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ARTICLE INFO ABSTRACT

Keywords: The present paper studies the low-velocity impact response of 3D-printed layered structures made of
celular metamaterials thermoplastic materials (PLA and PETg), to be employed as sacrificial cladding for the protection of
3D printing materials and structures. The analyzed layered structures are composed of crushable cellular cores
Low velocity impact placed in between terminal stiffening plates. The cores tessellate either regular hexagonal unit cells,
PLA or hexagonal cells with re-entrant corners, with the latter exhibiting auxetic response. The given
PETg results highlight that the examined PETg structures show superior impact response over the PLA
Auxetic counterparts featuring same geometry. It is concluded that PETG qualifies as a convenient material

for the fabrication of novel impact protection gear made of cellular sacrificial cladding, which can be
conveniently fabricated through ordinary, low-cost 3D printers.

1. Introduction

Recent advances in additive manufacturing technologies
have provided for unprecedented means to develop tailored
engineered metamaterials for protective solutions against im-
pact loads, namely through lightweight sacrificial cladding,
impossible to obtain with traditional subtractive manufactur-
ing techniques [16, 2, 5, 7, 8, 14, 13, 12, 17]. Fused deposi-
tion modeling extrusion based technique (FDM) is the most
widespread 3D printing technology, available in consumer-
level 3D printers. This technique resorts to a spool of ther-
moplastic lament to be melted and extruded through a heated
nozzle and, subsequently, deposited in two-dimensional lay-
ers that will form a 3D component [3]. A sacrificial cladding
is usually composed of a crushable core placed in between
two plates. With the FDM technique, one can easily cus-
tomize the topology of the cellular core and optimize its
structural performance regarding a specific design param-
eter, i.e. stiffness, energy dissipation and resilience towards
high deformations. The enormous popularity of FDM tech-
nology as a rapid prototyping tool has fostered important re-
search outcomes regarding the mechanical characterization
of different cellular geometries, paving way to the fast dis-
semination of new and exciting metamaterials, with fascinat-
ing properties [8]. The most widespread unit cell topologies
used in engineered sacrificial cladding for protective solu-
tions, are the hexagonal cell and the hexagonal based cell
with re-entrant corners, featuring auxetic behavior [5, 14,
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13, 10, 18, 11, 6]. Auxetic metamaterials have been shown
to present the capacity to sustain very high deformations un-
der a constant low stress, mainly due to their compliant na-
ture. Hexagonal honeycomb based sacrificial cladding, on
the other hand, are ultra-stiff structures which can accom-
modate large plastic damage while dissipating a significant
amount of energy. As the performance of such metamate-
rials in protective solutions against impact loads mostly de-
rives from the geometry of their cellular cores, most studies
regarding this type of applications are focused on the shape
optimization of the cells, rather than on the material itself.
Polylactic acid (PLA) is a thermoplastic polyester which is
both inexpensive and easy to print, with a widespread ap-
plication in consumer-level 3D printers. For these reasons,
PLA is very popular among researchers and is often used
in 3D-printed sacrificial cladding solutions based in cellular
metamaterials [16, 9, 12]. However, much like other syn-
thetic plastics, PLA has its own inherent weakness, in partic-
ular, its low toughness, which is translated into its poor abil-
ity to absorb sudden impact energy without breaking. In fact,
PLA is a brittle polymer, with low crack initiation energy,
hindering its performance in protective applications aiming
to mitigate impact. With its higher flexibility and increased
toughness, polyethylene terephthalate glycol-modified (PETg)
3D-printing filament presents itself as a potential candidate
to replace PLA in protective applications.

In the present study, the low-velocity impact response
of 3D-printed sacrificial cladding is addressed, using speci-
mens manufactured with both PLA and PETg laments. All
specimens were manufactured from single spools of com-
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Figure 1: Unitary hexagonal cell.

(a) Honeycomb. (b) Auxetic.

Figure 2: Structures of the cellular cores.

mercial PLA and PETg laments, using a Prusa i3 MK2 printer.
The laments with a diameter of 1.75 mm, were extruded
through a 0.4 mm diameter nozzle and deposited layer by
layer according to a user dened pattern, in order to obtain
the desired 3D specimen. Two cellular topologies were used,
based in the unitary hexagonal cell represented in Figure 1.
By setting the parameters L;, L,, 6 and ¢ according to the
values shown in Table 1 it is possible to obtain a relative
density of 25% for both the cellular geometries shown in
Figures 2(a) and (b), which are the hexagonal (honeycomb)
structure and the hexagonal-based structure with re-entrant
corners, showing auxetic behavior, respectively. The sacri-

Table 1 Figure 4: Auxetic sacrificial cladding.
Geometric parameters of the hexagonal cell.
L L, ) t .. .
(mm)  (mm)  (degrees)  (mm) 2. Uniaxial tensile tests
Honeycomb 5 5 120 1 The ASTM D638 Standard Test Methods for Tensile Prop-

Auxetic 5 5 70 0.8 erties of Plastics [ 1] was used to characterize the plastic strength
specifications related to the tensile properties of PLA and
PETg. Three standard “dogbone” shaped specimens (Type
IV) of each material were printed. The specimens were printed
with 100% infill and a raster orientation of 45 degrees (see
Figure 5). Each specimen was individually measured (thick-
ness and width) at several locations. In Table 3 is com-
piled the information regarding the mass and dimensions of
the 3D-printed specimens. The tensile tests were performed
with Zwick/Roell Z50 universal testing machine, with a strain-
rate of 0.1%/s, using a gauge length of 50mm to measure the
strains of the 3D-printed specimen, as shown in Figure 6.
In Figure 7 are presented the force-displacement diagrams

ficial cladding specimens were materialized by 100 x 100 x

50 mm? blocks comprising cellular, crushable, cores sand-
wiched between two 5 mm plates. In Figure 3 and Figure 4
are presented the honeycomb and the auxetic sacrificial cladding,
respectively. The printing parameters used to make all the
3D-printed specimens in the present study are listed in Ta-
ble 2.
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Table 2
Printing parameters.
PLA PETg
Nozzle extrusion temperature 210° C 250 ° C
Heated bed temperature 60° C 50° C
Layer height 0.2 mm 0.2 mm
Printing speed 30 mm/s 30 mm/s
Number of outer shells 2 2

Figure 5: 3d-printed specimen.

Table 3
Tensile testing of 3d-printed specimen.
M L, L,
(g) (mm) (mm)
PLA 1 15.81 14.22 6.35
PLA 2 15.84 14.09 6.41
PLA 3 15.80 14.20 6.42
PETg 1 16.51 14.01 6.09
PETg 2 16.16 14.07 6.17
PETg 3 16.17 13.87 6.18

obtained during the tensile tests for both the PLA and PETg
specimens. In Table 4 are compiled the mechanical proper-
ties obtained for the PLA and PETg specimens. According
to the obtained results one can see that the tensile toughness
of the PLA specimens is higher than that of its PETg counter-
parts, which are also more flexible. Tensile toughness results
from a combination of strength and ductility and is translated
into the ability of the specimen to absorb energy while sub-
jected to tension. This higher toughness showed by the PLA
specimens seems to be in contradiction with the the fact that
PLA bulk material is more brittle than PETg. As already ex-
tensively studied in the literature, the mechanical properties
of components manufactured through FDM technology may
vary significantly from those of the bulk materials, markedly
depending on the printing process parameters.

3. Quasi-static tests

Quasi-static (QS) tests were carried out on an instru-
mented servo-hydraulic test machine at a constant rate of dis-
placement, using a hemispherical ended cylindrical impact
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Figure 7: Force-displacement diagrams.

Table 4
Tensile testing of 3d-printed specimen.
o, o, €, £, E
(MPa) (MPa) (%) (%) (GPa)
PLA 1 53.1 51.3 231 451 277
PLA 2 52.2 50.1 236 3.63 275
PLA 3 51.0 49.3 255 3.71 2.74
PETg 1 34.01 36.8 231 367 181
PETg 2 34.10 37.2 233 337 1.80
PETg 3 34.45 36.5 229 3.48 1.82
PLA (avg) 52.10 50.23 241 395 275

PLA (sd) 105  1.01 013 049 0.02

PETg (avg) 34.19 36.83 231 231 1.81
PETg (sd) 0.23 0.35 0.02 0.02 0.01

head with 30 mm diameter (see Figure 8) [15, 4]. The speci-
mens were simply supported on a steel apparatus with an out-
side diameter of 100 mm and a central circular hole with 50
mm diameter. In Figure 9 are shown the hexagonal cladding
during the quasi-static loading, for both PETg and PLA ma-
terials. The frame that is depicted corresponds to the mo-
ment when the maximum force is attained, before the densi-
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Figure 8: Servo-hydraulic test machine.

fication process starts. In Figures 10 and 11 are shown the
force-displacement and absorbed energy-displacement dia-
grams for the hexagonal cladding, respectively. According
to Figure 9 one can see that the hexagonal cladding shows
a similar deformation pattern for both materials, with the
deformations mainly concentrated within the vicinity of the
impact head. As it can be seen in Figure 10, the maximum
forces before densification are reached for a vertical displace-
ment of the impact head of 4 mm, with the PETg cladding
denoting increased flexibility. The PETg cladding resisted
to a maximum force, before densification, of 4.0 kN while
the PLA cladding resisted to a force of 6.5 kN. Additionally
to higher strength, the PLA cladding also showed higher en-
ergy absorption capacities, as shown in Figure 11.

In Figure 12 are shown the auxetic cladding during the
quasi-static loading, for both PETg and PLA materials. One
can clearly see the development of the auxetic effect during
loading, with the core material moving towards the impact
head. In Figures 13 and 14 are shown the force-displacement
and absorbed energy-displacement diagrams for the auxetic
cladding, respectively. Regarding the behavior of the aux-
etic cladding both materials showed an outstanding capac-
ity to accommodate large, recoverable, displacements, with
similar maximum elastic displacement values for both ma-
terials, around 14 mm, which are 3.5 times higher than the
maximum elastic displacements obtained for the hexagonal
cores. PLA denoted a stiffer response, reaching higher force
levels than the PETg auxetic core. The maximum force value
for the PLA material was 6.5 kN while with PETg this value
was limited to 4.0 kN. Actually, these force values are quite
similar to the ones obtained with the hexagonal cores. In
terms of absorbed energy, The PLA auxetic core was able to
absorb around 30 % more energy than the PETg core during
the elastic response phase of the cladding.

During the QS tests it was also possible to assess the
Poisson coefficient of the hexagonal and auxetic cladding.
Both vertical and horizontal displacements were evaluated

(a) PETg. (b) PLA.
Figure 9: Quasi-static tests (hexagonal)
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Figure 10: Force-displacement diagram (hexagonal).
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Figure 11: Absorbed energy-displacement (hexagonal).

by digital image processing, in the linear branch of the cladding
force-displacement responses. In Table 5 are shown the com-
puted values for the Poisson coefficients of the cladding, which
yielded 0.19 and - 0.38 for the hexagonal and auxetic struc-
tures, respectively.

Table 5
Poisson coefficient.
Hexagonal  Auxetic
Vertical displacement [mm] 1.00 1.00
Horizontal displacement [mm] 0.19 -0.38
Poisson coefficient 0.19 -0.38

4. Low-velocity dynamic tests

Impact testing was performed using a fully instrumented
Rosand IFWS5 falling weight machine Figure 15 [4]. The
hemispherical ended cylindrical impact head, which was also
used in QS tests, is dropped from a known, variable height
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(a) PETg.

Figure 12: Quasi-static tests (auxetic)
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Figure 13: Force-displacement diagram (auxetic).
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Figure 14: Absorbed energy-displacement (auxetic).

between guide rails onto the horizontally supported 3D printed
cladding. A much larger, variable mass is attached to the im-
pact head and a load cell between the two gives the variation
of impact force with time. The data is post-filtered to re-
move noise from the signal. An optical gate provides the
incident velocity of the impact head. The time histories of
the displacement, the absorbed energy and the velocity are
calculated from the measured force-time data by numerical
integration. A Photron Fastcam Mini Ax high speed camera
(HSC) is used at a frame rate of 10,000 frames per second
and a resolution of 768 by 528 pixel. All measurements were
synchronized using a light intensity trigger. Two levels of
incident kinetic energy were used during the tests, namely
10 J and 20 J. In Figures 16 through 19 are shown the re-
sults obtained for the low-velocity impact tests regarding the
hexagonal core cladding subjected to an incident kinetic en-
ergy of 10 J. In Figures 16 (a) and (b) are depicted two time
frames of the tests, #; and ¢,, which correspond to the instants
associated with the maximum force and the maximum dis-
placement before rebound, respectively. It is possible to see

Figure 15: Rosand IFWS5 instrumented falling weight impact
tester.

that both cladding suffered very limited deformation with
the PLA specimen showing no plastic damage. In fact, in the
force-displacement diagram in Figure 17, the PLA specimen
presents a maximum displacement of 3.2 mm with no resid-
ual deformation after impact. The maximum force trans-
mitted to the PLA specimen was around 6.0 kN. The PETg
specimen sustained a light damage, with a maximum dis-
placement of 5.6 mm, while limiting the transmitted force to
3.2kN. In Figure 18 is shown the response of the cladding in
terms of absorbed and dissipated energy. While the absorbed
energy is similar for both specimens, corresponding to the
kinetic energy introduced in the system (maximum energy
value in the graph), the dissipated energy (value of the hori-
zontal plateau in right-hand side of the graph) is quite differ-
ent. In fact, while in the PETg cladding the dissipated energy
is about 90% of the absorbed energy, in the PLA cladding
this ratio drops-off to only 45%. In Figure 19 is shown the
velocity response of the impactor head during dynamic tests
with the PETg cladding leading to significantly lower ve-
locities than its PLA counterpart. Defining the restitution
coefficient as |v,,|/|v;,|, with v;, being the velocity at the
time of impact and v,,,, being the rebound velocity of the im-
pactor head, one can say that the restitution coefficients for
the PLA and PETg cladding are 74% and 32%, respectively.
As the PETg cladding dissipates more energy during impact
the rebound velocity of the impactor head is lower.

In Figures 20 through 23 are shown the results obtained
for the low-velocity impact tests regarding the auxetic core
cladding subjected to an incident kinetic energy of 10 J. In
this case, both specimens suffered moderate damage, with
the cladding demonstrating the capacity of auxetic structures
to accommodate high displacements while controlling the
transmitted forces. The general trend of the responses ob-
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tained during this test is quite similar to the ones obtained for
the hexagonal cladding, in what concerns the performance
of the PLA and PETg materials. In the force-displacement
diagram in Figure 21, the PLA specimen presents a maxi-
mum displacement of 7.5, with a maximum force of 2.3 kN.
The PETg specimen showed a maximum displacement of 9.7
mm, while limiting the transmitted force to 1.8 kN. In Fig-
ure 22 is shown the response of the auxetic cladding in terms
of absorbed and dissipated energy. In the PETg cladding the
dissipated energy amounts to 83% of the absorbed energy
while in the PLA cladding this ratio is 71%. In Figure 23 is
shown the velocity response of the impactor head during dy-
namic tests with the PETg cladding leading to lower veloci-
ties than its PLA counterpart. In this case the restitution co-
efficients for the PLA and PETg cladding are 53% and 40%,
respectively.

In Figures 24 through 31 is shown the overall response
of the cladding during the low-velocity impact tests, sub-
jected to an incident kinetic energy of 20 J. In these tests,
the amount of damage inflicted to the test specimens in very
extensive, especially in the case of the auxetic cladding. In-
creased plastic damage is translated into higher energy dis-
sipation ratios and also lower restitution coefficients.

5. Discussion

The results obtained during the low-velocity dynamic
tests have clearly demonstrated that for both the considered
cellular cores, hexagonal and auxetic, PETg material has fos-
tered higher energy dissipation capabilities for the cladding,
also translated into lower restitution coefficients. The higher
flexibility of PETg has led to higher deformations than PLA,
while limiting the force which is transmitted to the cladding
to lower values. This highlights the best overall performance
of PETg in sacrificial cladding build up of cellular cores and
paves way to new protective applications regarding the use
of this material. In Figures 32 through 35 is showed a com-
pilation of the data obtained during the quasi-static and low-
velocity dynamic tests. In Figure 32 is presented the maxi-
mum force transmitted to the cladding by the impactor head
during both tests. One can see that QS tests can actually give
a very good estimation of the maximum force transmitted
by the cladding, for a given energy input, for the hexagonal
configuration. For the auxetic configuration, the QS tests
still yields a good estimate of the force for the 10 J scenario,
while for the 20 J scenario this estimation is no longer valid.
A similar trend can e seen in Figure 33, regardind the max-
imum displacement shown by the specimens. The QS tests
give reasonable good estimates of the maximum displace-
ment for the hexagonal core and also for the auxetic core
for the 10 J energy input scenario. In Figures 34 and 35 are
compiled the obtained energy dissipation ratios and the cor-
responding restitution coefficients.

6. Conclusions

This paper addresses the low-velocity impact response
of 3D-printed sacrificial cladding using specimens manu-

factured with both PLA and PETg filaments. From the per-
formed analysis one can highlight the following conclusions:

1. PETg material has fostered higher energy dissipation
capabilities for the cladding, showing lower restitution
coefficients.

2. The higher flexibility of PETg has led to higher defor-
mations than PLA, while limiting the force which is
transmitted to the cladding to lower values.

3. For limited energy input, QS tests can give a very good
estimation of the maximum force transmitted by the
cladding.

4. The best overall performance of PETg in sacrificial
cladding build up of cellular cores paves way to new
protective applications regarding the use of this mate-
rial.
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3D printed celular metamaterials: PLA vs. PETg

(c) PLA (t = t1). (d) PLA (t = t2).

Figure 20: Low-velocity impact: 10 J (auxetic). () PLA (t = t1). , () PLA (ﬁtdz £2).

Figure 24: Low-velocity impact: 20 J (hexagonal)
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Figure 21: Force-displacement diagram: 10 J (auxetic).
& P & ( ) Figure 25: Force-displacement diagram: 20 J (hexagonal).
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Figure 27: Velocity time-history: 20 J (hexagonal).
Figure 23: Velocity time-history: 10 J (auxetic).
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(b) PETg (t = t2).

(a) PETg (t = t1).
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(c) PLA (t = t1).

Figure 32: Maximum force.

Figure 28: Low-velocity impact: 20 J (auxetic)
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Figure 34: Ratio dissipated/absorbed energy.

Figure 30: Energy time-history: 20 J (auxetic).
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Figure 35: Restitution coefficient.

Figure 31: Velocity time-history: 20 J (auxetic).
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