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ABSTRACT 
 

The environmental problems demanded to use 
bio-material in several industrial applications. In this 
case, the use of biological material in composite 
structure have been increased in this century. The 
main idea of this research is to use a bio-based 
material in sandwich composite structure dedicated to 
transport industrial applications. Also, auxetic 
structures have presented a good mechanical property 
such as higher stiffness, strength, and energy 
absorption. This study presents an experimental 
analysis of the static and dynamic properties of a 
bio-sandwich composite with conventional 
honeycomb and auxetic core. An additive 
manufacturing technique is used to produce the 
sandwich composites. Static tensile, static and fatigue 
three-point bending and vibration tests were used to 
characterize the tested sandwiches. The effect of the 
bio-based material, the number of cells in the core as 
well as the core topology are investigated. The Young 
modulus and ultimate strength and strain under 
tensile tests are determined for the two tested material 
which are the polylactic acid and the polylactic acid 
reinforced with flax fibers. Also, the static bending 
stiffness is calculated for each sandwich 
configurations.  

 
 
 
 
 
 
 
 
 

The loss factor is calculated under vibration 
tests. The determined properties in this study, give a 
large idea on the comportment of bio-sandwich with 
conventional honeycomb and auxetic core under a 
diverse test. It was found that sandwich made with 
polylactic acid and high number of cells presents the 
highest stiffness. However, sandwich made with 
polylactic acid reinforced with flax fibers and auxetic 
core improves the dissipated energy and damping 
properties. 
 

INTRODUCTION 
 

The advances in manufacturing technique 
helped metamaterials to integrate in a variety of 
applications. It is noticed that 3D printing, also 
known as additive manufacturing technique, presents 
a high advantage to fabricate complex geometries 
than traditional manufacturing process (Goh et al., 
2017). Sandwich composite with complex core 
structure have started to emerge into aerospace and 
aeronautic industries. The base material and the 
microstructural geometry are the basic factors 
responsible for these high performances (Yu et al., 
2018). Conventional honeycomb and auxetic 
structures are an example of metamaterials. Auxetic 
structures exhibits a negative Poisson’s ratio. They 
present a variety of advantages such as energy 
absorption (Essassi et al., 2021(1)), shear properties 
(Lira and Scarpa, 2010), bending behavior (Li and 
Wang, 2017), indentation resistance (Xiao et al., 2019) 
and damping capacities (Strek et al., 2015; Boldrin et 
al., 2016). Because of their complex geometry, many 
research were developed on additive manufacturing 
technique (or 3D printing) in order to facilitate its 
fabrication (Bitzer, 1997). 3D printing gives a robust 
fabrication process to control the porosity in the 
material (polymers, composites or metals). It presents 
a good method to manufacture honeycomb and 
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auxetic structures. Therefore, 3D printing machine 
are used in many industrials’ fields (Wang et al., 2017; 
Zhang et al., 2018; Tian et al., 2007; Nikman and 
Akbarzadeh, 2018; Sugiyama et al. ,  2018). 

Unfortunately, the use of these structures can 
pose environmental and ecological problems. 
Nowadays, environmental issues impose the use of 
biological and biodegradable material instead of 
synthetic ones. They have shown many advantages 
such as biodegradability, available resources and 
recyclability (Baghaei et al., 2013). Natural fibers 
reduce the environmental impact. They are utilized as 
reinforcement in composite materials (Faruk et al., 
2012; Trujillo et al., 2014). Flax fibers are the most 
studied fibers in the past decades (Daoud et al., 2018). 
They have proven their ability to enhance mechanical 
and damping properties (Assarar et al., 2018). They 
are considered as a good alternative to glass fibers 
(Baley and Bourmaud, 2014). The mechanical and 
dynamic properties of these structures depend 
essentially on the based material and the core 
topology (Monti et al., 2017). 

Architectural structure made with biological 
material can be used in sandwich structures. 
Sandwich structures are subjected to support bending 
loading. The bending behavior of sandwich 
composite has been widely studied (Ramnath et al., 
2019). The bending comportment of sandwich 
composite with different core topologies is studied 
(Li and Wang, 2017; Sharaf et al., 2010). They have 
tested truss, conventional and auxetic core. Results 
show that truss core enhance the bending stiffness 
and strength compared to conventional honeycomb 
because of their buckling resistance. However, 
auxetic core dissipate more energy than author core 
topology. In addition, fatigue loading is a challenge to 
overcome when using composite materials in any 
applications. Therefore, the fatigue comportment 
must be studied during the design process. The 
fatigue comportment of an auxetic structure is studied 
(Essassi et al., 2020, 2021(2)). Results show that the 
fatigue behavior depends on the cell size, number of 
cells and cyclic stress range. It has been shown that 
the sandwich with honeycomb core material failed 
under bending fatigue test due to the crumpling of 
cell walls (buckling phenomena) (Crupi et al., 2012). 
The mechanical parameters (Wu et al., 2019) and the 
fatigue life (Ben ammar et al., 2014; Abbadi et al., 
2010) of sandwich with honeycomb core are 
determined. The compression fatigue comportment of 
conventional and auxetic foams is investigated 
(Bezazi and Scarpa, 2007). It is found that sandwich 
with auxetic core enhance the energy dissipation and 
decrease the rigidity. 

Furthermore, the vibration properties are a 
significant factor in the characterization of structural 
materials. The damping property of architectural 
structure is widely studied (Bianchi and Scarpa, 2013; 
Ma et al., 2013). The loss factor of sandwich 

composite with pyramidal truss core is investigated 
(Yang et al., 2013). Author discovered that the loss 
factor of the studied sandwich composite increases 
with the insertion of viscoelastic layers without any 
change in its natural frequencies. In addition, the 
dynamic properties of conventional honeycomb and 
auxetic structures are determined and optimized to 
reduce the dynamic response (Lira et al., 2011; 
Murray and Gandhi, 2013). They have studied a 
gradient topology which use positive and negative 
angle orientations together. Results show that the 
optimized configurations lead to a decrease in the 
mass and in the first three natural frequencies of the 
structure. Moreover, the vibration behavior of an 
auxetic structure is evaluated numerically and 
experimentally (Strek et al., 2015; Boldrin et al., 
2016). Results show that the damping properties are 
sensitive to the angle of the unit cell. The effective 
young’s modulus increases when the Poisson’s ratio 
tends to -1. 

The main idea of this research is to use a 
bio-based material in sandwich composite structure 
dedicated to transport industrial applications. The 
information taken from the literature prove that the 
use of acid-polylactic with flax fibers in sandwich 
composites, combined with auxetic structures, can 
constitute a material with good compromise between 
static and damping properties. The idea of this paper 
was to take advantages from the specific 
performances of sandwich composites, the high 
dissipative properties of auxetic materials and the 
high damping characteristics of flax fibers. The 
objective of this study is to find a sandwich structure 
which makes a good compromise between the static 
properties such as the strength and stiffness as well as 
the dynamic properties such as fatigue energy 
absorption and damping ratio. The purpose of the 
present work is to determine the static, the fatigue and 
the vibration behavior of a bio-sandwich composite. 
The effects of the bio-based material polylactic acid 
(PLA) and polylactic acid reinforced with flax fibers 
(PFF), number of the cells (2 and 4 cells in width) 
and core topologies (conventional honeycomb and 
auxetic core) are highlighted. The sandwich 
composites are designed adopting a CAD software 
(SolidWorks) and manufactured using 3D printing 
technique. Uniaxial tensile tests are conducted to 
determine the material properties. Static three-point 
bending tests are then performed to determine the 
mechanical properties of the sandwich structures. The 
experimental bending fatigue tests are also 
accomplished. The stiffness loss, energy dissipation 
and loss factor of the tested configurations are 
discussed. Finally, the damping properties under 
experimental clamped-free vibration tests are 
determined. 
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EXPERIMENTAL ANALYSIS 
 
Materials and Structures Manufacturing 
 

There is two different bio-based material used 
to manufacture the sandwich structures: the polylactic 
acid (PLA) and the polylactic acid reinforced with 
flax fibers (PFF). The materials are in the form of a 
filament spool, dedicated to additive manufacturing 
technique. The 3D printing machine used in this work 
is the MakerBot Replicator2 Desktop. The extrusion 
and the building platform temperature are equal to 
210°C and 55°C, respectively, with a travel speed of 
100 mm.s-1. The filament diameter is of 1.75 mm. 
For the PFF material, the fiber volume fraction is less 
than 20 %. Figure 1 depicts the geometry of the 
conventional honeycomb and auxetic structures 
utilized as core material in the sandwich specimens. 
The sandwiches were designed according to a CAD 
software, then, the specimens design was 
implemented in the machine to be manufactured. 

 

 
                   (a)                    (b) 
Fig. 1.  Geometry of the core structures: (a) auxetic, 
(b) conventional. 
 

The sandwich thickness is equal to 7 mm (1 
mm for each skin and 5 mm for the core). θ is the 
angle between the inclined walls of the unit cell and 
the X direction and it is equal to -20° for auxetic 
structure and 20° for conventional honeycomb 
structure. t is the thickness of the unit cell wall and it 
is equal to 0.6 mm. For all tests, the width of the 
specimens is fixed to be 25 mm. The width is divided 
to obtain two different integer number of cells: 2 and 
4 cells. The unit cell will be imposed in a square. 
Thus, the other parameters (cell wall length h and l) 
are generated according to the number of cells in the 
width. Table 1 presents the design parameters of the 
tested structures.  

 
Table 1. Design parameters of the tested structures. 

Cells 

number 

Core 

configuration 

l 

[mm] 

h 

[mm] 

θ 

[°] 

t 

[mm] 

b 

[mm] 

2 cells auxetic 6.6 8.5 -20 0.6 5 

conventional 6.6 3.6 20 0.6 5 

4 cells auxetic 3.3 4.2 -20 0.6 5 

conventional 3.3 2 20 0.6 5 

 
Figure 2 presents the different tested 

configurations. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 2.  Auxetic core with (a) 2 cells in width and (c) 
4 cells in width; conventional honeycomb core with 
(b) 2 cells in width and (d) 4 cells in width. 

 
Tensile test 
 

The material properties are determined through 
tensile tests performed on 3D printed dog-bone made 
with PLA and PFF material according to the (ASTM 
D638) standard test method. Figure 3 depicts the 
tensile test set-up. A standard hydraulic machine 
INSTRON 8801 with a load cell of 10 kN and rate of 
1 mm/min is used in order to elaborate this test. A 
displacement extensometer is utilized to measure the 
displacement of the beams during testing. Five 
samples are tested for each configuration during 
mechanical tests in order to take into account the 
variability of the experimental results. 

 

 
Fig. 3.  Tensile test set-up. 

 
Three-point bending test 
 

Three-point bending test are performed using 
the same standard hydraulic machine INSTRON 
8801 with ±10 kN capacity. Bending tests were 
executed according to (ASTM C393) standard test 
methods, as shown in Fig. 4. During the quasi-static 
test, the sandwich specimens were loaded at a 
displacement rate of 5 mm.min−1.  A displacement 
sensor (LVDT) is used to measure the deflection of 
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the beams. For each sandwich configuration, the 
length, width and thickness are fixed to be 120, 25 
and 7 mm, respectively. The test consists of applying 
a load P to the sandwich specimen supported by two 
pins (diameter 15 mm) with a span length of 110 mm 
in order to analyze the sandwiches properties at 
failure. The load is applied in a single line using a 15 
mm diameter pin too. Also, an anti-rotation device is 
used in order to prevent the rotation of the lower 
supports around the axis of the hydraulic cylinder. 
During the bending fatigue test, the machine is 
equipped with load cells of 1 kN. A sinusoidal type 
of waveform is used with a frequency of 5 Hz. Tests 
were implemented using displacement control 
technique. An average displacement dmean of 4 mm is 
chosen with an amplitude damp of 1 mm. To take 
into account the variability of results due to 
experimental conditions, three specimens for each 
configuration are tested. 

 

 
Fig. 4.  Three-point bending test set-up. 

 
Vibration analysis 
 

Composite materials are used in transport fields 
in order to have a light structure with a minimum loss 
of mechanical properties. However, these materials 
can cause vibration problems (more resonant 
structure). Therefore, knowledge of vibration 
characteristics, especially damping, is essential for 
the development of composite structures for high 
performance applications. The damping which 
translates the dissipation of the energy in the material 
is an important factor for the establishment of the 
dynamic behavior. 

The vibration comportment of the sandwich 
structures is obtained according to a free vibration 
test in a clamped-free configuration, as shown in Fig. 
5. During the vibration test, sandwich beams are 
supported horizontally. To avoid damaging the 
conventional honeycomb or the auxetic core while 
clamping, the length of the clamped end was set to 40 
mm printed with the sandwich beams. Three different 
free lengths were tested, 170, 200 and 230 mm, in 
order to vary the peak frequency values. The 
sandwich beams width is set to 25 mm. The flexural 
vibration excitations are produced near the clamped 

end with an impact hammer (PCB084A14). The 
response of the sandwich beams is detected near the 
free end with a laser vibrometer (OFV 303 Sensor 
Head). The excitation and the response signals were 
processed with an acquisition card system and 
analyzed using the NVGate software. In order to 
determine the dynamic properties of the sandwich 
beams, different technique can be adopted, such as, 
the dynamic mechanical analysis method (Xu et al., 
2019) and the experimental Frequency Response 
Functions (FRF) (Essassi et al., 2019; 2021(3)). In 
the present study, the frequency response analysis 
(FRF) method is used to obtain the natural flexural 
frequencies. This method is widely used because of 
its efficiency to evaluate the natural flexural 
frequencies. The half power bandwidth (HPB) 
method is utilized to calculate the damping factor (El 
mahi et al., 2008; Monti et al., 2017). The damping 
factor is calculated using equation (1): it is defined as 
the ratio of the difference between the bandwidth 
frequencies (∆fi), at which the amplitude resonance 
decreases by 3 dB, divided by the resonance 
frequency (fi). The loss factor is used to compare the 
damping capacities of different material. The material 
with the highest loss factor is the one that absorbs 
more energy. In this case, it is the most preferable to 
use in applications that require less vibration 
especially in the field of transport. 

 

             (1) 
 

 
Fig. 5.  Experimental equipment for clamped-free 
vibration tests. 
 

RESULTS AND DISCUSSION 
 
Materials properties 
 

In order to investigate the static and dynamic 
behavior of the different sandwich structures, it is 
required to characterize the bio-based materials: PLA 
and PFF. It is to highlight that the specimens are 
manufactured considering the same layer orientation 
in the 3D printing machine. Figure 6 depicts the 
average mechanical properties (Young’s modulus, 
ultimate strength, ultimate strain and plastic strain at 
failure) of PLA and PFF materials. It can be seen that 
PLA material is stiffer and harder than PFF material. 
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However, PFF is more ductile than PLA material. 
This observation is explained by the presence of flax 
fibers in the PFF material. In fact, the reinforcement 
used has viscoelastic properties (Daoud et al., 2017). 
Fibers are constituted from different natural polymers 
with viscoelastic behaviors which increase the 
flexibility of the PFF material compared to PLA. This 
justifies the high stiffness and hardness of PLA and 
the high ductility of PFF material. 

 

 
Fig. 6.  Mechanical properties of PLA and PFF 
materials. 

 
Static bending performance of sandwich 
composites 
 
Material effect 
 

Figure 7 presents the mechanical properties of 
3D printed sandwich beams with auxetic structure, 2 
cells in width and two different materials (PLA and 
PFF) under 3-point bending tests. The failure 
deflection is the same for the two materials. However, 
the maximum load and the bending stiffness of the 
sandwich made with PLA is higher than that made 
with PFF. The bending stiffness of the sandwich 
made with PLA is higher with 25 %. Moreover, the 
failure load of the sandwich made with PLA is higher 
with 27 % than that made with PFF. In fact, the 
viscoelastic comportment of the flax fibers utilized as 
reinforcement in the PFF material is the essential 
factor that explains this result. The presence of flax 
fiber makes the structure more flexible which reduces 
its stiffness as well as the maximum load necessary to 
crush the sandwich composite. 

 
Configuration effect 
 

Figure 8 depicts the mechanical properties of 
3D printed sandwich beams with conventional and 
auxetic core made with PFF material and 2 cells in 
width. One can observe a difference between the 
response of the sandwich with conventional 
honeycomb core and the sandwich with auxetic core. 
The maximum load is quite different, with the 

specimen with conventional honeycomb core against 
the indenter exhibiting peak load values of 220 N, 
while the sample with auxetic core sustains peak load 
of 204 N. However, the failure deflection of the 
sandwich with conventional honeycomb core is larger 
than that with auxetic core with about 41 %. In order 
to explain this result, it is interesting to report the 
damage behavior around the indenter area of each 
configuration until static bending test. The area of the 
sandwich with auxetic core facing up the indenter 
present a strong localization of the damage. However, 
the sandwich with conventional honeycomb core 
presents more wall buckling under bending test. This 
damage behavior explains the higher value of the 
maximum load and the failure deflection of the 
sandwich with conventional honeycomb. Wall 
buckling is also observed for the sandwich with 
conventional honeycomb and auxetic core under 
compression loading (Ramnath et al., 2019). 

 

 
Fig. 7.  Bending characteristic of sandwich beams 
with two different materials. 

 

 
Fig. 8.  Bending characteristic of sandwich beams 
with conventional and auxetic structure. 

 
Number of cells effect 
 

Figure 9 presents the static-bending 
characteristics of the sandwich specimens made with 
PFF material and auxetic core structure. Results show 
a difference between the response of the sandwich 
with 2 and 4 cells in width. There is a small 
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difference on the bending stiffness between the two 
sandwich configurations. However, a significant 
difference can be seen in the maximum load and the 
failure deflection between the two types of 
sandwiches. The maximum load of the sandwich with 
4 cells in width are larger than those of the sandwich 
with 2 cells in width with 26 %. In fact, with the 
increase of the number of cells of the sandwich core, 
the structure become stiffer. 

 

 
Fig. 9.  Bending characteristic of sandwich beams 
with different number of cells in width. 

 
Fatigue bending performance of sandwich 
composites 
 

Experimental fatigue bending tests were 
realized on the bio-sandwich composites made with 
PFF material. The effect of the configuration and the 
number of cells on the fatigue loading, dissipated 
energy and loss factor were discussed. 

 
Fatigue loading 
 

The evolution of the stiffness loss F/F0 under 
fatigue loading conditions as a function of the 
number of cycles are determined and presented in Fig. 
10. This method consists to discover the damage 
propagation during cycling loading. Figure 10 depicts 
the changes in the mechanical comportment of the 
sandwich structures according to the number of 
cycles for a variety of sandwich configurations. 
Results show that there are three phases of stiffness 
loss up to failure. Firstly, the stiffness loss decreases 
rapidly which trigger the begin of the initial 
degradation of the sandwich structure. This phase 
corresponds to the cracking multiplication in the 
material. The next phase corresponding to the 
majority of the material life is defined with a very 
slow reduction in the stiffness loss. This phase 
presents the damage propagation in the material. 
Finally, the stiffness loss decreases suddenly which 
corresponds to the total failure of the specimen. 
Figure 10 presents the high fatigue resistance of 
sandwiches with auxetic core structure compared to 
that with conventional core structure. Moreover, the 

sandwich with larger number of cells presents a 
higher degradation rate than that with smaller number 
of cells. A decrease in the number of cells leads to a 
decrease in the density of material in the composite 
and improves its flexibility. 

 

 
Fig. 10.  Stiffness loss vs. the number of cycles of 
sandwiches with conventional/2 cells, auxetic/2 cells 
and auxetic/4 cells structures. 

 
Energy analysis 
 

The cyclic loading tests are utilized to compare 
the dissipated energy capacity of the tested sandwich. 
Conventional and auxetic core are considered. Also, 
sandwiches with two and four cells in width are 
tested. In order to determine the energy dissipation of 
these structures, it is essential to determine firstly the 
hysteresis curves. It corresponds to the experimental 
load/displacement curves for loading and unloading 
cycles. Figure 11 presents the dissipated energy Ed 
and the potential energy stored Ep of a hysteresis 
cycle (Essassi et al., 2021(2)). The determination of 
these energies is essential to characterize the ability 
of the material to dissipate energy during fatigue test. 
The material that dissipates more energy is that with 
the highest Ed. 

 

 
Fig. 11.  Illustration of a hysteresis cycle (Essassi et 
al., 2021(2)). 

 
The dissipated energy Ed and the potential 

energy stored Ep are the area enclosed and the area 
under the loading part of the hysteresis loops, 
respectively. These energies are calculated using a 
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trapezoidal summation of the area (Monti et al., 
2019), according to the equations (2) and (3): 

 
     (2) 

 

             (3) 
 
Figure 12 depicts the dissipated energy as a 

function of the number of cycles for the tested 
sandwich composite. Results give us an idea on the 
lifetime of the sandwich material. It is clearly seen 
that sandwich with auxetic structure possess a high 
ability to dissipate energy compared to that with 
conventional honeycomb. Moreover, sandwich with 
high number of cells dissipates more energy than 
sandwich with low number of cells. For all tested 
sandwiches, the dissipated energy decreases from the 
first part of life-time to the end of life. This can be 
explained with the rise of damage in the material 
during cyclic loading tests. Moreover, the difference 
in the air volume in the core structure between the 
tested configurations plays the major role in the 
dissipated energy. The large quantity of the energy is 
dissipated during the collapsing of the cell walls. 
Therefore, sandwich with high number of cells 
dissipate more energy. Also, auxetic structure 
exhibits a synclastic deformation (Ramnath et al., 
2019) which waste a large quantity of energy 
compared to conventional one. 

 

 
Fig. 12.  Energy dissipation vs. number of cycles of 
sandwiches with conventional/2 cells, auxetic/2 cells 
and auxetic/4 cells structures. 

 
Vibration behavior of sandwich composites 
 
Material effect 
 

The vibration tests are performed on sandwich 
composites with auxetic core and 2 cells in width. 
Two different bio-based material are used, PLA and 
PFF, in order to determine the flax fiber 
reinforcement effect on the vibration behavior of the 
sandwich specimens. Three different free lengths: 

170, 200 and 230 mm are tested in order to obtain 
variation in the peak frequency values. The thickness 
of the sandwich beams is 7 mm and the width is 25 
mm. At least, three specimens are tested for each 
bio-based material. Figure 13 presents the variation 
of the loss factor as a function of the frequencies for 
the sandwich with PLA and PFF material. The results 
show that the damping factor increases when the 
frequency increases. On a frequency range from 0 Hz 
to 4000 Hz, the loss factor increases about 40 % for 
the sandwich composite with PLA and PFF material. 
The difference between the two types of materials 
used in this study is the flax fiber reinforcement 
presented in the PFF material. The effect of the flax 
fiber reinforcement on the damping properties is 
clearly observed. The presence of flax fiber 
reinforcement in the sandwich composite 
significantly improves its dynamic properties. In fact, 
flax fibers have excellent vibration behavior due to 
their high loss factor compared to synthetic fiber 
reinforcement (El mahi et al., 2008; Duc et al., 2014). 
The high values on the loss factor for flax fibers 
refers to their morphology through the internal 
friction between cellulose and hemicellulose. It 
contains several viscoelastic components. It is 
composed of natural polymers, such as cellulose (70 
%), hemicellulose (15 %), lignin (2.5 %) and pectines 
(1 %), with viscoelastic behaviors (Daoud et al., 
2017). Moreover, the defect presented in the 
composite reinforced with flax fiber as well as the 
inter-fiber friction can contribute to energy 
dissipation in the material. The dissipated 
mechanisms listed previously explain the high 
damping results of the sandwich made with PFF 
compared to that with PLA material. 

 

 
Fig. 13.  Evolution of the loss factor of sandwich 
beams with two different materials. 

 
Configuration effect 
 

The damping properties of the sandwich 
composite made with PFF material is already 
conducted (Essassi et al., 2019). In this section, the 
damping properties of the sandwich with PLA 
material is studied. Conventional honeycomb and 
auxetic core are tested. Damping properties were 
measured by the Half Power Bandwidth (HPB) 
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method used by El Mahi et al. (2008) and Essassi et 
al. (2019; 2021(3)). The variations of the loss factor 
as a function of the frequency for the two sandwich 
configurations are examined and shown in Fig. 14. It 
is observed that, for each configuration, the damping 
factor increases with the frequency. This increase is 
much higher for the sandwich with auxetic core. For 
the sandwich with conventional honeycomb core, the 
values of the loss factor are between 1% (for the low 
frequencies) and 1.7 % (for the frequency equal to 
5000 Hz). However, for the sandwich with auxetic 
core, the value of the loss factor is 2.2 % for the 
frequency equal to 5000 Hz. In addition, it can be 
observed that at low frequency (from 0 Hz to 1000 
Hz) there is close agreement between the two core 
configuration results for damping values. Above this 
point, the curves gradually diverge. It increases 
slowly for the sandwich with conventional 
honeycomb core. In fact, auxetic structures are better 
potential candidates for energy absorption compared 
with conventional honeycomb (Li and Wang, 2017). 
Due to the deformation mechanisms during vibration 
test, the specific energy dissipation of the auxetic 
sandwich composites is as large as conventional 
honeycomb which have proven to exhibit smaller 
specific energy dissipation. 

 

 
Fig. 14.  Evolution of the loss factor of sandwich 
beams with conventional and auxetic structure. 

 
Number of cells effect 
 

The vibration tests are performed on sandwich 
composites made with PFF material and auxetic core. 
The effect of the number of cells in width is 
examined. Figure 15 presents the evolution of the 
loss factor as a function of frequencies. The 
sandwiches loss factor increases when the frequency 
increase for the two tested specimens. Results show 
that there is a slight increase in the loss factor for the 
sandwich with 2 cells in width compared to that with 
4 cells in width. Several explanations can be 
proposed to understand the damping behavior of the 
proposed sandwich beams. During vibration test, a 
part of energy is dissipated through the bio-based 
material. In addition, the geometry of the unit cells 
and its porosity as well as its periodicity can 
contribute to the energy dissipation. The decrease in 
the number of cells of the core leads to an increase in 

the empty space in the sandwich beams and thus 
increases its flexibility. 

 

 
Fig. 15.  Evolution of the loss factor of sandwich 
beams with different number of cells in width. 

 
CONCLUSIONS 

 
Bio-sandwich composites manufactured using 

3D printing machine are studied. The sandwiches are 
manufactured using two different biological material 
which are the PLA and the PLA reinforced with flax 
fibers (<20%). Two different core topologies are 
tested: the conventional honeycomb and auxetic 
structures. In addition, the effect of the number of 
cells in the core is highlighted (2 and 4 cells in width). 
Uniaxial tensile test is performed to determine the 
based material behavior. Results show that PLA 
presents the highest stiffness and hardness and PFF 
presents the highest ductility. The static three-point 
bending tests are also performed on the sandwich 
composites. It is found that sandwich with auxetic 
core, high number of cells made with PLA material 
presents the high bending stiffness compared to other 
configurations. Moreover, the cyclic bending tests are 
conducted. Results show that sandwich with auxetic 
core and two cells in width presents the highest 
dissipated energy. The vibration behavior is also 
treated. It is found that sandwich with auxetic core 
made with PFF material presents the highest damping 
properties. Based on these experimental results, it 
appears possible to develop numerical model to 
optimize the honeycomb parameters in order to 
enhance the static and dynamic properties to mass 
ratio of the sandwich. This work highlights the effect 
of different parameters in the static and dynamic 
properties of the sandwich composite. According to 
the founded results, each parameters enhance a 
specific property. Using flax fibers as reinforcement 
include a decrease in the static stiffness but in the 
other hand, it enhances the damping properties. Also, 
the auxetic structure enhance the static, fatigue and 
damping properties compared to conventional 
honeycomb structure. And finally, the increase of the 
number of cells increases the mechanical properties 
of the sandwich composite. In this case, the choose of 
each parameter is related to the industrial application. 
For example, for the transport domain, the parameter 
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that enhance the damping properties is better to be 
used. 
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