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Design for manufacturing

Shape Memory Polymers (SMPs) are attracting considerable interest both in the scientific and industrial fields.
Among them, polylactic acid (PLA) is particularly appreciated, as it is a bioderivation polymer, biodegradable
and compostable with high thicknesses, with excellent shape memory properties, which can be activated by
varying the temperature of the material across the glass transition temperature. In this study, PLA is used in the
4D printing process for the manufacturing of complex geometry components by Fused Deposition Modelling
(FDM), with a potential as stress-absorbers. The shape memory properties of the manufactured component have
been tested varying the operational parameters of the printing process (i.e., the temperature at the nozzle, the
deposition speed, the layer thickness) as well as the activation temperature that allows the recovery of the initial
shape. In particular, the time needed to recover the shape and the percentage of recovery with respect to the
initial shape were assessed. Experimental results have shown that PLA components have adequate shape memory
properties, with short recovery times and high recovery rates being easily achievable. Among process parame-
ters, the activation temperature is found to be the most significant parameter to trigger the recovery of the initial

shape in the shortest possible time.

Introduction

3D printing processes have become increasingly important since they
were conceived in the 1980s. 3D printing technologies can be success-
fully applied in numerous market segments: production of components
with complex or custom geometry [1,2], design of new products [3],
biotechnology and life sciences [4,5], leisure and free time [6,7]. There
are numerous technologies that allow to implement the 3D printing
process [8]. The most commonly adopted techniques include: (i) Fused
Filament Fabrication (FFF) or Fused Deposition Modelling (FDM), (ii)
Digital Light Processing (DLP), (iii) Color Jet (CJP) and Multi Jet
Printing (MJP); (iv) Stereolithography (SLA); (v) Selective Laser Sin-
tering (SLS); (vi) Direct Metal Printing (DMP). The devices that allow to
implement the 3D printing process are introduced on the market at
increasingly competitive costs, allowing access to the technology to an
ever-wider audience. The expansion of users allows an increase in ex-
changes between professionals, with considerable advantage for the
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refinement of design and operational techniques. In the current state of
the art, the 3D printing techniques, while presenting various advantages
such as rapid times and reduced costs for the prototyping of a new
product, only allow the production of static components that do not
have the ability to modify their shape through the application, for
example, of an external stimulus or the introduction of a kinematic
mechanism [9]. Therefore, the production of assemblies often requires
the use of support structures in 3D printing, which, in fact, reduce or
cancel the process advantages. Furthermore, 3D printing techniques are
intrinsically limited in terms of the size of the finished products, as well
as on the size of the economic production batch which must necessarily
be small [10].

More recently, by combining additive manufacturing technologies
with the development of intelligent materials, it is possible to pursue the
production of new 3D printable products that can, for example, change
the shape or the volume when exposed to different stimuli, allowing to
obtain so-called 4D objects [11]. These objects possess, as such,
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considerable application potential. For instance, SMPs can dynamically
change their shape by being exposed to different stimuli [12,13,14].
SMPs are often 3D printed by FDM [15]. The use of SMPs involves, as a
first stage, the setting of a starting form. Subsequently, they can be fixed
in a temporary form through the application of a permanent deforma-
tion by an external force. This second stage is called programming. After
being programmed, SMPs can return to their permanent form by
applying an external stimulus (third stage). The process can possibly be
iterated. SMPs can generally be programmed using thermomechanical
stimuli. SMPs are inexpensive, have low density, extensive deform-
ability in the elastic field. In some cases, moreover, SMPs can be
biodegradable, as well as be sensitive to numerous stimuli [16]. To
implement the transition between the various stages, it is not necessary
to use complex electronic actuators. SMPs are often manufactured by 3D
printing processes, thus giving rise to additive manufacturing technol-
ogies called 4D printing. Of interest, polylactic acid (PLA) is a biode-
gradable SMP, susceptible to thermal stimuli. Some studies are available
that employ PLA as SMP [17], often in mixture with thermoplastic
elastomers [18,10]. PLA-based SMPs [19,20] can be programmed by
applying an external stress when their temperature is higher than the
glass transition temperature. They can be locked in the new state by
bringing the deformed material below the glass transition temperature.
Their shape can be restored by re-heating them to a temperature higher
than the glass transition temperature.

Although the studies concerning the use of PLA as SMP are quite
numerous, there is still not enough data on the link between the pa-
rameters of the 3D printing process and the establishment of shape
memory properties of the items themselves. Furthermore, there are not
enough data that correlate the shape memory properties to the tem-
perature used to carry out the stimulus. In this framework, the present
study deals with the applications of PLA in the 4D printing process for
the manufacturing of a cellular structure using Fused Deposition
Modeling (FDM). Shape memory of the samples was investigated by
varying the nozzle temperature of the printer extruder, the deposition
speed of the printing layer, the layer thickness. In addition, the activa-
tion temperature during the recovery tests of the sample was also
investigated. In particular, the recovery time and percentage of the
samples were evaluated by varying the 3D printing process parameters
and the so-called activation temperature. Experimental findings show
the PLA samples have remarkable shape memory capabilities, with
rather short recovery times and high recovery percentage. The activa-
tion temperature is found to be the most significant parameter to restore
the initial form of the samples in the shortest possible time range.

Materials and methods
Materials

Filaments in PLLA, ~96 % L-Isomer content, ~1.25 kDa molecular
weight, ~1.6 polydispersity index, (Alfaplus, Filoalfa, Ozzero (MI),
Italy) with a diameter of 1.75 + 0.05 mm were used during the exper-
imental tests [21]. The PLLA is modified by the addition of less than 10
% of an elastomeric material (TPU, thermoplastic polyurethane). The
thermo-physical and mechanical properties of the material are reported

Table 1

Properties of PLA filaments (*DSC = Differential Scanning Calorimeter).
Properties Value Regulation
Density 124 g/cm® 1SO 1183
Melting Temperature 177 °C DSC*
Glass Transition Temperature 57 °C DSC*
Charpy 25 kJ/m? 1SO 179—1eU
Elongation at break at 20 °C 4,1 % 1SO 527
Tensile strength at break at 20 °C 43 MPa ISO 527
Flexure Modulus at 20 °C 3070 MPa ISO 527
Heat Deflection Temperature 58 °C ISO 75
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in Table 1.

Design of the components

The need to create lightweight structures with high stiffness has led
to the development of sandwich-type structures in recent years. They
consist of two components: the rigid and external skin, and the core,
mostly consisting of hollow volume. Among the advantages offered by
structures of this type, there is the possibility of composing multiple
materials with different characteristics. In order to create skins and cores
of different materials, it is possible to fill the cavities of the core with
light materials such as foams (for example, flame retardant foams,
insulating foams or capable of resisting the energy of an impact). As a
result of the light weight of the resulting components, the first and most
frequent uses of sandwich structures are in the aerospace field or as
stress-absorbers in many technological fields. The choice of the core
texture allows to obtain multiple mechanical properties. A first
distinction can be made between in-plane and out-of-plane structures
[22,23]: the core is the same but the arrangement of the structure
changes, with the in-plane type being of particular interest for the
application in which a high stiffness, especially for applications related
to the structure impact resistance, plays a crucial role. In this work,
on-plane structures will be, however, considered. Fig. 1 reports the ge-
ometry of the sample. The size is approximately 30 x 30 x 30 mm®, The
model of the component has been previously made at CAD. Subse-
quently, the file was converted to ‘.stl’ format. Finally, the ‘.gcode’ file
was created using the software Ultimate Cura 3.2.1 to be supplied as
input to the 3D printer for the manufacturing of the part.

Equipments

The manufacturing of the samples was performed using an open-
chamber 3D printing (Meeds, Zaturi, Rome, Italy). The system, based
on FDM technology, is equipped with an aluminum frame, an extruder
with a diameter of 0.4 mm and a glass-built heated plate. The filament is
located on top of the aluminum space frame. The maximum printing
volume is 200 mm in diameter and 300 mm in height. The maximum
temperature at the nozzle is 260 °C. The maximum temperature of the
built-in heated plate is 110 °C. The layer resolution is 100 pm. The use of
the heated built-in plate is necessary to guarantee the adhesion of the
model during the first steps. The first layers are of fundamental impor-
tance, as their misalignment can cause a propagation of the defect
throughout the vertical extension of the sample.

Testing procedure

The experimental test consists of two different stages. In the first, the
compression tests of the samples are performed in order to program the
new shapes of the samples. Programming of the samples was performed
at ambient temperature. During programming, the deformation speed of
the samples was set at 1 mm/min in order to achieve the final shape very
slowly, thus allowing the samples to gradually adapt to the new shape.
Additionally, the mechanical response of the samples by varying the
printing operating parameters is investigated. In the second, the ca-
pacity of the samples to recover the initial shape varying the printing
operating parameters and the activation temperature to trigger the re-
covery process was investigated. The experimental procedure can,
therefore, be divided into the following operations:

e Identification of a set of printing parameters (Table 2) and
manufacturing of the samples;

e Performing the compression tests on the samples to program them
and assess the mechanical response varying the printing operating
parameters and data analysis;
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Fig. 1. Model of the component.

Table 2
Experimental schedule.

Nozzle temperature, °C Printing Speed, mm/s Layer thickness, mm

180 °C
210°C

40 mm/s
80 mm/s

0.15 mm
0.30 mm

e Immersion of the sample in a temperature-adjustable water tank to
recover the initial shape at post heating temperature of 65, 75 and
85 °C (higher than the glass transition temperature of the PLA);

e Analysis of the shape recovery for the samples manufactured varying
the printing operating parameters and data processing.

Recovery time is defined in Fig. 2. The starting height of each sample
is 30 mm. After compression tests (deformation imposed of 8 mm, final
height 30 — 8 = 22 mm), the maximum height that can be restored on
the samples after full recovery is 29.6 mm. All the tested samples, after
programming and recovering steps, approach the final height of about
29.6 mm or slightly less (96-99 % of the initial height). The main dif-
ference resides in the time needed by the different samples to get the full
restore of the shape. This is therefore the recovery time, that is the time
needed by each sample to recover the most. This is found to be depen-
dent on the temperature set during the recovery tests. As shown in Fig. 2,
the time needed by the samples to restore the shape the most is lower at
any time the temperature set during the recovery tests is increased. At
the highest temperature of 85 °C, the recovery time is very quick and it is
regulated by the physical opposition (the drag resistance) of the hot fluid
in which the sample is dipped during the shape recovery tests. Recovery
percentage is, on the other side, defined as the ratio of the current height
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Fig. 2. Definition of recovery percentage.
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of the samples after full recovery in the hot-water tank to the maximum
height the samples can approach after the full recovery following the
programming step (that is, 29.6 mm).

All the experimental conditions were replicated three times in order
to ensure reliability and repeatability of the experimental results. Main
effects and interaction plots were used to report the experimental re-
sults. The Main Effect Plots (MEP) are the graphs plotting the means for
each value of a categorical variable. This is used to determine whether or
not the main effect is present for the categorical variable. If the line is
horizontal, in other words, parallel to the x-axis, then there is no main
effect exists. Interaction plot (IP) is used to show the relationship be-
tween one categorical factor and a continuous response depends on the
value of the second categorical factor. This plot displays means for the
levels of one factor on the x-axis and a separate line for each level of
another factor. If lines in the plot run parallel, no interaction occurs. If
the lines run not parallel, an interaction occurs. The more non parallel
the lines are, the greater the strength of the interaction.

Characterization

The compression tests were carried out with a universal dynamom-
eter (Instron 3367, Instron, Norwood, Massachusetts, United States) for
static and dynamic tests in both tensile and compression mode. The
device acquires the data relating to the movement as the applied force
changes. Experimental data are transferred to a software for storage. The
maximum deformation at the end of the test was kept fixed at 8 mm. The
deformation speed was set at 1 mm/min. The heat necessary to reach the
activation temperature of the PLA component was provided by a
temperature-controlled tank (Corio C series, Julabo GmbH, Seelbach,
Germany). The temperature of the 19 L tank, made in transparent pol-
ycarbonate, is regulated by a temperature controller with a resolution of
0.01 °C and stability of the temperature of 0.03 °C. To quantify the
shape recovery on a comparative base, a video tracking software, tracker
video analysis and modeling tool were used. The system analyzes the
frames of the video and determines the movement of a tracer point, after
the setting of the coordinated axes and a geometric reference. A full HD
camcorder (GZ-E205, JVC, Yokohama, Kanagawa, Japan) was used for
the specific purpose.

Results and discussion
Programming the SMPs

Programming the SMPs was performed by a compression test. The
samples were submitted to a very slow deformation at constant speed
(1 mm/min) in a dynamometer at ambient temperature. Maximum
deformation was kept constant at 8 mm, so that the final structure
height after programming was always set at 22 mm (30 mm starting
height of the sample minus 8 mm deformation). Fig. 3 shows the trends
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of compression load vs. displacement for the samples manufactured by
varying the nozzle temperature, the printing speed and the layer
thickness. The trends of the compressive load show three subsequent
peaks, which correspond to the collapse of the three layers of the cellular
structures of which each individual sample is composed. The analysis of
the second peaks is reported in Figs. 4 and 5. Fig. 4 reports the main
effect plot of the compressive strength measured at the second peak of
the compressive strength in Fig. 3. It is possible to observe the increase in
compressive load at the second peak increasing the nozzle temperature
from 180 to 210 °C and the layer thickness from 0.15 to 0.30 mm,
respectively. In addition, it is also possible to observe the decreasing of
the compressive strength at the second peak by increasing the printing
speed from 40 to 80 mm/s.

PLA features a melting peak of ~177 °C. Printing the PLA at a tem-
perature of 180 °C means operating in conditions very close to the
melting temperature of the material. At 180 °C, the material is charac-
terized by a very low viscosity (that is, a very low melt flow rate or a very
high molecular weight), which makes its formability rather complex
during the printing operation [24]. The extruder cannot reach adequate
working pressure at the nozzle and the printed material is consequently
decidedly less homogeneous and compact. Increasing the printing speed
produces a similar effect. The extruder is unable to reach enough pres-
sure at the nozzle, as the flow rate of material it must guarantee is
excessively high. Even in this case, the printed material is less homo-
geneous and compact [25]. In both cases, the lower level of homogeneity
and compactness achieved by the printed material is associated with a
decrease in the pressure value measured at the second peak, necessary to
deform the sample, as visible in the Main Effects Plot in Fig. 4. An in-
crease in the thickness of the layer deposited during the printing process
causes an increase in the overall stiffness of the structure and, therefore,
an increase in the compression load value measured at the second peak,
as shown in the Main Effects Plot in Fig. 4.

Fig. 5 shows the Interactions Plot for the compression load. All the
trends run parallel, being this a sign of lack of interactions among the
different experimental factors investigated.

Fig. 6 reports the overall deformation of the sample structure after
the programming step. However, the sample does not show any signif-
icant damage, like cracks or fractures as a result of the very low defor-
mation speed set during programming. At the end of the programming
step, the overall height of the sample is set, as specified before, at
22 mm.

Fig. 7 reports the evolution of the elastic recovery of the samples
varying the operating parameters. The increase in the elastic recovery,
when the nozzle temperature is set at 210 °C, is decidedly ascribable to
the better homogeneity and compactness of the PLA material.
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Fig. 4. Main effects plot of the compression strength measured at the sec-
ond peak.
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ond peak.

Actuating the SMPs

Actuation of the SMPs was performed by post-heating the samples
inside a water bath at temperature of 65, 75 and 85 °C. The tempera-
tures are set at values that are always higher than the glass transition
temperature of the PLA (~57 °C). Fig. 8 shows the different steps
through which the PLA model obtained by 3D printing recovers its initial
shape, exhibiting its remarkable shape memory properties. Fig. 8a shows
the sample immediately after the programming phase. The initial shape
depends not only on the maximum deformation set during the
compression step, but also on the elastic recovery the individual model
exhibits, which is a function of process conditions during 3D printing as
shown in Fig. 7. Fig. 8b and c show the intermediate steps of the re-
covery phase, with the model that is restoring its starting geometry. Note
the individual and progressive recovery of the individual cells of the
model, which were initially crushed, to open-up and regenerate almost
completely. In Fig. 8d, the complete regeneration of the cellular struc-
ture can be noticed, with the cells having completely opened. At the end
of the recovery process, the model almost assumed the form it had before
the programming phase (that is, before compression), exhibiting excel-
lent shape memory capabilities in agreement with [26,27]. In Fig. 7, the
trends of the elastic recovery of the models are shown as the process
conditions vary, after the programming phase. Basically, all models
underwent a deformation of 8 mm, bringing their height from the initial
value of 30 mm to 22 mm, this being dependent by the setting of pro-
gramming step. However, when the compression load is released, the
samples tend to recover slightly their shapes in the elastic field, as shown
in Fig. 7. In particular, the greatest recovery percentage is found by
those samples that have been processed at nozzle temperature of 210 °C.
As said, the nozzle temperature allows to establish the right pressure of
the polymer melt at the extruder nozzle during the 3D printing process
[24]. For this reason, the material structure of the models produced
setting the nozzle temperature at 210 °C is decidedly more homoge-
neous and compact, exhibiting a more ductile behavior and, therefore, a
greater elastic recovery already at room temperature, that is, immedi-
ately after the programming phase.

Figs. 9 and 10 reports the main effects plot of the recovery time and
of the recovery percentage varying the operating parameters under
investigation, that is, the settings of the printing device (nozzle tem-
perature, printing velocity and layer height), and the post-heating
temperature at which the models are annealed to activate the shape
memory properties.

Similarly, Fig. 11 and 12 report the interactions plot of the recovery
time and of the recovery percentage varying the same operating pa-
rameters. Figs. 9 and 10 shows, in particular, the §-values of the recovery
time and percentage. The changes in post-heating temperature cause the
highest §-values of the recovery time and percentage. Increasing the



M. Barletta et al.

Journal of Manufacturing Processes 61 (2021) 473-480

Fig. 6. Image of the sample before and after the compression test (after programming step).

—— 180°C, 40 mm/s, 0.15 mm
----- 180°C, 40 mm/s, 0.30 mm
—— 180°C, 80 mm/s, 0.15 mm
----- 180°C, 80 mm/s, 0.30 mm
——210°C, 40 mm/s, 0.15 mm
----- 210°C, 40 mm/s, 0.30 mm
——210°C, 80 mm/s, 0.15 mm
----- 210°C, 80 mm/s, 0.30 mm

26,5

N

o

o
1

Height.g, mm

N

o0

3]
1

25,0 . .
0 2 4 6 8

Time, h

Fig. 7. Trend of the elastic recovery of the samples manufactured varying the
different operating parameters.

post-heating temperature speeds up the recovery of the PLA and, also,
the recovery extent with respect to the initial shape of the sample.
Actuation of PLA happens, notoriously, at temperature higher than the
glass transition. When the post-heating temperature is increased, the
time the sample takes to get at temperature above the glass transition
(thermal inertia) is shorter. In fact, the sample can reach the activation
threshold (that is, the glass transition temperature) much faster. For this
reason, the sample recovers faster and restores almost completely the
initial shape. Recovery time as low as 10 s can be achieved by setting the
post-heating temperature of the samples in the water bath at 85 °C.
Similarly, recovery percentage as much high as 99.3 % can be reached,
when the post-heating temperature is set at 85 °C. These results state the
effectiveness of the PLA material and of the sample geometry. The re-
covery percentage achieved are decidedly higher if compared with

typical data reported in the literature for similar systems [28] or fully
biodegradable PCL/PLA blends [29]. The built model boasts excellent
shape memory properties. An increase in nozzle temperature and in
layer height favors the establishment of higher recovery percentage,
although longer time is necessary to restore the initial shape of the
samples. This is ascribed to the most favorable process conditions that
can be achieved using higher nozzle temperature and layer height.
Under these circumstances, the PLA is sufficiently fluid to be processed
adequately by the printing equipment. In fact, at temperature of 210 °C,
the MFR of the PLA decreases and the extruder can reach an adequate
melt pressure at the nozzle, allowing the manufacturing of a sample
characterized by a better homogeneity and compactness. Higher nozzle
temperatures are excluded, as they would lead to polymer thermal
degradation. The increase in the layer height favors, instead, the ho-
mogeneity and the compactness of the printed material, thus promoting
a better recovery of the samples to their initial shapes. An increase in
printing speed both decreases the recovery time and percentage. When
the printing speed is increased, the melt pressure at the extruder nozzle

Post-heating Temperature, 'C | Nozzle temperature. 'C Printing velocity, mm/s Layer height, mm

60

40

» \\\

20

Recovery Time, s

65 75 85 180 210 40 80 0.15 0.30

Fig. 9. Main effects plot of the recovery time vs. operating parameters.

(@) (b)

Fig. 8. Recovery steps of the sample: (a) immediately after programming; (b), (c) after a while; (d) at the end of the recovery.
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decreases. At the same time, the material is drawn during the printing
process by the fast-moving head, this being the reason of the onset of
massive planar stresses inside the polymeric material. Such stresses can
cause a decrease in recovery time but, also, a lower capability to the
shape recovery of the investigated samples in agreement with [30].

Journal of Manufacturing Processes 61 (2021) 473-480

Non-linear trends of the recovery time and percentage is achieved by
varying the post-heating temperature together with one of the other
operating parameters (nozzle temperature, printing velocity or layer
height). The trends of the recovery time are non-linear and decreasing.
The trends decrease when the post-heating temperature progressively
increases, thus allowing faster recovery. Vice versa, the trends of the
recovery percentage are non-linear and increasing for a progressively
increasing post-heating temperature, which allows the samples to
recover the initial shapes at a bigger extent. Therefore, the interactions
plot confirms the results according to which an increase in post-heating
temperature is a controlling factor for activating the PLA-based SMPs.
An increase in post-heating temperature shortens the recovery times and
favors a slight increase in the extent of volumetric recovery in agreement
with [31]. Observing the other mini-plots in Figs. 11 and 12, some of
them features curves that do not run parallel, with mutual interactions
occurring among the operating parameters. The interactions seem to be
stronger for the parameter nozzle temperature both with the parameter
printing velocity and layer height.

This result can be probably be ascribed to the role of the nozzle
temperature in the establishment of the appropriate melt pressure of the
molten PLA material at the extruder nozzle. When the nozzle tempera-
ture is too low, as earlier mentioned, the material is too viscous and
difficult to process. In contrast, at 210 °C, the viscosity of the PLA ma-
terial is much more appropriate for 3D printing process, thus allowing
the establishment of the right melt pressure at the extruder nozzle. When
this parameter is combined with the printing speed and the layer height,
such effect can be emphasized or not. Specifically, when lower nozzle
temperature is combined with higher printing speed, the highly viscous
material has limited time to be extruded as a result of the fast printing
process. This effect is deleterious on the reliability of the printing pro-
cess, thus causing both low recovery time and percentage, with a strict
interrelation between the two experimental factors. Similarly, when low
nozzle temperature is combined with low layer height, the instability in
the printing process of the PLA-based material increases, because it is
difficult to reach adequate pressure of the molten material at the
extruder nozzle and because the lower layer height cause the printed
material to be less homogeneous and compact. For this reason, there is a
concurrent effect on both the recovery time and percentage and the two
experimental factors are, therefore, correlated. The other interactions
are nearly negligible, with all the other trends in Figs. 11 and 12 running
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Fig. 12. Interactions plot of the recovery percentage vs. operating parameters.
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almost parallel each other.
Conclusions

In this study, PLA is used in the 4D printing process for the
manufacturing of complex geometry components by Fused Deposition
Modelling (FDM), with a potential in the manufacturing of stress-
absorbers. The shape memory properties of the manufactured compo-
nent have been tested varying the operational parameters of the printing
process (i.e., the temperature at the nozzle, the deposition speed, the
layer thickness) as well as the activation temperature that allows the
recovery of the initial shape of the model. The following pointwise
conclusions can be drawn:

e Programming the SMPs was performed by compressive deformation
at constant deformation speed (maximum deformation was kept
constant at 8 mm); the trends of the compressive load by varying the
nozzle temperature, the printing speed and the layer thickness show
three successive peaks, which correspond to the collapse of the three
layers of cellular structures of which each individual sample is
composed;

The analysis of the second peaks of the compressive load show an
increase of the load by increasing the nozzle temperature from 180 to
210 °C and the layer thickness from 0.15 to 0.30 mm. In contrast, a
decreasing of the compressive load at the second peak by increasing
the printing speed from 40 to 80 mm/s is observed.

The experimental tests aimed at showing the properties of shape
memory of the PLA-based printed samples have shown that PLA com-
ponents have adequate shape memory, with short recovery times and
high recovery rates being easily achievable. In particular, the following
additional considerations can be drawn:

e Among process parameters, the activation temperature, that is, the
post-heating temperature of the models is found to be the most sig-
nificant parameter to trigger the recovery of the initial shape in the
shortest possible time;

e An important role is also assumed by the choice of the nozzle tem-
perature, with higher temperature allowing the setting of the right
viscosity of the molten material in the extruder and the establish-
ment of an adequate melt pressure at the extruder nozzle, that also
favors both the recovery time and percentage.

In conclusion, engineered PLAs, printed with 3D technology in
adequately designed cell structures, boast excellent shape recovery
properties, thus being a valid candidate as an alternative and low
environmental impact solution for the manufacture of energy-absorbing
barriers as well as in the manufacturing of a wide variety of aeronautic
components.
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