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Abstract
The present study investigates the behavior of solid cellular structures in polylactic acid (PLA) achieved by FDM technol-
ogy (fusion deposition modelling). The geometries are permanently deformed by compressive stress and then subjected to 
shape recovery through the application of a thermal stimulus. The structures are submitted to medium–high and medium–low 
compression stresses, evaluating the mechanical properties and the absorption energy as the number of cycles varies. The 
study shows that the ability to absorb energy is related to the density of the model, as well as the degree of damage observed, 
which increases with increasing number of load cycles. The strongest geometry is the lozenge grid, which is the most reli-
able. It shows no damage with increasing compression cycles and keeps its capability to absorb energy almost constant. The 
increase in lozenge grid density leads to an improvement in both mechanical strength and absorption energy, as well as a 
lower incidence of microcracks in the geometry itself due to the repeated load cycles. These results open up a broad spectrum 
of applications of custom-designed solid cellular structures in the field of energy absorption and damping.
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1 Introduction

Metamaterials are innovative materials artificially engi-
neered to exhibit mechanical, thermal, acoustic, or electro-
magnetic behavior not found in other naturally occurring 
materials [1, 2, 3, 4]. Their applications can be multiple and 
declinable in different sectors, from civil to biomedical, from 
electronics to aerospace, and in the broader manufacturing 
sector [5, 6, 7].

Their development goes well with the growing inter-
est in additive manufacturing technologies, which are 
very competitive with respect to traditional manufacturing 

technologies due to the greater possibilities they offer in 
obtaining intricate shapes, of good quality and in reasonable 
times [8, 9, 10, 11, 12]. By exploiting additive manufactur-
ing technology, it is in fact much easier to create products 
with complex architectures. It is possible to set up articu-
lated addition paths of the material that generate reticular 
structures, with modular cavities and at the same time with 
mechanical properties comparable to those of a solid artefact 
[13]. In the conception of new reticular geometries, the study 
of printing supports constitutes a delicate phase of the pro-
cess. An attempt is made to drastically limit their use as the 
presence of supports determines an increase in the cost-per-
part due to the time required for their removal and surface 
finishing operations. It is therefore convenient to produce 
lattice structures making sure that the lattices themselves 
act as internal supports and are at the same time capable of 
withstanding external stresses.

In recent years, the targeted design of metamaterials 
with lattice structures has garnered significant interest 
from the scientific community and has involved the use of 
a wide range of materials, both metallic [14, 15] and poly-
meric [11, 16]. The unique properties that can be obtained 
from lattice structures when examined from a mechanical 
point of view are high stiffness and mechanical strength 
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or greater energy absorption in relation to reduced weight 
and lower density [17, 18, 19, 20]. The mechanical attrib-
utes of AM fabricated parts with lattice structures have 
been investigated by many researchers following various 
approaches. In terms of geometries, attention has been paid 
to structures with triangular, square, circular, or hexagonal 
lattices. Geometries with auxetic behavior have also been 
studied, with chiral and non-chiral or bio-inspired forms 
[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]. Lubombo 
and Huneault [31], for example, investigated the stiffness 
and strength under uniaxial tensile and bending loading of 
PLA thermoplastic cellular structures fabricated by fused 
filament fabrication (FFF). In particular, five different fill-
ing models are examined for which a different mechanical 
response is highlighted. The hexagonal structure showed 
good performance with a twofold increase for stiffness 
and up to 82% for resistance under load. Honeycombs 
are among the most used to evaluate the performance of 
cellular materials, perhaps also due to their wide com-
mercial use. In McGregor et al. [32] an in-depth study 
of the hexagonal lattice that is fabricated by AM using 
three different thermoplastic polymers is reported: (rigid 
polyurethane (RPU, E = 1900 MPa), additive epoxy (EPX, 
E = 3140 MPa), and cyanate ester (CE, E = 4200 MPa)). 
The mechanical behavior under compressive load of the 
different materials is evaluated. By varying the relative 
density in a sufficiently wide range (from 0.06 to 0.23), 
the results obtained demonstrated the possibility of vary-
ing the specific modulus and the specific strength by more 
than two orders of magnitude. However, a correlation was 
not made between geometry and the capacity of the struc-
ture to absorb energy. Also, Santos et al. [33] have studied 
honeycomb and auxetic structures (with negative Poisson’s 
ratio) by comparing the behavior of PLA (polylactic acid) 
and PETG (transparent polyethylene terephthalate modified 
with glycol). In this case, the ability of the structures to 
absorb energy as a function of the material and the initial 
load of the test is investigated. However, a limited number 
of geometries are analyzed in the work. It should be noted 
that both polymers examined in this study can be included 
in the category of shape memory polymers (SMPs), i.e., 
those intelligent polymeric materials that have the ability 
to return from a deformed state (temporary shape) to their 
original shape (permanent) following an external stimu-
lus (trigger), such as for example a change in temperature. 
SMPs can in fact be profitably employed in the 3D fabri-
cation of metamaterials with reticular structures with the 
aim of referring to a printing process that will not only be 
3D, but 4D, as it takes into account a fourth variable, i.e. 
time [34].

Stress-induced permanent deformation would imply a 
one-time use for a traditional polymer. A shape memory 

material such as PLA could, on the other hand, allow a 
repeated use of the manufactured part, through the applica-
tion of simple external stimuli. The fabrication of a lattice-
structured metamaterial can then be promoted for the pur-
pose of lightening the part and to ensure good strain energy 
absorption capacity but also to ensure the reusability of the 
fabricated part. Over time, it is therefore possible, by restor-
ing the initial shape, to foresee the use of the part manu-
factured in PLA over a number of cycles which obviously 
depends on the specific shape of the lattice as well as on the 
properties of the material involved. PLA is also a bioderived 
polymer with low environmental impact [35] which can eas-
ily be processed through additive manufacturing technolo-
gies and offer good mechanical performance [36].

In Barletta et al. [37], a study was addressed on the shape 
recovery capacity of AM reticular structures in PLA follow-
ing compressive deformations. The parameters of the FDM 
printing process were varied: nozzle temperature, deposition 
speed, layer thickness, and then the activation temperature 
in the thermal stimulus phase was varied. Experimental 
evidence has highlighted the latter as the most significant 
parameter for triggering the recovery of the initial shape in 
the shortest possible time.

Mehrpouya et al. [38] performed a study on the functional 
behavior of AM lattice structures fabricated by two differ-
ent SMPs: PLA and C8. In particular, the impact of design 
and process parameters on maximum compressive load and 
energy absorption capacity were analyzed. The research 
shows that on two structural configurations analyzed, one 
origami-based and the other auxetic-based anti-chiral, the 
energy absorption is more marked for the former thanks to 
its better deformation capacity. Furthermore, with the same 
structure, C8 can withstand lower forces and deformations 
than PLA. The nozzle temperature, the height of the printed 
layer, and the printing speed, if properly set, can increase 
the mechanical strength and energy absorption values of the 
samples for both materials.

With reference to energy absorption, Yousefi et al. [39] 
proposed a high-performance auxetic metastructure with 
an original design inspired by a snowflake. Two materials 
with distinct mechanical characteristics were tested: the soft 
hyper-elastic TPU, capable of withstanding large deforma-
tions, and the hard elasto-plastic PA12, more performing in 
terms of energy absorption. The recovery of shape under 
cyclic loads was analyzed, although in this case, the recovery 
should be considered spontaneous and not imparted through 
stimulus. The responses of the two materials are compared 
in terms of absorbed energy, dissipated energy, and specific 
energy absorption (SEA) which represents the dissipated 
energy per unit mass.

To date, however, studies have focused on the evaluation 
of plastic deformations and performance in terms of energy 
absorption exhibited by lattice structures as a function of the 
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materials [20] and the geometries themselves, without how-
ever adequately addressing the role of loading and recovery 
cycles. Furthermore, the current scientific panorama lacks 
an analysis capable of relating the geometry of the structure 
with the recovery properties of the initial shape, as well as 
an analysis of the energy absorption capacity as the state of 
damage varies as the number of load cycles increases. These 
considerations could be extended to structures with a cellular 
pattern even when subjected to dynamic and not only static 
tests [40, 41].

The aim of this work is, therefore, to study the performance 
offered by cellular reticular structures when subjected to a 
suitable compressive stress and to evaluate their ability to 
absorb energy. Exploiting the shape recovery property of the 
material, we then want to analyze how the subsequent shape 
recovery (through thermal stimulation) can make it possible 
to reiterate the application of the stress over several cycles. 
For this purpose, various chiral cellular lattice structures 
have been considered, some of which are already known 
in the literature and others created ex-novo. The structures 
were fabricated using FDM (fusion deposition modeling) 
technology as it represents the most congenial and low-
cost additive manufacturing process for PLA. A special 
procedure has been set up to operate a comparison between 
the various structures when they are subjected to quasi-static 
compressive deformation. An attempt was made to identify 
the correlations between mechanical properties and lattice 
structure, investigating the aspects that govern the response 
of SMPs, also in terms of energy absorbed following residual 
deformation. At the end of the experimental investigation, 
the structure corresponding to the best response in terms of 
absorbed energy and recovered deformation per number of 
cycles was identified. Finally, its density has been increased, 
therefore the number of cells, in order to understand how 
this parameter can condition the process of deformation and 
recovery of the same.

2  Materials and methodologies

The material used for the experimentation is a non-technical 
PLA filament from Ultimaker (Ultimaker, Utrecht, Nether-
lands). It is an easily printable material and suitable for produc-
ing pieces with good surface quality and mechanical resistance 
[42]. The diameter of the filament is 2.85 ± 0.10 mm, and the 
density is 1.24 g/cm3. The coloring is green, and this is speci-
fied because the mechanical properties can be influenced by 
the additives necessary to guarantee the coloring [43, 44].

2.1  Definition of the geometries

In the present work, six geometries have been consid-
ered, paying particular attention to the chiral structures 

characterized for the most part by the presence of connec-
tions through arms and circles. In the selected structures, the 
union between the elements is not to be considered the same 
for all. To each circular element, it is possible to connect 4 or 
6 elements. In the first case, the adjacent circles are located 
along 4 directions at 90°, while in the second case along 6 
directions at 60° to each other. The only geometry, also chi-
ral, which has no connection between arms and circles is the 
so-called lozenge grid, composed of open lozenge elements. 
This structure has already been analyzed in a previous study 
[37] and therefore chosen to have a comparison between a 
structure that has right angles and one that has circumfer-
ences and arms. With the development of these patterns, 
3D models consisting of cubes with a side of 30 mm were 
then created in the CAD environment, using the “Autodesk 
Inventor 2021 “ software. Each of the upper and lower faces 
is delimited by a layer, respectively defined as the top and 
bottom layer, with dimensions of 32 × 32 mm. The size of 
the layers increased by 1 mm per side helps to favor a more 
gradual distribution of stresses and an increase in the adhe-
sion surface with the plates used during the compression 
test, as well as the clamping of the specimens during the 
subsequent shape recovery tests. Table 1 shows the names 
of the selected structures with the corresponding adjacen-
cies. The values of the relative density ρ* calculated by SW 
are also reported. Figure 1 shows the CAD models of the 
geometry subjected to analysis.

2.2  3D printing process

“Ultimaker S5” (Ultimaker, Utrecht, Netherlands) 3D printer 
was used, which uses FDM technology. The CAD models 
have been converted to *.stl, using the “Ultimaker Cura” 
software (version 4.13.1). The typical printing parameters 
were set; the layer thickness, the printing temperature, and 
the printing speed were adjusted, respectively, set at 0.2 mm, 
200 °C, and 50 mm/s. For the density of the filling elements 
of the structure, it was set a value of 100%, so as not to have 
problems in terms of mechanical resistance. It was preferred 
to position the specimens in the center of the dish so that 
good thermal uniformity was better guaranteed. Between 
the printing plate and the lower face of the pattern, a layer 

Table 1  Relative density for each geometry

Geometry Density

Chiral grid (with circular elements) ρ*
No. of adjacencies 4 Antitetrachiral

Tetrachiral
Rototetrachiral

0.161
0.157
0.153

6 Hexachiral
Rotochiral

0.191
0.199

Lozenge grid 0.154
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Fig. 1  3D CAD model: a 3D 
model; b front view; c cell size
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manufactured using PVA (polyvinyl alcohol), a water-solu-
ble polymer, with a thickness of 1 mm has been interposed 
which forms a support to be removed later but which allows 
not to create unevenness between the side walls. In fact, 
a temperature of 50 °C of the printing plate would favor 
greater crushing of the layer of polymer deposited therein.

2.3  Compression tests

The specimens were subjected to the uniaxial compression 
test along the direction perpendicular to the top and bottom 
layer. The tests were performed at room temperature using 
the “Autograph AGS-X series” universal testing machine 
(Shimadzu, Kyoto, Japan), equipped with a 5-kN load cell, 
which guarantees an accuracy of 0.5%. The standard used 
for carrying out the test is ASTM C365, suitable for com-
pression testing of sandwich structures made of polymeric 
material.

The compression tests were carried out in successive 
steps. As a preliminary step, a group of specimens was sub-
jected to a limit displacement of 15 mm and corresponding 
to half the height of the specimens. Subsequently, once the 
structures showing the most distinctive behaviors had been 
identified, a second group of specimens was analyzed and 
subjected to a lower displacement of 8 mm, such as not to 
cause irreversible damage to the structure as the load cycles 
increased. In both cases, the plate lowering speed was 3 mm/
min. For each group, three replicas were tested for each pat-
tern in order to verify that the mechanical behavior exhibited 
by the various structures was sufficiently stable. Replica-
tions were especially necessary because chiral structures 
characterized by the presence of circular elements have a 
high number of jointing elements between the circles and 
can be more prone to manufacturing defects during the print-
ing process.

2.4  Springback

Immediately before and after the compression test, the height 
of the specimens was measured using a vernier caliper. The 
project dimensions in the CAD model have been fixed, as 
mentioned, equal to 30 × 30 × 30  mm3. However, once the 
specimens were made using FDM technology, it was found 
that the real dimensions were different from the design ones. 
This is attributable to small shrinkage phenomena of the 
extrudate during the deposition phase which generates small 
deviations from the expected measurement [45]. The Table 2 
shows, for both groups, the average values of the measure-
ments carried out on the specimens after the manufacturing 
process and therefore before the compression test.

The measurements taken immediately after the com-
pression test were performed in several intervals. Follow-
ing preliminary measurements, it was found that after 1 h, 

the structures maintain their height unchanged. For these 
reasons, the springback phenomenon was analyzed, in both 
tests at 15 mm and at 8 mm, by measuring the heights of 
the specimens for 1 h, at time intervals of 5 min. From the 
comparison between the first set of measurements and the 
second, it is possible to derive the immediate amount of 
springback.

2.5  Shape recovery

Subsequently, the shape recovery tests were carried out, 
i.e., immediately after the measurements of the spring-
back. In order to trigger the shape recovery process, the 
material must be given an adequate thermal stimulus. The 
deformed samples were then heated above the glass transi-
tion temperature Tg (which is about 60 °C for PLA). This 
was done by immersing the samples in a temperature-con-
trolled water bath set at 75 °C. For this purpose, a “Corio 
series C” immersion thermostat (Julabo GmbH, Seelbach, 
Germany) was used, lowered inside a transparent tank with 
a capacity of 19 L. Shape recovery analysis was performed 
via software. In this regard, the tank was filled with 70% 
distilled water and 30% natural water, in order to prevent 
the excessive accumulation of residue from changing the 
chemical-physical properties of the bath over time, mak-
ing it less reliable the acquired images. Furthermore, an 
immersion system was designed consisting of a base with 
a special clamp for housing the sample and a handlebar, 
which made it possible to reduce the transitory phase of 
the immersion to a minimum. Recordings were made 
with a full HD camcorder (GZ-E205, JVC, Yokohama, 
Kanagawa, Japan). As far as the tracker is concerned, an 
evolution frequency of 0% has been set to avoid any type 
of drift from the selected model. This ensures that the 
point chosen by the system is always selected from the 
same set of points, defined by the color profile. To mini-
mize the effect of image deformation due to both optics 
and water refraction, the markers placed to the left of the 
top layer were mainly used, which are also the closest 
to the ruler useful for calibrating the analyses. Figure 2 
shows a frame taken from the video used to evaluate the 

Table 2  Starting values of the heights of the specimens

Group I/Group II

Tetrachiral 30.10
Antitetrachiral 30.31
Lozenge grid 30.15
Rototetrachiral 30.98
Hexachiral 30.10
Rotochiral 30.25
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shape return of the lozenge structure in which it is possible 
to observe the two markers referred to.

2.6  Analysis of the deformation cycles 
and subsequent recovery of the shape

The developed procedure is characterized by the phases 
of compression, measurement of the springback, and 
evaluation of the return of shape. The above procedure 
was carried out over two cycles for the group of struc-
tures subjected to a compression of 15 mm (medium–high 
stress), while it was repeated over 8 cycles for the second 
group of structures subjected to a compression of 8 mm 
(stress medium–low). It was not considered appropriate 
to continue further as in both cases the structures were 
permanently damaged at the end of the last loading cycle. 
It is considered useful to point out that in the case of 
medium–low compressive stress, the compression and 
recovery tests could not be conducted continuously, but 
it was necessary to divide the cycles into three groups 
of analyses: I and II cycles; III, IV, and V cycles; VI, 
VII, and VIII cycles. The analysis groups were conducted 
48 h apart.

3  Results and discussion

3.1  Analysis of the behavior of structures subjected 
to medium–high compressive stress

3.1.1  Compression test at 15 mm

Figure 3 shows the force–displacement diagrams of the com-
pression tests for the 6 planned structures. It can be high-
lighted how the hexachiral and rotochiral structures are able 
to reach higher resistance. This is in line with what was 
stated by Gibson et al. (1997) which relates the resistance 
to the relative density. The cellular structures characterized 

by a greater ratio between the areas, therefore with a higher 
relative density, are also the more resistant ones. The com-
pression curves, however, make it possible to distinguish two 
phases which correspond to different mechanical behaviors 
based on the amount of displacement imposed. When the 
latter does not exceed values between 8 and 10 mm, a rapid 
increase in force is observed in the initial phase and, depend-
ing on the geometries analyzed, the value reached can be 
in the range 250 N ÷ 1000 N. The lowest value is recorded 
for the lozenge structures while the highest values for the 
hexachiral and rotochiral structures. This value is reached in 
all cases within the first 2 mm and is almost constant for the 
following 6 ÷ 8 mm. In reality, for each structure, the pres-
ence of three peaks is identified which is indicative of the 
deformation in the longitudinal direction and which sees the 
consecutive activation of the cells placed in each of the three 
layers. The descending phase of the peak corresponds to the 
yielding and consequent deformation of the arms that build 
the row of cells. The reduction in resistance is caused by the 
deformation and the consequent variation in the directions 
of application of the force.

In the case of the lozenge structure, there are no peaks in 
the compression curves, and it is the only one that does not 
have circular elements. Therefore, it can be hypothesized 
that structures that include circular elements have a greater 
tendency to collapse, but with the same density they are able 
to support a greater load [46], in some cases even double. 
This aspect also seems to confirm the study by Orhan and 
Erden [47], where the lozenge appears to be the least resist-
ant of the structures analyzed.

For displacements greater than 10 mm, the force exerted 
by the specimens increases significantly, especially for 
geometries with higher densities. In particular, the structures 
which have circumferential elements undergo a high defor-
mation, with the contact of all the elements present inside 
the structure, such as to stiffen the structures with respect to 
the initial condition. Furthermore, from the analysis of the 
graphs, it is evident that the variation in behavior between 
the different structures is very accentuated, due to a certain 
variability in the way in which the structure is packed. The 
antitetrachiral and hexachiral structures respond to the com-
pressive stress both with a deformation of the arms and with 
a rotation of the circumferences. The density of the struc-
tures affects not only their mechanical resistance but also 
the way in which the deformation evolves, as already found 
in Tancogne-Dejean et al. [48]. Figure 4 shows a frame 
of the 15-mm compression test for the six structures. The 
structures characterized by a higher density are subjected, 
during the compression test, to a packing of the cells inside 
the structure and in axis with the direction of compression. 
This is in fact true for the hexachiral, the antitetrachiral, 
and the rotochiral structures which correspond to the higher 
densities.

Fig. 2  Tracking software screen
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3.1.2  Springback

At the end of the compression test, the springback was 
measured on each of the three replicas. In particular, the 
difference in height detected between the time t0, coinciding 

with the end of the last compression phase which sees the 
sample still included between the two plates, and the time 
t1 corresponding to 60 min elapsed from the detachment of 
the dishes was considered. Figure 5 shows the trend of the 
measurements which highlights how the lozenge structure is 

Fig. 3  Force–displacement 
curves for the preliminary com-
pression tests at 15 mm with 
mean and standard deviation

Fig. 4  (a) Lozenge grid; (b) Tetrachiral; (c) Antitetrachiral; (d) Rototetrachiral; (e) Hexachiral; (f) Rotochiral
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the one capable of recovering the initial height more consist-
ently. In terms of measurement variability, a greater disper-
sion is found for the rotochiral and hexachiral structures. 
Even the more contained elastic recovery can be associated 
with the rotochiral structure, perhaps due to the greater dam-
age that is found in it as the number of compression cycles 
increases. The elastic recovery can be analyzed as a function 
of the density of the structure. In chiral geometries with 
lower density (lozenge), the springback is more marked than 
in structures with higher density (hexachiral and rotochiral). 
The lozenge structure recovers on average 20% more than 
the rotochiral, a structure which, from this point of view, is 
characterized by a less performing geometry.

3.1.3  Return of shape

Figure 6 shows the shape recovery trend, analyzed after 
the springback. The lozenge structure recovers its initial 
shape more quickly presumably due to the limited dam-
age suffered following repeated compression cycles. On 
the contrary, the Rotochiral structure takes more time 
to recover the initial height, this evidently because the 
damage caused by increasing the number of compression 
cycles, in terms of lesions or fractures, does not allow 
a practically instantaneous recovery as in the previous 
case. The observed trend of the shape recovery speed is 
however in line with the amount of deformation elasti-
cally recovered. Where the latter is greater, there is also 
a faster recovery of form. In terms of the maximum value 
of the height reached in the recovery phase, the roto-
tetrachiral structure seems to be the most performing; 
however the greater value reached is linked to a higher 
value of the already starting height, i.e., downstream 
of the manufacturing process. The rotochiral structure, 
on the other hand, seems to be the one which, in addi-
tion to recovering less quickly, recovers its shape less 
effectively.

3.1.4  Absorption energy

After the compression tests and the measurements of the 
elastic recovery and the return of the shape, the value of the 
energy normalized with respect to the mass of the structure 
was calculated. To this end, the area under the force–dis-
placement curves of the compression tests was considered. 
For this calculation, reference was made to the SEA (specific 
energy adsorption) parameter, which expresses the capacity 
of the structure to absorb energy per unit mass:

where EA is the total energy absorbed by the chiral geom-
etry, i.e., the area under the curve until the densification 
condition is reached [49], while m is the mass of the struc-
ture. Figure 7 shows the trend of the percentage of the total 
energy absorbed by the 6 structures in the compression tests 
at 15 mm deformation. The lozenge and tetrachiral struc-
tures have the least amount of energy absorbed, followed by 
the antitetrachiral and rototetrachiral structures. An almost 
double value can be observed for hexachiral and rotochiral 
structures. This is obviously due to the greater density of the 
latter which justifies a greater difficulty in going to impose 
deformations inside the structures. An energy that does not 
exceed the value of 1000 mJ/g corresponds to a relative den-
sity of 15 ÷ 16%, while for relative densities close to 20% the 
energy value is slightly more than double.

SEA =

EA

m

Fig. 5  Box plot springback trials at 15 mm

Fig. 6  Back-of-shape trials at 15 mm
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3.1.5  Analysis of the second loading cycle and shape 
recovery

Among the structures tested, three distinctive behaviors can 
be highlighted which are shown in Fig. 8 in terms of com-
pression, elastic recovery, and shape recovery performed 
over two cycles. The structures designated to make the 
comparison were the lozenge, antitetrachiral, and rotochi-
ral structures as they showed different trends. The lozenge 
structure records a very limited compressive force which, 
even for larger displacements, does not exceed 1000 N. This 
structure, however, allows the shape to be recovered to a 
greater extent and faster than the others. The rotochiral struc-
ture shows the strongest resistance force, around 3000 N. It 
can absorb a large part of the energy differently from the loz-
enge structure. However, the recovery appears to be reduced 
in terms of both elastic deformation and plastic deformation 
under thermal stimulation. Furthermore, a gap is observed 
in the values measured between the  1st and  2nd cycles which 
denotes such a level of damage to the structure that would 
prevent it to be used for a long time. Above all, in terms of 
stored specific energy and maximum recorded peak, it can 
be observed that the values corresponding to the 2nd cycle 
are in fact halved. An intermediate behavior can instead be 
observed for the antitetrachiral structure.

3.2  Analysis of the behavior of structures subjected 
to medium–low compressive stress.

3.2.1  Compression test 8 mm — eight cycles

The structures were also analyzed in terms of cyclic com-
pression with medium–low load. Compression tests were 

then carried out with the maximum displacement set at 
8 mm. Following each compression cycle, recovery tests 
were carried out, both elastic (springback) at room tempera-
ture and shape, by means of thermal stimulation. Overall, as 
previously mentioned, 8 load cycles were analyzed.

Figure 9 shows the trends of the force–displacement 
curves, in particular for the previously designated struc-
tures, i.e., lozenge, antitetrachiral, and rotochiral, divided 
into three groups of analysis (I and II cycles–III, IV, and V 
cycles–VI, VII, and VIII cycles).

In the zoomed area provided at the top right for the three 
graphs, a decrease in load is observed between the first and 
second cycles. In the third cycle, the maximum load that 
the structure can bear is slightly higher. This aspect can be 
justified by the fact that the tests relating to the second and 
third cycles were carried out 48 h apart. A similar situation 
occurs between the fifth and sixth cycles. A justification of 
this experimental evidence can be related to a variation in 
the stiffness of the material due to a greater compaction of 
the structure following the application of an increasing num-
ber of load cycles. At the same time, it can be observed that 
the properties of polymeric materials such as PLA can be 
affected by recrystallization phenomena. PLA, like all poly-
esters, can recrystallize following the application of external 
stresses. The repeated load cycles to which the structures 
are subjected can therefore induce an increase in crystal-
linity by recrystallization of the material, resulting in an 
increase, sometimes high, in the stiffness and mechanical 
strength of the structures themselves. This aspect will be 
further explored with specific studies.

The rotochiral structure in the second compression cycle 
presents more defined peaks, suggesting that the presence 
of some damage on the structure caused by the previous 
cycles begins to influence its behavior. For the lozenge and 

Fig. 7  Energy absorbed test at 
15 mm



1788 The International Journal of Advanced Manufacturing Technology (2023) 127:1779–1795

1 3

antitetrachiral structure, the trend of the curves is more regu-
lar, with the maximum load decreasing as the compression 
cycles increase.

3.2.2  Springback test 8 mm — eight cycles

Figure 10 shows the value of the overall springback divided 
into the three analysis groups (I and II cycles–III, IV, and V 
cycles–VI, VII, and VIII cycles). The measurements were 
interrupted after 60 min, even if already after 40 min, the 
structures showed a complete elastic recovery. The graph 

shows the average height values recovered elastically for 
each analysis group and referred to 22 mm, a height value 
theoretically related to the 8 mm deformation set during the 
compression test, although this cannot be guaranteed as the 
number of the load cycles increase.

The lozenge structure presents a high recovery in all 
three steps of the investigation, presumably due to the 
marked tendency towards packing of the polygonal geom-
etry. Also, the antitetrachiral and hexachiral structures 
show an equally consistent springback, even if of a more 
marked level in the last two phases of the experiments. 

Fig. 8  Cycle 1° and 2° based 
on 15 mm of displacement: a 
Force–displacement curve; b 
springback height; c recovery 
height; d absorption energy; e 
maximum peak
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This could be attributed to the greater degree of damage 
achieved by the structures as the number of load cycles 
increases. Damage to the structure is caused by repeated 
compression cycles which, by damaging the connecting 
arms, leave a greater capacity for some elements of the 
cells to recover their shape in an unconstrained way.

3.2.3  Return of shape trial 8 mm — eight cycles

In the 8-mm shape return tests for all eight cycles, the height 
recovery process appears to evolve in an interval of about 
60 s. In particular, the less dense structures such as antitet-
rachiral and lozenge are plotted over a time of 55 s. The 
rotochiral structure is plotted over a 90-s interval, as shown 
in Fig. 11. From the curves in Fig. 11, the return of shape is 
limited for the structure that presents less damage follow-
ing the repeated compression cycles. A maximum recovery 
of 3.5 mm was recorded for the lozenge structure for the 
fourth cycle, while lower values were recorded for the other 
structures. The trend of the curves for the lozenge struc-
ture shows a tendency to recover its shape quickly. After 
the first 15 s, in fact, a flat curve trend can be observed; 
i.e., no further increases in terms of height are made. In 
the case of the antitetrachiral and rotochiral structures, how-
ever, more discontinuous trends are highlighted due to the 
greater degree of damage that these structures undergo as 
the compression cycles increase. The considerations made 
previously in terms of springback continue to be valid also 
for the present cases.

3.2.4  Absorption energy

Figure 12 shows the comparison between the absorption 
energies measured respectively in the three experimental 
groups which include a total of the eight cycles analyzed 
for the compression tests with deformation of 8 mm. In gen-
eral, between one cycle and the next, in five out of six struc-
tures, a load drop is observed, due to the loss of resistance 
and consequent reduction of the absorbed energy. Unlike 
the trend exhibited by these structures, in which a progres-
sive decrease in the average value of absorption energy is Fig. 9  Diagram force–displacement compression 8  mm: lozenge, 

antitetrachiral, and rotochiral

Fig. 10  Springback of each 
structure grouped by the three 
analysis groups for the 8 mm — 
eight cycle test



1790 The International Journal of Advanced Manufacturing Technology (2023) 127:1779–1795

1 3

highlighted, the rotochiral structure shows an increase in the 
average value of absorption energy in the last three cycles 
(sixth, seventh, and eighth). This geometry, at the end of the 
last cycles, has little capacity to recover the initial shape due 
to the higher level of damage that the structure undergoes 
as the number of load cycles increases. This is evidenced 
by the previous trend shown in Fig. 11c. The final height 
of the specimen has taken on reduced values, and a conse-
quent stacking of the cells in the structure can be seen. The 
significant increase in the measured force and therefore in 
the absorption energy is then to be attributed to the fact that, 
being the structure more compact in the last few cycles, it 
opposes more resistance to further compression. However, 
this greater resistance is to be attributed in an artificial way 
to the greater compactness of the structure and not to the 
design of the starting geometry of the same. The structure 
with the lowest energy variation is the lozenge, for which 
less damage is noted as the number of load cycles increases 
compared to the other structures.

4  Analysis of the higher density lozenge 
structure

From the analysis previously carried out, it can be high-
lighted that the lozenge structure exhibits a sufficiently 
stable and predictable response. Although the other chiral 
structures have superior mechanical properties and higher 
absorption energy than the latter, they are more sensitive 
to the problem of localized lesioning of the arms which 
makes them less reliable and reusable over several cycles. 
In Li et al. (2019) the lozenge structure was investigated 
for applications in cardiac stents. This study highlights 
a good symmetry of both integral and local structural 
deformation under the action of external loads. The struc-
ture itself is considered to be a good choice in the design 
and optimization of intravascular stents. By virtue of this 

Fig. 11  Lozenge, antitetrachiral, and rotochiral shape return 8 mm test

Fig. 12  Energy absorption test 8 mm — eight cycles
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greater stability of the behavior of the lozenge structure 
to external stresses, the relative density of the structure 
was increased by 15%, bringing it to the value of 0.181, 
increasing the number of cells from 9 to 16, while main-
taining the same symmetry and specimen size. In Fig. 13, 
an enlargement of the two patterns of the lozenge structure 

is reported, less dense with 9 cells and more dense with 16 
cells (Fig. 13a and b, respectively).

Figure 14 shows the trend of the force–displacement 
curves for the compression test of the denser lozenge struc-
ture. A trend like that already seen for the less dense struc-
ture can be noted, even though higher maximum load val-
ues are reached at each test. The structure after eight load 
cycles does not show a particular decay of the load value. 
The maximum peak value after 8 cycles stands at a value of 
no less than 20% of that corresponding to the first cycle, an 
indication that no fractures or significant lesions are induced 
in the structure. In the analysis of the springback (Fig. 15), 
the denser lozenge structure can elastically recover lower 
heights than the less dense structure. The reason is due to the 
ways in which this structure deforms during compression. In 
fact, the 16-cell lozenge structure tends to pack more during 
compression, compared to the less dense structure, resulting 
in greater difficulty in the elastic return phase. Finally, the 
trend of the return of shape is reported (Fig. 16), which, as 
seen for the springback, is characterized by lower values 
than the 9-cell lozenge structure, confirming the previous 
considerations.

Fig. 13  Detail of the lozenge 
patterns: a 9 cells; b 16 cells

Fig. 14  Displacement curves for the lozenge compression tests dense 
grid tests at 8 mm — eight cycles

Fig. 15  Elastic recovery of dense lozenge and lozenge for the 3 days of experimentation 8 mm test — eight cycles
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Therefore, for levels of damage to the structure that 
increase as the number of compression cycles increases, the 
structure itself achieves lower shape returns. The absorption 
energy for the denser structure is characterized by higher 
values, for all three experimental groups, as observable in 
Fig. 17a. In the last three cycles, i.e., from the sixth to the 
eighth cycle, the absorption energy values are comparable to 
those found in the first cycles of the lower density Lozenge 
structure. As previously seen for chiral structures, structures 
with higher density require higher absorption energies, as 
higher values of the maximum load are reached during the 
compression test.

For lozenge structure, unlike the non-polygonal chi-
ral structures, however, there is no reduction in reliability 
because the progressively decreasing trend of energy as the 
cycles increase remains confirmed. This demonstrates how 
it can support higher loads, without exhibiting particular 
damage as the number of load cycles increases.

Finally, Fig. 17b shows the comparison between the max-
imum peak values for the three experimental groups, con-
firming that the higher density lozenge structure is capable 
of withstanding higher loads, which also justifies the higher 
energy absorption of the structure.

Figure 18 shows the trend of the height gap lost by the 
lozenge structures (9 cells), lozenge dense grid (16 cells), 
tetrachiral, and rotochiral structures with respect to the start-
ing value and as the number of compression cycles varies. In 
correspondence with the first cycle, all the structures manage 
to recover a large part of the imprinted deformation going to 
almost completely restore their shape. The gap found on the 
heights of the different samples is, in this case, never greater 
than 1 mm. However, by reiterating the application of the 
compressive load over several cycles, a loss of recovery 
capacity is observed which has an increasing linear trend.

The tetrachiral structure, and even more so the rotochiral 
structure, has less ability to recover the shape because they 

Fig. 16  Return of shape dense lozenge test at 8 mm — eight cycles

Fig. 17  a Comparison of energy absorbed between Lozenge structures tested at 8 mm — eight cycles. b Comparison of maximum peak lozenge 
and dense lozenge trials at 8 mm — eight cycles

Fig. 18  Trend of the difference from the height value with respect to 
the initial test condition 8 mm — eight cycles
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appear to be the structures that present the most significant 
damages among the structures analyzed with increasing 
load cycles. The denser version of the lozenge structure 
presents an intermediate behavior, while the lower density 
lozenge structure has higher recovery capacities, as shown 
by the lower slope of the representative line of the gap of 
the heights of the samples in Fig. 18. This aspect can be 
attributed to the fact that the lower density lozenge geometry 
allows for greater flexibility in deformation. This determines 
during the repeated compression cycles less damage to the 
structure, which results in a more stable response. In fact, 
after eight compression cycles, it loses less than 2 mm com-
pared to the starting value.

5  Conclusions

In the present study, six chiral structures were analyzed in 
terms of their mechanical deformation behavior under quasi-
static compressive loading and subsequent shape recovery, 
repeated over several cycles. It was possible to define the 
maximum deformation, below which the damage induced on 
the structures by the repeated load cycles does not affect the 
reliability of the structure. Following the compression tests, 
the evaluation of elastic recovery (springback) and shape 
recovery was carried out. In the case of springback, there 
is a correlation between damage and recovered height: the 
more the structure is damaged after repeated compression 
cycles, the lower its ability to exhibit a high springback will 
be. Similarly, as far as the recovery of shape is concerned, 
the level of damage induced in the structure by the repeated 
load cycles considerably affects the recovery of the initial 
height. The chiral geometries characterized by the presence 
of circles in the structure have shown better mechanical 
properties, with the same mass and density than the chiral 
polygonal structure, as well as higher absorption energy. 
As the number of load cycles increases, this benefit tends 
to decrease, due to the increasing damage encountered on 
non-polygonal chiral structures. The lozenge structure does 
not boast excellent mechanical behavior, but it is the most 
reliable as the number of load cycles increases, exhibiting 
less deformation and damage. On the one hand, the lozenge 
structure has a lower capacity to absorb energy, but the 
limited damage it suffers as load cycles increase, allow it 
to obtain a reduced difference in energy absorbed between 
two subsequent cycles. The denser 16-cell Lozenge 
structure confirms the previous considerations. In fact, a 
15% increase in density leads to a worsening of the damage 
caused to the structure as the number of load cycles 
increases. However, these damages do not lead to specimen 
failure. Furthermore, the absorption energy increases with 
respect to the structure with the lowest density.

In conclusion, it is possible to state that non-polygonal 
chiral structures perform better for a low number of load cycles. 
However, under repeated strain, they collapse and become per-
manently deformed. Polygonal chiral structures, on the other 
hand, perform better as the number of cycles increases, as they 
are more resistant to cyclic stresses, without being substantially 
damaged up to a greater number of load cycles.

Future investigations will focus on the best 1 or 2 struc-
tures to focus the experimental plan on the effect of the wall 
thickness and layers orientation. In addition, further experi-
ments will be devoted to understand the role of the boundary 
effects of each structure by increasing the number of cells 
from 4 and 9 (herein investigated) to 16 and, possibly, more. 
This should allow to further clarify the role of the boundary 
effects on the homogeneity of the deformation of each spe-
cific structure when submitted to repeated compressive loads.
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