higher than 30%.

Figure 14a shows how the Spinoidal structure exhibits 
excellent behavior in the first cycle performed at 57.4 J, 
while recovery at 51.8 J and 38.3 J is reduced, as is the final 
height recovered. For impact heights of 0.6 m, the struc-
ture is able to withstand four recovery cycles. In this case, 
the recovery speed increases with the number of cycles, but 
it assumes comparable values for the final three cycles, as 
shown in Fig. 14b.

b Shape recovery cycles for impact heights of 0.6 m
With the increase of the impact energy, a greater inter-

penetration between the planes of the Cubic Spinoidal struc-
ture is observed, also due to the presence of a consider-
able amount of internal defects, as shown in Fig. 15. In the 
case of the Cubic Spinoidal structure, a clear influence of 
the internal defects with respect to the structural behaviour 
is highlighted. The Gyroidal structure guarantees better 
behaviour due to the lower presence of internal defects. Fur-
thermore, the resistant section, although variable, remains 
almost constant as the number of cycles varies. The cubic 

Table 7  Stress cycle results of Cubic Spinoidal tested at impact 
heights at 0.6 m and 38.3 J

Cubic Spinodoid 0.6 m – 38.3 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.5 30.3 31.25
2nd Cycle _ 31.35 30.7 31.5
3rd Cycle _ 31.6 30.65 31.65
4th Cycle 31.7 30.45 31.4

Table 8  Stress cycle results of Cubic Spinoidal tested at impact 
heights at 0.8 m and 51.8 J

Cubic Spinodoid 0.8 m – 51.8 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.75 30 31.45
2nd Cycle _ 31.5 30 31
3rd Cycle _ 32.3 29.2 31.75

Table 9  Stress cycle results of Cubic Spinoidal tested at impact 
heights at 0.9 m and 57.4 J

Cubic Spinodoid 0.9 m – 57.4 J

Number of 
cycles

Initial height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.75 29.45 31

Fig. 14  a Recovery of shape of the first cycle performed at energies of 57.4 J, 51.8 J and 38.3 J, respectively
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Fig. 15  Damage to the Spinoidal cubic structure as the cycles vary for impacts of 0.6 m (a), 0.8 m (b), 0.9 m (c)
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Spinoidal structure is subject to more internal defects, which 
lead to a drastic reduction in its performance. In reality one 
of the main reasons for the failure of the Cubic Spinoidal 
structure is ascribable to the numerous internal cavities, 
where cracks can start and increase. This can lead the struc-
ture to collapse as an effect of the concentration of efforts. 
The Gyroid structure presents a gradual variation of shape.

This geometric feature is useful because it allows to 
avoid, at least partially, the concentration of stresses which 
would otherwise occur due to sudden variations in section. 
On the other hand, in the cubic Spinoidal structure there are 
sudden variations in section, which make it more vulnerable 
to the stresses of high-energy impacts. In fact, damage and 
failure begin to appear after the first impact at maximum 
energy due to sudden changes in the shape of the geometry. 
The first impact made with the impact height of 0.9 m and 
energy of 57.4 J produces different effects on the two struc-
tures. In the Gyroid structure, the first cracks are formed, 
which, as the number of cycles increases, tend to increase 
until they reach collapse. For the Cubic Spinoidal structure, 
this energy is already sufficient to bring part of the speci-
men to failure. As shown in Fig. 15, the Cubic Spinoidal 
structure presents a flaking of the planes with loss of the 
original shape. Furthermore, cracks are triggered within the 
structure.

Figure 16 shows the comparison between the two struc-
tures tested at high impact energies. The Spinoidal structure 
has an opening along the middle plane, unlike the Gyroid 
structure, which shows a similar deformation on all faces. 
The Spinoidal structure shows lower performance than the 
Gyroidal structure, as it is able to withstand fewer cycles of 
stress – recovery of shape.

3.2.2  Structures with medium impact energy

As earlier mentioned, the Diamond structure was, during the 
first step of the experimental investigation, classified in the 
category of medium impact energy structures. Despite this, 
the Diamond structure was also tested at impact heights of 
fall of 0.8 and 0.9 m, respectively, this because of the limited 
deformation found for energies lower than 40 J.

Tables 10, 11 and 12 show the results of cyclic tests per-
formed at medium energy levels for the Diamond structure. 
For impact energies of 25.5 J, the displacement detected is 
small and less than 1 mm up to the seventh cycle. In the last 
three cycles, the state of damage is such as not to allow a 
complete recovery of the original height. Despite this, the 
difference between the post recovery height and the ini-
tial height is limited, settling at 0.75 mm in the last cycle. 
For impact heights of 0.5 and 0.6 m, the structure resisted 

Fig. 16  Comparison of Gyroid 
and Cubic Spinoidal structure 
for different energy levels, fol-
lowing shape recovery

Table 10  Diamond stress cycle results tested at impact heights at 
0.4 m and 25.5 J

Diamond 0.4 m – 25.5 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.65 30.25 31.7
2nd Cycle _ 31.75 31 31.75
3rd Cycle _ 31.75 30.85 31.9
4th Cycle 31.95 31.2 32.25
5th Cycle _ 32.3 31.45 32.3
6th Cycle 32.35 31.3 32.25
7th Cycle 32.3 31.45 32.2
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respectively 5 cycles and 3 cycles, proving to be the best 
choice for the category of medium impact energy structures.

Subsequently, the Diamond structure was submitted to 
impact energies of 51.8 J and 57.4 J, respectively. From the 
experimental results shown in Tables 13 and 14, the strength 
of the structure decreases significantly, especially for impact 
heights of 0.9 m (that is, at the highest impact energy). At 
this impact height, the structure was unable to withstand 
even after the first cycle of stress and recovery, completely 
yielding to the applied load.

Figure 17a and b show the displacement vs. time curves 
relating to shape recovery for the first cycles performed at 
different energy levels and for the cycles performed at the 
minimum impact height of 0.4 m. For impacts made at 0.4 
and 0.5 m, recovery occurs quickly in the first 10 s com-
pared to the other impact energy levels. Subsequently, in the 

remaining 30 s, the recovery keeps on being observed. In the 
higher energy levels, the recovery speed is instead almost 
constant, especially for 51.8 J and 38.3 J.

For the cycles performed at 25.5 J, during the first cycles 
the structure takes longer to restore the initial configuration. 
During subsequent cycles, recovery begins approximately 
5 s after the material has been placed in the thermostat bath. 
This suggests, as previously discussed, that damage to the 
material hinders the recovery of the initial shape and that the 
water present plays an important role in the recovery pro-
cess, thanks to the hydrostatic pressure acting on the struc-
ture. Thermal recovery is effective for restoring connections 
that have undergone significant bending, but which have not 
fractured yet. In the last few cycles, most of the arms con-
necting the cells break, reducing the number of connections 
through which the impact energy is distributed. This leads 
to a higher local stress generated, with a significantly more 
intense effect. Therefore, a slight increase in load is enough 
to reduce the number of stress cycles.

Figure 18 compares the results obtained on five different 
specimens as the impact energy varies, when the structures 
reach a status of permanent failure. Furthermore, the differ-
ent fracture conditions generated on the specimen starting 
from a minimum load of 25.5 J up to a maximum of 57.4 J 
are highlighted. The Diamond structure does not appear to 
be suitable for operating at high impact energies. On the 
contrary, its performances are very good for medium impact 
energy and lower than 40 J.

3.2.3  Structures with low impact energy

For Spinoidal Lamellar structure, the cyclic tests were con-
ducted at impact energies of 12.7 J, 19.1 J and 25.5 J, with 
the results being reported in Tables 15, 16 and 17, respec-
tively. For impact heights of 0.2 m, an 11% reduction in 
specimen height was observed from the first cycle to the 
eighth. In these tests, the deformation measurement is not 
linked to the failure of the specimen, but the test is inter-
rupted when the deformation causes a reduction in the height 
of the specimen greater than 10% with respect to the starting 
one. The Lamellar structure favours the recovery of shape, 
which for each cycle is between 2 and 3 mm. For higher 
impact energies, for example 25.5 J, the structure is unable 

Table 11  Diamond stress cycle results tested at impact heights at 
0.5 m and 31.9 J

Diamond 0.5 m – 31.9 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.65 30.05 31.6
2nd Cycle _ 31.75 31 31.95
3rd Cycle _ 32 30.9 32.15
4th Cycle 32.2 30.8 32.45
5th Cycle _ 32.5 30.75 32.6

Table 12  Diamond stress cycle results tested at impact heights at 
0.6 m and 38.3 J

Diamond 0.6 m – 38.3 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.75 29.75 31.5
2nd Cycle _ 31.65 30 31.7
3rd Cycle _ 31.7 30 31.75

Table 13  Diamond stress cycle results tested at impact heights at 
0.8 m and 51.8 J

Diamond 0.8 m – 51.8 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.75 29.35 31.55
2nd Cycle _ 31.7 28.9 31.5

Table 14  Diamond stress cycle results tested at impact heights at 
0.9 m and 57.4 J

Diamond 0.9 m – 57.4 J

Number of 
cycles

Initial height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.75 28.6 31.55
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Fig. 17  a Shape recovery of the first cycle carried out respectively at energies of 57.4 J, 51.8 J, 38.3 J, 31.9 J and 25.5 J. b Shape recovery cycles 
for impact heights equal to 0.4 m

Fig. 18  Comparison of diamond 
structure at various energy 
levels and impact heights

Table 15  Stress cycle results of the Lamella Spinoidal tested at 
impact heights at 0.2 m and 12.7 J

Lamellar Spinodoid 0.2 m –12.7 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.25 28.2 29.45
2nd Cycle _ 29.25 26.9 28.2
3rd Cycle _ 28.3 25.75 28.15
4th Cycle 28.25 26.1 28.15
5th Cycle _ 28.3 25.9 28.1
6th Cycle 28.16 26.2 27.55
7th Cycle 27.6 26.1 27.2
8th Cycle 27.28 25.7 27.04

Table 16  Stress cycle results of the Lamellar Spinoidal tested at 
impact heights at 0.3 m and 19.1 J

Lamellar Spinodoid 0.3 m – 19.1 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 31 26.7 28.9
2nd Cycle _ 28.95 25.5 28.35
3rd Cycle _ 28.4 25 28.1
4th Cycle 28.2 24.8 27.9
5th Cycle _ 28 24.65 27.8
6th Cycle 27.85 24.1 27.2
7th Cycle 27.2 23.5 26.6
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to withstand the stress and carry out the recovery phase for 
more than 2 cycles. This is due to the high packing to which 
the structure is subjected, which causes a significant loss 
of its recovery capacity and affects its mechanical strength.

Figure 19 shows the trend of the displacement vs. time 
curves for the first cycles performed at 25.5 J, 19.1 J and 
12.7 J (a), respectively, and of the cycles performed at an 
impact energy of 12.7 J (b). For the first cycles carried out 
with low energy, the recovery speed is limited, with the 
height being restored in less than 5 s. When the impacts 
occur at impact heights of 0.4 m, the final height is recovered 
only 30 s after the dipping of the sample in the thermostatic 
bath.

Figure 19b confirms how in the first stress cycles the 
recovery speed is almost instantaneous and increases as 
the number of cycles increases. The speed of recovery also 
increases as the level of damage to the structure increases, 
as previously discussed.

Tables 18, 19 and 20 show the results of the impact tests 
conducted at 12.7 J, 19.1 J and 25.5 J, respectively. The vari-
ation between the initial height, the height after the impact 
and the height after the recovery is always rather limited, 
reaching a maximum of 0.5 mm. This means that the defor-
mation that took place are rather small, too.

For impact energies of 25.5 J, the structure is able to 
withstand 5 load—recovery cycles. On the sixth impact, the 
structure exhibits an irreversible break, without the possibil-
ity of being tested again.

Figure 20a shows the time vs. displacement curves for 
the first cycles performed at different impact heights: 0.2 m, 
0.3 m and 0.4 m. The recovery speed is very similar in the 
three cases, with recovery times increasing as the damage 
to the structure increases. As regards the cycles carried out 
with an impact energy of 12.7 J, as shown in Fig. 20b, the 
recovery speed does not show a particular trend, remain-
ing limited for all the stress cycles. This suggests that the 
columnar structure, when submitted to this specific impact 
energy, maintains a good recovery capacity, with relatively 
stable and limited recovery times.

The two structures show divergent behaviour, mak-
ing it difficult to define which geometry is better. The 
Lamellar Spinoidal structure has a more open structure 

Table 17  Stress cycle results of the Lamellar Spinoidal tested at 
impact heights at 0.4 m and 25.5 J

Lamellar Spinodoid 0.4 m – 25.5 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.95 25.05 27.7
2nd Cycle _ 27.8 23.1 26.2

Fig. 19  a Shape recovery of the first cycle carried out respectively at energies of 25.5 J, 19.1 J and 12.7 J. b Shape recovery cycles for impact 
heights equal to 0.2 m

Table 18  Stress cycle results of the Columnar Spinoidal tested at 
impact heights at 0.2 m and 12.7 J

Spinodoid Columnar 0.2 m – 12.7 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.25 30.1 31.5
2nd Cycle _ 31.6 31.2 31.5
3rd Cycle _ 31.55 31.4 31.75
4th Cycle 31.8 31.55 31.65
5th Cycle _ 31.7 31.5 31.6
6th Cycle 31.7 31.55 31.65
7th Cycle 31.7 31.6 31.75
8th Cycle 31.8 31.7 31.8
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and this guarantees greater recovery both in terms of 
height variation and speed. However, as cycles go by, the 
height change between cycles decreases until the structure 
reaches a point, where it shows "packing".

In this phase, the geometry of the structure become very 
compact, reducing its damping capacity. As a result, when 
the structure is packed, it does not have a high strength and 
the cracks propagate rapidly without leading to complete 
failure of the structure.

The Lamellar structure shows a remarkable plasticiza-
tion without showing signs of breakage, despite the repeated 
stresses applied. This is highlighted in Fig. 21, where the 
geometry can be seen after the first impact and after the 
eighth impact, both with an impact energy of 12.7 J.

For the Spinoidal Columnar structure, the plastic deforma-
tion is almost absent, therefore the shape recovery is rather 
limited, both in terms of stroke and speed. The structure 
exploits its ability to dampen the impact by bending later-
ally, thanks to the vertical arrangement of the elements 
with respect to the applied stress, as opposed to the lamel-
lar geometry where the elements are arranged orthogonally. 
This aspect allows the Spinoidal Columnar structure to resist 
numerous load applications before reaching failure, until a 
critical load is reached. Beyond this critical load, the failure 
is sudden and catastrophic, differently from what is observed 
in the Lamellar structure. Figure 22 shows how for impacts at 
25.5 J, the specimen shows no signs of yielding in the third 
and fourth cycle performed. Furthermore, when it breaks in 
the last cycle, it maintains a height similar to the starting one. 
This can also be attributed to the fact that the recovery phases 
tend to inflate the structure, which undergoes a minimum 
height variation during the subsequent impact.

Figure 23 shows the shape recoveries of high-energy 
impact structures such as the Gyroid and the Spinoidal 
Cubic. Figure  23 also shows the shape recoveries of 
medium-energy impact structures as the Diamond and 
low-energy impact structures as the Spinoidal Lamellar 
and Columnar. The frames shown refer to the start of the 
test (Fig. 23a, d, g, l and o), after 9 s (Fig. 23b, e, h, m 

Table 19  Stress cycle results of the Columnar Spinoidal tested at 
impact heights at 0.3 m and 19.1 J

Spinodoid Columnar 0.3 m – 19.1 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.5 30.3 31.3
2nd Cycle _ 31.35 31.15 31.35
3rd Cycle _ 31.4 31.2 31.4
4th Cycle 31.45 31.15 31.45
5th Cycle _ 31.5 31.3 31.6
6th Cycle 31.65 31.5 31.6
7th Cycle 31.7 31.6 31.65
8th Cycle 31.65 31.55 31.75

Table 20  Stress cycle results of the Columnar Spinoidal tested at 
impact heights at 0.4 m and 25.5 J

Spinodoid Columnar 0.4 m – 25 0.5 J

Number of cycles Initial 
height 
(mm)

Height after 
impact (mm)

Height after 
shape recovery 
(mm)

1st Cycle _ 30.5 30.25 31.45
2nd Cycle _ 31.5 31.35 31.3
3rd Cycle _ 31.3 31.25 31.4
4th Cycle 31.45 31.3 31.5
5th Cycle _ 31.55 31.25 31.65

Fig. 20  a Shape recovery of the first cycle carried out respectively at energies of 25.5 J, 19.1 J and 12.7 J. b Shape recovery cycles for impact 
heights equal to 0.2 m



1717The International Journal of Advanced Manufacturing Technology (2024) 132:1697–1722 

and p) and at the end of the test (Fig. 23c, f, i, n and q), 
respectively. For all the structures the first cycle involved 
impact energies of 38.4 J for the Gyroid and the Spinoidal 
Cubic, 25.5 J for the Diamond and 12.7 J for the Lamellar 
and Columnar Spinoidal structure, respectively.

In Table 21 the results of the experiment are reported 
reporting the type of structure, the density, the level of 
impact energy, the maximum number of cycles endurable 
by the structure, the maximum level of energy, the type 
of damage and future applications.

4  Conclusions

In this research the behaviour of three different types of cel-
lular structures is analysed once submitted to impact stress 
and subsequent recovery of the shape. The investigated 

structures were classified into three categories: Strut-
based, Surface-based TPMS and Spinoidal. Three catego-
ries of impact tests were defined, using high, medium and 
low impact energy. The impact tests allowed the identifi-
cation of the optimal combination between impact height 
and impact energy. This approach was found to allow the 
samples to undergo elastic deformations or, at most, small 
plastic deformations. Subsequently, for each category, the 
structures with the best behaviour in the impact test were 
selected and submitted to repeated cycles of load and shape 
recovery by applying an external thermal stimulus. It is 
worthwhile mentioning that to restore the shape, water at 
a temperature above the glass transition of PLA was con-
sidered in the present analysys, although future studies will 
focuses on different and more practical heat source such as 
hot guns that provide a uniformly distributed flow of hot air 
on the samples.

The Gyroid and Cubic Spinoidal structures are the struc-
tures selected for the high impact energy category, whose 
behaviour was influenced by the presence of internal defects. 
The Gyroidal structure showed a better behaviour thanks 
also to a limited presence of internal defects, contrary to 
the Spinoidal structure in which the defects are intrinsic 
to the manufacturing process. The Surface-based structure 
also boasted a high mechanical resistance, allowing it to 
undergo a greater number of stress cycles—recovery of the 
shape. The Diamond structure is the best for medium impact 
energy, while it shows poor performance for higher energies. 
For low impact energy, the Columnar structure deforms lit-
tle plastically, resulting in limited recovery of shape and 
height. On the contrary, the Lamellar structure undergoes 
more plastic deformations. For all the geometries selected, 
a correlation between the number of cycles and recovery 
speed was found. For small number of fractures, that is for 
a small number of cycles, the recovery speed was found to 

Fig. 21  Spinoidal Lamellar deformation after 1 impact and 8 impacts 
at impact energies of 12.7 J

Fig. 22  Spinoidal columnar deformation at the third, fourth and fifth cycles for impact energies of 25.5 J
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Fig. 23  Shape recovery of the structures analysed at the start of the test (a), (d), (g), (l) and (o), after 9 s (b), (e), (h), (m) and (p) and at the end 
of the test (c), (f), (i), (n) and (q)
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be almost instantaneous, assisted by the hydrostatic pressure 
of the water bath. The level of damage was also found to 
influence the final recovery height, which is higher than the 
starting one, especially for the first cycles. The only excep-
tion is shown by the Spinoidal lamellar structure, in which 
the packing effect of the structure reduces the resilience of 
the structure.

The structures selected after the first impact tests appear 
to be suitable for cyclic load tests and shape recovery, apart 
from the Cubic Spinoidal structure, in which the manufac-
turing process affects the mechanical response of the struc-
ture. Spinoidal structures, despite having a higher density, 
are more sensitive to cyclic impact and less inclined to 
fully recover their shape. They have considerable limita-
tions due to their full-empty geometrical arrangement. The 
Strut-based structure, despite having the same density, are 
not suitable for this type of test. Conversely, TPMS struc-
tures are the most reliable and resistant to the repeated load 
cycles. In all cases, the level of damage was found to affect 
both the recovery extent and speed. When the damage of the 

structure is higher, the recovery speed is reduced, with the 
exception of the Lamellar structure, which, due to its defor-
mation mode, does not have a high mechanical resistance 
and is not able to fully recover its shape.

In conclusion, the experimental findings achieved pro-
vide the basis for forthcoming investigations, which will be 
focused on prototypes that will feature larger life cycles as 
well as higher strength and durability.
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Table 21  Summary table of research results

Structures Density Impact Energy Max 
number of 
cycles

Max energy, (J) Max height 
recovered 
(mm)

Damage Type Future applications

Gyroid (TPMS) 0.3 High 5 57.4 2.9 Slots that increase in 
size as the number 
of cycles increases

Manufacture of 
deformable parts of 
cars, such as bump-
ers [51]

Diamond (TPMS) 0.3 High 2 57.4 1.85 Breaking of the 
connecting arms 
between the cells 
as the number of 
cycles increases

Suitable for transport 
applications such as 
packaging [28]

Diamond (TPMS) 0.3 Medium 2/7 38.3 2.95 Breaking of the 
connecting arms 
between the cells 
as the number of 
cycles increases

Suitable for transport 
applications such as 
packaging [28]

Cubic (Spinodoid) 0.5 High 4 57.4 2.55 Internal defects that 
widen with the 
increase of the 
cycles and interpen-
etration of the plans

Manufacture of 
motorcycle and 
safety helmets for 
major impacts

Lamellar (Spinodoid) 0.5 Low 7 25.5 3.15 Mostly plastic 
deformation as the 
cycles increase: 
the structure tends 
to "bundle", with 
a reduction in 
mechanical strength

Manufacture of 
motorcycle and 
safety helmets for 
medium and low 
impact

Columnar (Spinodoid) 0.5 Low 8 25.5 1.4 Mostly elastic 
deformation, limited 
shape recovery and 
sudden rupture dur-
ing the last cycle
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