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Abstract: The objective of this research is the fabrication of biodegradable starch-based sandwich
materials. The investigated sandwich structures consist of maize starch-based films as skins and
biodegradable 3D-printed polylactic filaments (PLA) as the core. To investigate the tensile properties
of the skins, conventional and nanocomposite films were prepared by a solution mixing procedure
with maize starch and glycerol as the plasticizer, and they were reinforced with sodium montmoril-
lonite clay, cellulose fibers and fiberglass fabric, with different combinations. Test results indicated a
significant improvement in the mechanical and morphological properties of composite films prepared
with sodium montmorillonite clay in addition with cellulose fibers and fiberglass fabric, with 20 wt%
of glycerol. The morphology of the skins was also examined by scanning electron microscopy (SEM).
Three orders of hierarchical honeycombs were designed for the 3D-printed core. To investigate how
the skin material and the design of the core affect the mechanical properties of the starch-based
sandwich, specimens were tested under a three-point bending regime. The test results have shown
that the flexural strength of the biodegradable sandwich structure increased with the use of a second
order hierarchy core and starch-based skins improved the strength and stiffness of the neat PLA-based
honeycomb core. The bending behavior of the hierarchical honeycombs was also assessed with finite
element analysis (FEA) in combination with experimental findings. Flexural properties demonstrated
that the use of starch-based films and a PLA honeycomb core is a suitable solution for biodegradable
sandwich structures.

Keywords: hierarchical honeycomb structure; starch-based sandwich structure; maize starch; bio-
composite films

1. Introduction

Sandwich-structured composites have important physical, mechanical and thermal
properties and are widely used in various high-technology applications [1-3]. A typical
sandwich panel is a composite building material, which usually consists of a basic structure
of two thin surfaces separated by a low-density core material [4]. The core is the basic
building material of the sandwich that is placed between two thin, rigid structured surfaces,
commonly called the skin of the sandwich composite. The core material typically has a
low density and strength, but its higher thickness provides the sandwich panel with high
structural bending stiffness. The purpose of the core material is to support the sandwich so
that it does not deform while the two thin skin surfaces stay fixed relative to each other.
This results in a solid, homogeneous structure having much more stiffness than the neat
core material [4].
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Most of the sandwich structures are made of plastic and other non-ecofriendly mate-
rials with high energy production processes. In recent decades, the search for recyclable
and biodegradable sandwich structures has continued at an increasing rate due to climate
change. Several recent studies have been published on the replacement of synthetic poly-
mer resins by natural fibers to reinforce building materials [5-8]. However, there is very
little research and literature on the use of natural materials in the construction of sandwich
structures. There is also a growing interest in the application of natural fibers and recycled
raw materials in the building and construction industry, where natural polymers have
been widely used as binding agents to improve mechanical, thermal and other physical
properties of different conventional materials, such as cement, concrete, asphalt, etc. [9-11].

Biodegradable natural polymers, due to their physical and chemical properties, are
used in many industrial applications; therefore, biopolymers are a possible solution to
reduce the environmental pollution caused by the conventional synthetic polymers derived
from non-renewable sources, such as petroleum [7,8,12,13]. Polylactic acid (PLA) is a
biodegradable thermoplastic (aliphatic) polyester derived from renewable resources, such
as maize starch, tapioca roots, potato starch and sugar cane. PLA has a wide range of
applications due to its important physical and chemical properties and is extensively used
as a base material for the construction of composite sandwich structures [14-17]

Conventional manufacturing processes for (multi-layer) corrugated sandwich struc-
tures include compression molding, hot-press molding and vacuum molding [18]. These
conventional methods are relatively expensive and difficult to apply on a large scale, be-
cause the molds must be made for different design requirements. In addition, it is very
difficult to implement complex core designs of sandwich composites using conventional
techniques. Additive manufacturing has been of increasing interest to the building and
construction industry for the last few years. Additive manufacturing or three-dimensional
(3D) printing, as it is more commonly known, is a process of making three-dimensional
physical objects from a digital design. In particular, the principle of Fused Filament Fabri-
cation (FFF) is an extrusion of the molten filament (such as molten polymer) and gradual
deposition of layers (through syringes or cartridges) and the consequent solidification.
Biomaterials can also be used in 3D printing since natural ecofriendly polymer fluids can
be used to create solid objects from CAD drawings by building them in layers [19]. The
technique of 3D printing is widely used for the construction of complex geometries at a
relatively low cost. Researchers have evaluated the advantages and limitations of different
methods of construction of sandwich-structured composites and there has been a significant
development of additive manufacturing technologies in recent years, which continue to
grow due to the flexibility, speed and relatively low cost of innovative architectural and
construction applications [20].

A considerable amount of research has been carried out concerning the preparation
of fully biodegradable sandwich structures [9,10]. Thus far, the literature has been fo-
cused on the preparation and the mechanical properties of fully biodegradable maize
starch-based films, but, to the best of our knowledge, studies have not shown if the use
of this type of membrane is suitable for ecofriendly sandwich structures. This study fo-
cuses on the fabrication of biodegradable starch-based sandwich materials. The structure
of the sandwich consists of skins made from maize starch-based films, reinforced with
sodium montmorillonite clay particles, cellulose fibers and fiberglass fabric as well as a
biodegradable 3D-printed polylactic filament (PLA) core. Regarding the FEA simulation
of the sandwich structures, a lot of researchers have approached various engineering and
composite structures under different loading conditions [21-24]. Gohari et al. [21] presented
an approach toward the localized failure inspection of pressurized ellipsoidal domes made
with a woven composite. Another work [23] has utilized inclined piezoelectric actuators
to drive the twisting deformation of smart laminated cantilever composite plates/beams,
proposed a novel explicit analytical solution for obtaining twisting deformation and op-
timal shape control and developed a series of simple, accurate and robust finite element
(FE) analysis models and realistic electromechanical-coupled FE procedures for verifica-
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tion. Gohari et al. [24] developed an analytical solution for the electromechanical flexural
response of smart laminated piezoelectric composite rectangular plates encompassing
flexible-spring boundary conditions at two opposite edges that can potentially be applied
to real-life structural systems, such as smart floors and bridges, and can be used to analyze
the flexural deformation response.

The aim of this study is to investigate the development and manufacturing of ecofriendly
biodegradable (maize starch-based) sandwich structures. A sandwich-type composite
structure usually consists of three materials: the core material, two layers of external
skin surface material and the adhesive layer (which connects the skin surfaces to the core
structure of the sandwich panel). The geometrical characteristics and chemical composition
of the core material essentially determine the overall mechanical behavior of a sandwich
structure. The core is usually low strength, but due to its large thickness, it is rigid with high
tensile and compressive strength. The two thin outer face sheets of the panel carry most of
the bending loads received by the laminate. Often, the most complex sandwich structures
consist of the core material and the outer surfaces with many successive layers of materials
with different physical, chemical and mechanical properties [4]. In the present work, the
physical and mechanical behavior, synthesis and characterization of these biodegradable
sandwich panels as well as their composition and structure were investigated. This research
work has two main objectives: (a) the development of a sandwich structure using two
starch-based nanocomposite films (reinforced with cellulose fibers and fiberglass fabric) as
skins and PLA as the core material and (b) an experimental investigation of the physical
and mechanical properties, supported by FEA of these sandwich composite panels.

2. Materials and Methods
2.1. Materials

For the experiments, a commercial maize starch (containing approximately 23% amy-
lose) with moisture content 12 wt% [25] was supplied by Nestlé Hellas, Athens, Greece,
and it was mixed with commercial glycerol supplied by Mallinckrodt Chemical Works,
St. Louis, MI, USA. The sodium montmorillonite clay with a CEC (cation exchange capacity)
of 92.6 meq/100 g clay was supplied by Southern Clay Products, Inc., Austin, Texas USA.
Cellulose fibers (Sigma Aldrich, St. Louis, MI, USA) were used to prepare the starch-based
skins. The conventional composite starch-based films were reinforced with different types
of fiberglass fabrics, supplied by Fibremax Ltd., Volos, Greece. For 3D-printed honeycomb
preparation, commercial PLA was supplied by BlackMagic3D Inc., New York, NY, USA,
while the bio-epoxy adhesive Easy Composites Ltd. LB2-A, Stoke-on-Trent, (UK) was used
to produce sandwich structure composites.

2.2. Methods
2.2.1. Preparation of Starch-Based Skins

Nanocomposite starch-based films were prepared by a solution mixing procedure [26].
The starch was plasticized with glycerol and water and the sodium montmorillonite clay
(NaMMT) was used as reinforcement on the mechanical properties of the films. The
experimental results indicated that both glycerol and clay contents significantly influenced
the physical and mechanical properties of starch-based nanocomposite films and their
tensile properties were enhanced even at lower clay content [27-30]. The moisture content
of starch was constant, and equal to 12 wt% (determined by drying to constant mass). The
maize starch (6.5 wt% in dry basis) was dispersed in distilled water (at temperature of
80 °C) containing different levels of glycerol ranging from 10 to 30 wt%. Then, sodium
montmorillonite clay was added to the gelatinized starch solution in various amounts so
the NaMMT content of the final nanocomposite film was 3, 5 or 10 wt% of the amount
of dry starch. The cellulose fibers were dispersed in 75 mL of water in concentrations
of 5-20% wt% (based on the amount of dry starch) [31]. Then, the cellulose suspension
was mixed with the starch-montmorillonite solution for 10 min at temperature of 75 °C
and the fresh films were obtained by casting the hot mixture into custom-made PTFE
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plates with dimensions 220 x 300 mm [27-29]. By dipping fiberglass fabrics in the starch—
gelatin matrix, a clear improvement in the physical and mechanical properties of the
nanocomposite films was also achieved. For this purpose, grids with a different cell
topology were used, i.e., with irregular structure (random orientation glass fibers 0.1 mm
thick) and ordered structure (dense braided fiberglass 0.06 mm thick). The final step in
the preparation of films involved placing the specimens in an air circulation drying oven
at 45 °C for about 2 days. For comparison, all samples were stored under controlled
conditions of temperature (=22 °C) and relative humidity (=50%) for 30 days prior to
testing to secure moisture equilibration [26].

2.2.2. Design and Fabrication of FFF-Printed Honeycomb Structures

Hierarchical honeycomb structures were designed in Solidworks™ CAD software
(Dassault Systemes, SolidWorks Corporation, Waltham, MA, USA) and exported as STL
file. The manufacturing of FFF-printed honeycomb structures was accomplished by using
a commercial open source BCN3D Sigma R17 (BCN3D, Barcelona, Spain) 3D printer with
a 2.85 mm extrusion nozzle and Ultimaker Cura (Ultimaker, Utrecht, The Netherlands)
was used as slicing software. The basic 3D printing parameters for the cellular core of the
sandwich structures were the nozzle extrusion temperature and build-plate temperature
of 220 and 60 °C, respectively. The deposition line (layer) had a height of 0.2 mm, and the
deposition line width was 0.4 mm. The optimal printing speed for the manufacturing of
the honeycomb cores was selected to be 40 mm/s. Deposition speed was therefore not
considered a variable in this study and a constant extrusion velocity was selected for all
specimens, based on device parameters (e.g., effective printing range). Additionally, all
specimens were fabricated in room temperature conditions.

All honeycomb structures shown in Figure 1 had a constant relative density p = 0.12.
The hexagon’s edge length of the regular honeycomb was aj, = 20 mm, and the thickness
of the cell wall was measured as t = 2 mm. The structural arrangement of the hierarchical
honeycomb structures can be defined as the ratio of the length of the second order hexagon
divided by the length of the initial hexagon, i.e., y1 = by/ap kat y2 = ¢, /ay [32,33]. The
1st order of honeycomb structures had y; = 0.3 and t = 1.25 mm, and in the same way, the
honeycomb structure with 2nd order hierarchy had y; = 0.3, v, = 0.12 and t = 0.86 mm,
as demonstrated in Figure la. In addition, the cell wall thickness was reduced with the
increase in the level of hierarchy in order to maintain the overall relative density constant.
These geometrical attributes were kept similar for the FEA simulations undertaken in the
following sections. The CAD model of the hierarchical honeycomb cores for the three levels
is shown in Figure 1b [34-36].

The final FFF-printed core of the sandwich structures has a length 1 = 190 mm, width
wth = 90 mm and height h = 6 mm. The FFF printing process of the core of the hierarchy
level is displayed in Figure 2a. The composite skins glued to the FFF-printed hierarchical
cores are portrayed in Figure 2a. In Figure 2b, the skins have been examined with a digi-
tal optical microscope Dino-Lite AD7013MZT (AnMo Electronics, Hsinchu, Taiwan) and
software DinoLite 2.0. Finally, two different regions have been magnified in Figure 2b in
order to examine the fiberglass dispersion. This research has been focused on studying
the mechanical properties of honeycomb sandwich structures considering the different
architecture of each hierarchy, along with the contribution of the external composite mate-
rial skins.

2.2.3. Tensile Testing

The tensile properties of the starch—cellulose blends were investigated by testing film
specimens of each different content of cellulose and fiberglass fabric. The tensile properties
of the samples were measured at room temperature (23 °C) by utilizing a M500-50AT
(Testometric, Rochdale, UK) universal testing machine that was equipped with a 50 kN
load of cell. The specimens were tested at a constant rate of 5 mm/min until the specimen
was ruptured. At least three specimens were tested for each sample. The tensile properties
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of films were determined according to the standard test methods ASTM D882-12 for thin

plastic sheeting [37].
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Figure 1. Design of (a) unit cell and (b) hierarchical honeycomb cores.

Figure 2. Cont.
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Figure 2. (a) A 3D-printed core (during printing process) and assembly of sandwich structures,
(b) top view and optical microscopy of starch-based film (with 20 wt% glycerol, 3 wt% NaMMT,
10 wt% cellulose and fiberglass fabric).

2.2.4. Bending Experiments Assisted by FEA

The bending performance of the 3D-printed sandwich structures with three different
hierarchical cores was investigated according to ASTM C393 [38] and it was examined by a
universal testing machine Testometric-M500-50AT (Testometric, Rochdale, UK) equipped
with a 50 kN load cell. The dimensions of the produced parts for the three-point bending
tests are documented in Table 1. The crosshead speed of the experiments was equal to
5 mm/min and the diameter of the supports and the loading pin was 10 mm, as shown in
Figure 3a. It is worth mentioning that all experiments were performed three times in order
to secure the reliability and the repeatability of the experimental bending results.

Table 1. Dimensions of the produced parts for the three-point bending tests.

Length (mm) Span Length (mm) Width (mm) Core Thickness (mm) Height (mm)
190 100 90 6 6.8-7

In order to advance the calculation accuracy of the bending tests, a finite element
analysis (FEA) model was developed [39—-43]. A structural FE analysis based on the ANSYS
code was utilized to investigate the deformation process of 3D-printed bending honeycomb
structures and extract a constitutive model of their mechanical behavior. Different material
parameters were assumed in order to fit the experimental mechanical response of the
honeycomb sandwich structures under bending, in terms of force-displacement. The
mechanical behavior of the starch-based skins were modeled linearly with an upper strength
limit that was defined by the tensile tests, while the PLA honeycomb core was defined
by a multilinear stress—strain model. An imposed displacement was applied for each
structure. This value corresponds to an experimental displacement from the bending tests.
This procedure is repetitive until the last pair of force-depth values are converged, and
the solution process ends. The connections of the steel support, the loading pin and the
sandwich specimens’ surface were assumed to be frictionless. The surfaces under the
supports were considered fixed. The FE model along with corresponding discretization
is shown in Figure 3b,c, respectively. The FFF printing defects were neglected during
the simulation.
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Figure 3. (a) A 3-point bending test set-up illustrated photorealistically with 2nd order hierarchy
3D-printed core assembled between the starch and fiberglass top and bottom skins, (b) CAD geometry
of PLA honeycomb structure illustrated with zero level of hierarchy (regular honeycomb), (c) the
corresponding mesh used in finite element analysis.

2.2.5. Scanning Electron Microscopy (SEM)

The morphology of the samples was assessed through a Phenom ProX (Thermo-Fisher
Scientific, Waltham, MA, USA) instrument, equipped with an optical microscope with a
magnification range of 20-135x and a scanning electron microscope (SEM) with a thermionic
CeB6 source. A double-sided carbon tape (Ted Pella, Redding, CA, USA) was used to attach
the specimens on a metal stub. Then, the metal stub was inserted in the scanning electron
microscope’s vacuum chamber using a special charge reduction sample holder. The sample
holder is designed to reduce sample charging and eliminate extra sample preparation
of non-conductive samples. A dedicated software package, ProSuite PC (Thermo-Fisher
Scientific, Waltham, MA, USA), was used for the instrument control.
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3. Results and Discussion
3.1. Mechanical Properties of Starch-Based Films in Structural Composite Sandwich Panels

The mechanical properties of the films were evaluated initially by experimental me-
chanical tests. For each sample, three individual replicate starch-based films were obtained,
and from each film, four replicate samples were measured. Thus, for each sample, in total,
12 replicates were measured. The measurements were performed at laboratory temperature
(~=21-23 °C). Figure 4 displays stress—strain curves of thermoplastic starch films, where the
effects of cellulose, glycerol and NaMMT contents and fiberglass fabric on the mechanical
properties of membranes are clearly illustrated.

o0 —s_ 20
50} sc 20

sg_20
401 —scg_20/ .~

0 0.01 0.02 0.03 0.04 0.05
Strain (-)

Figure 4. Stress—strain curves of starch films with 20 wt% glycerol, 3 wt% NaMMT and different
contents of cellulose and fiberglass fabric.

It is evident from the graph that increasing cellulose content resulted in an increase
in tensile strength and elongation at the break of the films. A series of sample starch films
with glycerol concentration of 20 w/w% and NaMMT content of 3% w/w% are illustrated in
Figure 4 for all combinations, i.e., control films (s_20), starch films with 10% w/w cellulose
(sc_20) and with fiberglass fabric without cellulose (sg_20).

The experimental results showed that despite the addition of fabric, using a plasticizer
in a concentration level of up to 10 wt%, the samples yielded films inhomogeneous, rigid
and with cracks, making the film surfaces unable to adhere to the core material. Because the
prepared films with 30 wt% glycerol content were macroscopically isotropic, homogeneous,
smooth and flexible, it was easier to adhere the films to the surface of a PLA core. However,
an increase in glycerol content from 10 to 30 wt% resulted in a significant reduction in the
mechanical strength of the sandwich structure. As mentioned in the previous section, the
best mechanical results were obtained with a sodium montmorillonite (NaMMT) content of
about 10 wt% at a glycerol concentration 20 wt% (scg_20) [26-30,44]. It was also observed
that an increase in the size of the membranes (with a clay content of more than 10 wt%)
resulted in a stiff /brittle behavior.

As mentioned above, the membranes with maize starch 6.5 wt% in a dry basis, glycerol
concentration of 20 wt%, clay content of 3 wt% and fiberglass fabric (with irregular structure)
achieved the best physical and mechanical properties and were also used as the skin of the
sandwich structure. The experimental results showed that the optimal cellulose content
that enhanced the mechanical properties of the films was about 10% wt%. The results of the
laboratory tests showed that the combined addition of glycerol and cellulose to the polymer
matrix of the starch resulted in the enhancement of mechanical properties of films from
41.9 MPa (s_20) to 45.1 MPa (sc_20). This improvement in film properties was probably
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due to the interfacial interaction between the polymeric matrix and clay nanoparticles, due
to the chemical similarity of the structure and good compatibility of starch and cellulose
that allow for the formation of hydrogen bonding between these polysaccharides [31].

Similar results were obtained in previous studies, where nanocomposite materials were
prepared using normal maize starch, plasticized with glycerol and water and reinforced
with sodium montmorillonite clay particles and cellulose compounds (carboxymethyl
cellulose, CMC) [31]. As it is shown in Figure 4 and Table 2, the use of fiberglass fabric in
the film-forming mixture has increased the tensile strength of films from 41.9 MPa (s_20),
on average, to 50.52 (sg_20) MPa. However, the samples containing glycerol content of
20 w/w% and a layer of fiberglass fabric yielded rigid films with surface cracks. Although
incorporating fiberglass fabric had positive effects on the tensile strength, film surfaces
became considerably harder and more brittle [41]. The tests showed that with the addition
of cellulose, the films can be made softer and more flexible with increasing tensile strength
from 45.1 MPa (sc_20) to 55.33 MPa (scg_20), without significantly reducing the elongation
at the break (from about 3.7 to 3.3%).

Table 2. Mean values of tensile strength of films prepared.

Sample Tensile Strength (MPa)
S_20 419412
5G_20 50.52 £2.1
SC_20 451+1.6
SCG_20 55.33 +1.9

The experimental results revealed that the starch-based nanocomposite films exhibited
enhanced mechanical properties at a glycerol concentration of 20 wt% and clay content of
3 wt%. After a series of laboratory tests to characterize the structure of the sandwich panel,
it was concluded that starch-based films with a plasticizer concentration of 20 wt%, sodium
montmorillonite content of 3 wt%, cellulose concentration of 10 wt% and fiberglass fabric
(with irregular structure) were selected as suitable for bonding films to the PLA surface.
This procedure resulted in compact and rigid membranes (0.4-0.5 mm thick) with smooth
surfaces and no cracks. The films (in dimensions 90 x 190 mm) were bonded with the
adhesive to the surface of a 3D-printed PLA core.

3.2. SEM Analysis of the Starch-Based Skins

The morphology of the obtained samples and the degree of dispersion of cellulose
fibers and fiberglass fabric in the plasticized starch matrix were examined by scanning
electron microscopy (SEM). SEM micrographs of thermoplastic starch with 20% glycerol,
3% NaMMT and 10% cellulose content (sc_20) are shown in Figure 5. Figure 5a shows
thermoplastic starch containing 20% glycerol, 3% NaMMT, 10% cellulose fibers and a
layer of fiberglass fabric. The image of thermoplastic starch with 10% cellulose, without
the fiberglass layer, shows a compact morphology of swollen granules surrounded by
material which presumably consisted of amylose chains, glycerol and water. Figure 5b
shows samples including a layer of fiberglass, with a smooth and homogeneous surface.
It can be seen that the starch-based films with 10% cellulose with no fiberglass fabric and
films with 10% cellulose and fiberglass fabric showed surfaces without noticeable breaks or
cracks, with a fairly homogeneous distribution of cellulose fibers and NaMMT particles in
the thermoplastic starch matrix with randomly oriented fiberglass fibers.
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(b)

Figure 5. Scanning electron micrographs of starch films containing (a) 20 % glycerol, 3% NaMMT
and 10% cellulose and (b) 20% glycerol, 3% NaMMT, 10% cellulose and fiberglass fabric.

3.3. Bending Behavior and FE Analyses

Three different hierarchical honeycomb core structures of the sandwich panels have
been FFF printed by biodegradable PLA material in order to study their bending behavior.
HCO represents the zero level of hierarchy (regular honeycomb), HC1 represents the first
level of hierarchy and HC2 represents the second level of hierarchy. The compressive
behavior of these hierarchical structures along with the FE simulation has been discussed
extensively in previous work [33-35]. Static bending loads have been applied to these
biodegradable sandwich structures using a Testometric M500-50AT equipped with a 50kN
load cell, as shown in Figure 6a,b.

(@ (b)

Figure 6. A 3-point bending test on starch-based sandwich structures (a) at zero deformation with no

bending load applied and (b) maximum deformation under ultimate bending load.

In Figure 7a, the ultimate bending loads were measured to be 39.2 N for PLA, while for
the hierarchical sandwich structures PLA /HCO scg_20, PLA/HC1 scg_20 and PLA/HC2
scg_20, the measured values were 49.9, 65.7 and 72.8 N, respectively. The bending stiffness
for the PLA structure has been calculated to be 3.85N/mm, while for the hierarchical sand-
wich structures PLA /HCO scg_20, PLA/HC1 scg_20 and PLA/HC2 scg_20, the measured
values were 5.42, 12.10 and 14.69 N/mm, respectively.
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Figure 7. (a) Force-displacement graphs from 3-point bending tests and curve-fitted data obtained
from the FEA, (b) the deformation behavior of the PLA specimens and (c) the deformation behavior

of PLA HCO sandwich specimens.

These results demonstrate an increase in the bending stiffness between regular hon-
eycomb and the other levels of hierarchy. Specifically, the bending stiffness of PLA/HC1
scg_20 is 2.23 times greater than the PLA /HCO scg_20 structure, while the second level
of hierarchy demonstrated an increase of 2.71 times the stiffness of the regular honey-

comb structure.
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The result of stiffening from zero to the second-level hierarchy has also been investi-
gated in order to determine the stress performance of FFF-printed hierarchical honeycombs.
This was accomplished by curve fitting the compressive experimental results with FEA-
generated data. In order to ensure the mesh-independent response, a convergence study
was performed. The accuracy of the mesh sensitivity is also determined by the curve fitting
of the experimental force—displacement data. Based on the convergence results performed
for an elastic response of the honeycomb structures, a minimum element size of 0.86 mm
was considered to be adequate to obtain acceptable accuracy in the calculated responses.

In the current FE analyses, up to 96,845 nodes and 16,917 hexahedral elements
(SOLID186) were used for the generated mesh. The degrees of freedom for each node
for SOLID186 is three. The curve-fitted force-displacement data obtained from the FEA
are shown in Figure 7a, where it can clearly be seen that these values agree with the mea-
sured curves. Therefore, the initial values of the multilinear stress—strain model of the
honeycomb structures were correct assumptions. The deformation behavior of the PLA
specimens compared to the PLA sandwich specimens is shown in Figure 7b,c, respectively.
The maximum deflection matches the experimental value for both cases. Similar results
have been discussed in other works [40—43] where the contribution of the skins is essential
for the structural integrity of the specimens.

The starch skin panels reinforced the bending strength of the PLA honeycombs, since
the maximum stress observed for the PLA (without skins) was calculated to be 1.73 MPa
and the corresponding response for the zeroth-, first- and second-level hierarchies of the
sandwich structures was reported to be 2.20, 2.90 and 3.33 MPa, respectively. The FEA
results of the deformation along with the equivalent von Mises stresses of the second
level of hierarchical sandwich specimens are demonstrated in Figure 8a,b, respectively.
Compared to other studies [9,10], the sandwich structures of biodegradable composites
of the current work showed improved physical and mechanical properties with a greater
increase in flexural strength.

Deformation (mm)

8.3916 Max
7.4592
6.5268
5.5944
4.662
3.7296
27972
1.8648
0.9324
0 Min

000 5000 100,00 (mm)
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Equivalent von Mises stress (MPa)

3.3253 Max
1 3.1166
2.908

— 2.69%
2.4907
2.2821

| 20735
1.8648
1.6562
1.4476 Min

(b)

Figure 8. (a) Deformation and (b) equivalent von Mises stresses for the second level of hierarchical

sandwich specimens under bending load.
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4. Conclusions

In the current study, a series of biodegradable starch-based sandwich structures
were manufactured. Two starch-based nanocomposite films were made as skins by a
solution mixture procedure with glycerol and water as the plasticizer, containing sodium
montmorillonite (NaMMT) clay, cellulose fibers and fiberglass fabric as the reinforcing
fillers. The most suitable films for sandwich skins were obtained with 3 wt% NaMMT
and 10 wt% cellulose, at a glycerol concentration of about 20 wt% and fiberglass fabric
(with irregular structure). Three different hierarchical honeycomb cores were designed
and manufactured using PLA through the FFF printing technique, HCO for the regular
honeycomb, HC1 for the first level of hierarchy and HC2 for the second level of hierarchy;,
to investigate the mechanical properties of starch-based sandwich structures. A sandwich
with the HCO core demonstrated better values of the neat HCO PLA honeycomb structure
(2.2 and 1.73 MPa, respectively). A HC2 core reinforced further the flexural strength of the
samples, up to 3.33 MPa. It is concluded that starch-based films as skins are suitable for the
fabrication of biodegradable sandwich structures, with increased strength for the 2nd order
hierarchy of the honeycomb core.
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