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Bio-Based Gradient Composites for 3D/4D Printing With
Enhanced Mechanical, Shape Memory, and Flame-Retardant

Properties

Mohammadreza Lalegani Dezaki, Callum Branfoot, Jon Baxendale, and Mahdi Bodaghi*

This study explores the 3D/4D printing of polylactic acid (PLA) composites
reinforced with natural particles from mussels PLA (MPLA) and wheat PLA

(WPLA) using fused filament fabrication (FFF). The study employs functionally

graded (FG) and multi-material (MM) printing processes emphasizing
biodegradable and bio-derived materials. Shape memory polymer composites
(SMPCs) with various MM and FG combinations are printed and examined.
The microstructure, mechanical properties, flammability, and shape memory
characteristics of these SMPCs are evaluated. The findings demonstrate that
incorporating mussel and wheat particles enhances the mechanical
performance of PLA, with a reduced burning rate compared to pure PLA
samples. A sandwich FG composite structure shows superior strength in
compression, tensile, and three-point bending tests, with WMWFG samples
exhibiting a 106% increase in tensile strength compared to WPLA samples.
The shape recovery and fixity of the 4D-printed SMPCs are investigated and
WPLA specimens reveal the highest shape recovery ratio of ~ 93.3% + 1%.

1. Introduction

Fused filament fabrication (FFF) 4D print-
ing constitutes a significant innovation in
the field of additive manufacturing.['? This
method leverages the established princi-
ple of depositing composite materials in
successive layers to create 3D objects.[>!
This technology facilitates the development
of dynamic functionally graded (FG) struc-
tures. These structures possess the remark-
able capability to undergo modifications in
both shape and internal arrangement upon
exposure to predetermined environmental
stimuli.[>®! This innovation enables the pro-
gramming of composite materials to exhibit
transformative properties over time. Shape
memory polymer composites (SMPCs) are
frequently utilized in the fabrication of 4D-

These findings highlight the potential of 4D-printed SMPCs for diverse
applications, spanning shape morphing, human-material interaction, and
mechanical engineering. Additionally, the research contributes to
sustainability by promoting reduced material consumption and waste
generation, as demonstrated by creating reusable and lightweight objects
such as miniature pots, cutlery, holders, grippers, and wrappers.
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printed FG structures and actuators.[®®]
These materials exhibit a dynamic capac-
ity to adjust their shape and configuration
gradually, rendering them indispensable el-
ements in the creation of functional and ver-
satile designs.[>1%]

The range of materials that can be used
with 3D printing or 4D printing has in-
creased due to recent advancements in
material science, particularly customized and printed compos-
ite materials.['"12] FG composites are novel classes of materials
possessing distinct properties in various regions due to gradual
compositional and structural changes across their volume. Nu-
merous forms of FG examples are present in nature, such as
the morphological changes in bones and the tissue differences
in seashells and bamboo shoots.[31*] For this reason, FG mate-
rials are very interesting for a wide range of applications.!!>1¢]
The distribution of multiple materials in FG composites elimi-
nates clear boundaries, thus preventing issues like delamination
or cracks that arise from abrupt changes in material composition
and properties. This approach enables the achievement of multi-
functional properties within the material.['718]

While integrating thermoplastic such as polylactic acid (PLA)
with FFF offers benefits like affordability and straightforward
printing, their mechanical strength and overall functionality can
be limited.1"2!1 4D printing of FG biocomposites is a way to im-
prove the strength and other mechanical properties of polymers
made using FFF printing.[?2-2*] Incorporating reinforcement like
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fibers, fillers, particles, or flakes into polymeric materials stands
out as a primary and efficient technique to enhance the integrity
of polymeric components.[-?’] Bio-derived reinforcement, in
particular, boasts superior biodegradability and lower density,
thereby enhancing specific mechanical properties.[28-3]

Palaniyappan et al.®! focused on developing FG composites
using PLA and a novel extruded walnut shell particle reinforced
through FFF technology. Various single and multi-gradient ma-
terial deposition methods were employed, and their mechanical,
thermal, and tribological properties were compared with stan-
dard 3D-printed PLA and walnut shell-reinforced PLA compos-
ites. Among the novel FG multi-materials (MM), the sample with
a composite ratio of PLA (50%) and walnut shell reinforced PLA
(50%) appeared suitable for semi-structural applications, while
the composite (PLA of 40% as inner core) was recommended
for highly wear-resistant constructional building panels for ther-
mal proofing applications. Bodaghi et al.”! studied adaptive meta-
materials by FG FFF 4D printing. They used FFF 3D printing
to create adaptive metamaterials. The key was understanding
the thermo-mechanics of shape memory polymers. The mate-
rial could be programmed to self-fold or self-coil by changing the
printing parameters. This allowed for complex and intricate de-
signs to be created.[*!! Sun et al.??) worked on 4D-printed mate-
rials with localized shape memory. They discussed utilizing FG
layers to create localized actuation. The authors explored how dif-
ferent amounts of plasticizer could be used to achieve this. They
found that tri-layer FG composites with increasing plasticizer
content across the layers resulted in localized shape memory.

Moreover, Zeng et al.?®) investigated the fabrication of FG
cellular structures incorporating a shape memory effect (SME)
using 4D printing technology. They conducted experimental
analyses and finite element simulations to assess the compres-
sive performance and shape memory behavior of FG struc-
tures under different temperatures. The findings reveal that
as gradient parameters increased, the maximum energy ab-
sorption gradually decreased while the compressive modulus
steadily increased. The compressive modulus and strength of
4D printed FG structures declined as temperature rose due to
the influence of shape memory polymers, yet they exhibited
remarkable shape recovery capability when subjected to high-
temperature stimuli. Rahmatabadi et al.l** introduced the novel
approach of 4D printed bilayer-encapsulated polycaprolactone
(PCL)-thermoplastic polyurethane (TPU) SMPC structures, em-
ploying dual-material extrusion printing. The results demon-
strated encapsulation enhanced SME performance compared
to bilayer PCL-TPU structures. Furthermore, experiments re-
vealed that maximum stress recovery in 4D-printed composites
remained consistent over time, a significant improvement over
previous extrusion-based SMPC structures which often suffered
from weaknesses in stress relaxation due to weak and low crys-
talline fractions, and the unravelling of molecular entanglements
in semicrystalline and amorphous thermoplastic SMPCs.

Prior research has thoroughly explored the advancement and
evaluation of SMPCs, FFF 3D/4D printing, and MM and FG
4D printing with reinforcement from natural fibers or particles.
However, these investigations have primarily focused on using
FG to enhance the mechanical properties of printed structures.
However, it is crucial to emphasize that these earlier investiga-
tions have often neglected a significant aspect which is the com-
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Table 1. Physical properties of MPLA and WPLA.

Physical properties MPLA WPLA
Specific gravity [g cc] 1.24 1.24
Relative viscosity 4.0 4.0
Clarity Transparent Transparent
Peak melt temperature [°C] 145-160 145-160
Glass transition temperature [°C] 55-60 55-60

bination of FG biodegradable biocomposites through 4D print-
ing. Meanwhile, the literature review revealed minimal research
efforts in the development of diverse 4D-printed FG biocompos-
ites for use in different applications.

This study explores unique 3D/4D-printed biocomposite ma-
terials made from mussel PLA (MPLA) and wheat PLA (WPLA),
combined with MM and FG structures. The main goals are to un-
derstand the mechanical properties of these biocomposites and
their MM and FG printing and to investigate the shape memory
properties of printed SMPCs through hot programming. This in-
volves analyzing flammability, microstructure, and mechanical
properties of the printed SMPCs. This approach yields FG com-
posites that are biodegradable, compostable, and eco-friendly, re-
sulting in a final product that is both lighter and stronger. Ad-
ditionally, the shape recovery feature enables the reusability of
4D-printed objects, aligning with circular economy principles for
sustainability. This method minimizes material usage in printing
while simultaneously enhancing mechanical strength. Moreover,
shape fixity, shape recovery, and shape memory responses of FG-
and MM-printed specimens are assessed under identical printing
conditions. A detailed analysis of scanning electron microscope
(SEM) and energy dispersive X-ray spectroscopy (EDS) images
of fractured specimens, as well as the microstructure with inte-
grated particles, is conducted. The findings highlight the poten-
tial of SMPCs to revolutionize fields such as bio-based products,
actuators, human-material interaction, and complex structures.

2. Experimental Section

2.1. Materials

The application of FFF 4D printing can be used to create prod-
ucts with a variety of material qualities and multifunctional
features by utilizing a range of thermoplastic filaments that were
now available, some of which incorporate functional additive
particles.35] Through deliberate alteration of the print at specific
locations, these qualities can be customized throughout the print.
Francofil-made MPLA and WPLA filaments with a diameter of
1.75 mm were used in this study.*®] The presence of PLA resin
has made the materials’ physical qualities comparable. Values
were shown in Table 1 based on supplier data sheets. PLA serves
as the foundation for MPLA and WPLA filament, which was
blended with particles derived from mussel shells and wheat. In
essence, waste mussel and wheat by-products were blended with
PLA to craft enhanced biocomposite filaments. These materials
were eco-friendly, sustainable, biodegradable, and compostable.
They can be employed across a variety of applications, contribut-
ing to a more sustainable environment.[¥’~*3] Additionally, PLA
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Table 2. Printing parameters of MM/FG SMPCs.

Parameters Value
Nozzle Diameter [mm] 0.6
Layer Thickness [mm] 0.2
Printing Speed [mm ~'s] 60
Infill Density [%] 100
Printing Pattern Linear
Nozzle Temp. [°C] 190
Bed Temp. [°C] 60

was widely available and exhibits a large SME when compared
to other widely recognized SMPCs. To evaluate the mechanical
characteristics of MM and FG samples alongside pure PLA, pure
PLA pellets from Resinex were acquired and transformed into
1.75 mm filaments using a 3devo filament maker.

2.2. Design and Printing

This section provides a comprehensive description of the pro-
duction process for MM and FG SMPCs and introduces the FFF
printers for printing structures. This study utilized a Geeetech
A30M 3D printer. The printer’s extruder was equipped to print
both MM and FG structures specifically for this research en-
deavor as shown in Figure 1a. The extruder was responsible for
simultaneously combining molten biocomposite plastics to en-
able their joint deposition later on (see Figure 1a). The propor-
tion of molten plastics was varied between different samples by
modifying the extruder speed, which dictated the filament feed
rate. A blend of MPLA and WPLA materials was designed and
printed using MM and FG printing techniques to achieve rapid
and stable structures, along with 3D objects endowed with mor-
phing capabilities.

All samples in this research were printed with uniform print-
ing settings as detailed in Table 2. Samples were created using the
extruder with a diameter of 0.6 mm, ensuring smooth produc-
tion without encountering any clogging issues. The geometry of
these prototypes was designed using SolidWorks software. Sub-
sequently, the specimen’s shape was saved as a stereolithography
(STL) file and imported into the slicing program Cura, where pro-
cessing settings were customized accordingly. For the MM and
FG printing, ColourMixer software was utilized to print the spec-
imens. The software enabled adjustments to the material flow
and the proportion of material utilized in MM and FG printing.
The layout depicting the printing of samples with FG and MM
printing features was illustrated in Figure 1b. MPLA and WPLA
samples were printed to form composite and sandwich compos-
ite structures with MM and FG components, aiming to investi-
gate their performance.

2.3. Mechanical Properties
The mechanical characteristics of SMPCs were evaluated using

a versatile mechanical testing apparatus, namely the Shimadzu
AG-X plus machine, equipped with a 50 kN load cell. Specimen
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displacement was monitored utilizing an optical camera during
testing. The dimensions of the tensile specimens for all biocom-
posite samples adhered to the standards ASTM D638.1**] The
samples were printed vertically (build orientation of 90°) to ex-
plore the effects of MM and FG printing on mechanical prop-
erties. The testing was conducted at a speed of 5 mm min™.
Additionally, samples were manufactured to assess their charac-
teristics through three-point bending and compression. The di-
mensions of the compression specimens were consistent with
ASTM D695 standards, with a testing speed of 5 mm min~1.[]
The dimensions of the bending specimens, printed horizontally,
were dictated by ASTM D790 standards, with a testing speed of
5 mm min~! and a span length of 40 mm.[*¢] The desired qualities
were tested on a total of five samples, and the average values for
each parameter and standard deviation were subsequently pre-
sented. Figure 1c depicts both the test specimens and the final
printed samples in a random arrangement. The diagram illus-
trating printed FG specimens and the executed examinations was
depicted in Figure 2a. The primary objective was to produce FG
samples where the exerted force aligns with the graded or mul-
tiple layers. The stress and strain were calculated in Equations 1
and 2 based on ASTM D790 as follows:

3FL
% = g
6Dd

Here, o was stress, €, was strain, b was the test sample width, d
was the sample thickness, F was the force causing the bending, L
was the distance between the supports, and D was the maximum
deflection of the beam’s center.

2.4. Dynamic Mechanical Analysis (DMA)

The storage modulus and the glass transition temperature (T,)
were two crucial thermodynamic factors that were intimately re-
lated to the SME of 4D-printed SMPCs. It was necessary to con-
sider several parameters before evaluating the material’s shape
memory behavior. Analysis of the effect of natural particle inte-
gration on the semi-crystalline PLA’s storage modulus and T,
was required. In this study, dynamic thermomechanical analy-
sis on 4D-printed MPLA, WPLA, MM-printed, and FG-printed
specimens, all printed vertically, was conducted using a dynamic
thermo-mechanical analyzer (PerkinElmer DMA 8000). The di-
mensions of the printed beam samples were 30 mm in length,
10 mm in breadth, and 1.8 mm in thickness (see Figure 1c). A
standard frequency (1 Hz) and heating rate (5 °C min™!) were
used, with specimens tested between 30 and 80 °C.

2.5. Scanning Electron Microscope (SEM) and Energy Dispersive
X-Ray Spectroscopy (EDS)

An SEM (JSM-7100F LV FEG) was employed to examine the
phase structure of the SMPCs and assess the fracture of printed
biocomposite structures. Following the tests, the interface shapes
and broken cross-sectional views of the printed samples were an-
alyzed. This investigation aimed to evaluate the overall bonding
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Figure 1. a) The schematic includes an example of printing composite specimens as well as a diagram of an FFF printer and its nozzle used to print
MM/FG SMPCs. b) The schematic of the printed FG and MM layers used in structural printing. c) Photographs of samples and SMPCs that are manu-

factured following ASTM guidelines for mechanical tests.

strength of the printed composite and the effectiveness of the in-
tegration of the individual components. Also, EDS from Oxford
Instruments was utilized to conduct surface elemental analysis,
aiming for a semi-quantitative assessment of chemical composi-
tion. This analysis specifically targeted the bonding between the
printed MPLA and WPLA to assess particle distribution.
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2.6. Shape Memory Properties

The recovery of printed sample shapes under thermal stimula-
tion was assessed using the hot programming technique. In or-
der to examine the SME of the printed samples, SolidWorks was
used to carefully design each specimen. These specimens were

© 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

- yBepog IPUe N Aq 922007202 BURLI/ZO0T OT/10P/W00" A3] 1A Le.d 1 pU1IUO//SANY WO papeo|umod ‘0 ‘YS0Z6ErT

85UB017 SUOUIIOD 8A1T.1D) 8{cedl|dde a1 Ag peuenob a2 fone YO 8sN JO SaInJ 10} ARIq1T8UIIUO ABIM UO (SUO 1 IPUCO-PUE-SWISIALIOY A8 |im Akeq 1 pul|uo//:Sdy) SUONIPUOD pue SWLB | 81 88s *[z0z/0T/.T] uo ArigiTauluo (1M ' AIseAN 181 L WeyBumoN


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

‘EM}%I@

Materiols and Engineering

www.advancedsciencenews.com

(a) Applied
Force

Applied
Force

Printing

www.mame-journal.de

Applied
Force

Direction ‘

EEE
Printing Direction

3-point bending

Tensile test

(b)

B

Heating
Loading Cooling Heating

Printing
. Direction -
EE——-
Compression

Heating Cooling R

Original Rubbery Temporary
Shape Phase Shape

i i

Temporary
Shape

Rubbery
Phase Il

Shape
Recovery

Original
Shape

Beam Unloaded
Cooling
\ Heating
Deformed >Tg
Heating y
T>Tg Roller
(r=5mm)

~N

Figure 2. a) The mechanical test diagram for each printed MM and FG specimen. b) The method of configuring the SMPCs in hot programming. The

procedures for programming and recovering in hot programming.

made out of MM and FG beams that were 70 mm long, 5 mm
wide, and 2.5 mm thick. Examining the impact of particles on
the PLA matrix’s SME was the main goal. A set of 10 samples
was tested for all printed biocomposites respectively. The detailed
step-by-step instructions for programming SMPCs were shown
in Figure 2b. Using a temperature-controlled heat gun that was
set above the T, hot programming was used to distort the spec-
imens. The specimens were chilled after deformation to guaran-
tee shape stability. Then, beams that were programmed by hot
procedures were heated over T, to return to their initial shapes.

Macromol. Mater. Eng. 2024, 2400276 2400276 (5 of 17)

Equations 3 and 4 can be employed to calculate the shape fixity
and recovery ratio, respectively.[*’]

—Sh . . edeformed -—a %
Ry = Shape fixity ratio = ————— x 100% (3)

deformed

0 eforme: - HMYH’ZC VETEl
R, = Shape recovery ratio = Zdormed ol 100% 4)

0deformed
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In this context, the residual deformation of the sample that re-
mains unchanged after the application of a stimulus was denoted
as the angle 6, overed- The maximum angle to which the sample
was distorted and temporarily held in place was represented
DY Oyeformea (refer to Figure 2b, unloaded section). During the
experiment, mean values for both angles were calculated. The
beams were fixed at one end and positioned vertically. Heating
was performed using a heat gun at a specified temperature. The
sequence of shape recovery was recorded and documented using
a camera, PASCO software, and FLIR E5-XT thermal imager
from FLIR. Additionally, a Keithley 2110 bench multimeter
equipped with a wired thermocouple was utilized to measure
the temperature of the beams during the shape restoration
process.

2.7. Flammability

Flammability assessments in accordance with the ASTM D635-
22 for determining the burning rate and/or extent and du-
ration of burning of plastics when placed horizontally were
conducted.®#] Horizontally mounted printed MM and FG
strips in a fumehood were placed, marked at 25 mm and 100 mm
from one end. The samples were printed vertically, resembling
tensile test specimens, to assess their flammability. A gas torch
flame was used to apply heat to the end of the strip, penetrating
to a depth of 6 mm, and timing commenced simultaneously. The
time and distance of the flame’s progression, from the 25 mm
mark to the 100 mm mark, were documented. The burning rates
of the composites were determined using the following Equa-
tion 5.05051]

_ 6ot
t

v ®)

In this equation, V represents the burning rate (mm min™),
L denotes the burned length (mm), and t stands for the time of
burning (min).

3. Results and Discussion

3.1. Mechanical Properties

The effectiveness of the created MM and FG specimens and the
behavior of particles in SMPCs are assessed through the fabri-
cation of standard tensile, compression, and bending test sam-
ples. These samples utilize pure PLA as well as MPLA and WPLA
augmented with particles. For the tensile test, we employed verti-
cal printing to illustrate the efficacy of FG printing by producing
dog bone specimens. Naturally, PLA printed horizontally exhibits
greater strength and rigidity compared to the vertical orientation.
However, the primary focus remains on MM and FG printing.[*?!

Figure 3a displays tensile test results for printed samples fol-
lowing ASTM D638 standards. All samples were printed under
identical conditions. The findings suggest a significant strength
improvement with FG printing, such as a 41% increase in
strength in MWFG compared to MWMM printing. Further-
more, the WMWEFG specimens, resembling a sandwich compos-
ite structure, exhibit superior properties with an average ultimate
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stress of 31.6 + 1 MPa. The strength of the dogbone specimen’s
gauge section is attributed to a blend of wheat and mussel shell.
The higher proportion of mussel in WMWFG samples leads
to its increased tensile strength compared to other specimens.
Additionally, the maximum stress value depicted in Figure 3d
for printed MWMEG samples closely approaches that of MPLA.
Nevertheless, it is important to acknowledge that the samples
tend to develop cracks earlier because of the weaker bonding be-
tween MPLA and WPLA in MM specimens. This investigation
into SMPCs versus pure PLA demonstrates that the incorpora-
tion of particles leads to a substantial enhancement in their me-
chanical properties. In contrast, specimens fabricated using MM
printing exhibit reduced strength attributable to insufficient in-
terlayer and intermaterial adhesion. Removing the vulnerable in-
terface allows FG specimens to achieve improved stress distribu-
tion and increased overall strength. Meanwhile, a blend of MPLA
and WPLA (Mix sample) yields an average result of 19.2 Mpa,
which is representative of the average outcome between MPLA
and WPLA. In general, FG-printed specimens exhibit enhanced
mechanical properties when compared to MM printing.

In addition, three-point bending tests were used to see
how MM and FG samples behave under bending forces (see
Figure 3b). The samples were printed horizontally to investigate
the properties of MM and FG printing. The aim of MM and FG
printing horizontally is to align the applied force with the layer
printing. The results from the three-point bending tests differ
from the tensile tests; however, the FG specimens demonstrate
superior properties compared to the MM samples. The thickness
of the 3-point bending samples was 3 mm and the form of print-
ing was different from tensile and compression tests. Compared
to tensile and compression, where the samples were thicker in
the printing direction, the combination of FG and MM was less
effective. Also, The 3-point bending samples were likely to fail
on the tension surface. Additionally, all MM and FG samples
exhibit greater strength than the MPLA and WPLA materials.
Among all specimens, the Mix and MWFG samples demonstrate
notable strength, with average maximum stresses of 54.90 MPa
and 54.09 MPa, respectively (see Figure 3d). In a compression
test, the highest stress is observed when the material reaches its
maximum compressive strength at the elastic limit. The values
are shown in Figure 3d in the form of scattered dots. Similar to
the tensile test, pure PLA falls between MPLA and WPLA with an
average value of 41.02 MPa. It shows that the average values of
ultimate stresses are quite consistent across all mechanical tests
for printed MM and FG specimens.

Compression tests were conducted on all samples as shown in
Figure 3c. The results of the compression tests are consistent,
with maximum stress fluctuating between 59 MPa to 73 MPa
across the samples. The maximum stress is typically recorded
when the material fails or reaches its maximum compressive
strength (Elastic limit). The MWMFG samples exhibit superior
strength with the value of 73.5 MPa among all samples, attributed
to the higher strength of MPLA and enhanced interlayer bond-
ing. In the sandwich WMWFG composite sample, the material
is stiffer in the middle compared to the top and bottom. This is
why there is an increase in strength after the first peak. Similar
to the results observed in tensile and three-point bending tests,
the results of compression tests indicate that FG specimens are
stronger compared to MM samples.
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Figure 3. a) Median average results of tensile testing for printed samples by ASTM guidelines. b) Three-point bending test median average results
for SMPCs. c) Compression test median average results for SMPCs. d) Median average maximum stress values determined by mechanical testing on
printed SMPCs, e) and f) median average results from DMA for printed SMPCs.
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In MM samples, abrupt transitions between distinct layers or
phases can act as stress concentrators, ultimately leading to pre-
mature failure. FG samples address this issue by employing a
gradual stress in material composition. This creates a smooth
interface between regions with differing properties, thereby pro-
moting a more uniform distribution of stress throughout the ma-
terial. Consequently, FG structures exhibit enhanced mechanical
integrity.>3] The mechanical results reported in this study indi-
cate that reinforcing PLA with particles and printing FG compos-
ite sandwich products enhances both strength and stiffness. This
has significant potential for real-world applications, especially in
4D printing, where it allows for creating various objects with less
material without sacrificing strength. This innovation not only
improves structural integrity but also significantly contributes to
eco-friendly manufacturing.

To assess the shape memory characteristics of SMPCs to
their mechanical properties, DMA testing was conducted on all
printed composites using uniform size and printing conditions.
Figure 3e,f display the storage modulus and tan 6 values for both
MM/FG SMPCs. The findings reveal a significant difference
in the storage modulus of SMPCs. Also, the tan § is different
in printed samples, attributed to the relatively rigid nature of
printed SMPCs. Consequently, the inclusion of particles notably
enhances the stiffness, strength, and overall mechanical proper-
ties of the PLA matrix. Meanwhile, the storage modulus of MM
and FG samples is lower compared to the WPLA and MPLA. The
T, of composite samples is between 66 to 67 °C. Furthermore,
to ensure consistent results in shape memory properties, all
samples are tested at temperatures exceeding their respective T,
values.

3.2. Microstructure

The microstructure analysis of printed SMPCs is pivotal for com-
prehending their mechanical and functional properties. Through
SEM imaging, the intricate internal structure, including porosity
and interfacial bonding, can be elucidated with high resolution.
Furthermore, EDS provides elemental mapping and quantifica-
tion, crucial for understanding the distribution and interaction
of constituents within the SMPCs. Figure 4a illustrates the print-
ing trajectory of vertically printed samples, where the layers are
discernible. The diminished strength of vertically printed speci-
mens compared to horizontally printed ones is attributed to in-
adequate bonding between layers. When objects are printed ver-
tically, each layer is placed on top of the previous one, and there’s
less surface area for adhesion between the layers. This can lead
to weaker bonding between the layers, making the object more
prone to breaking or snapping under stress. Additionally, voids
become apparent along the side of the sample where the nozzle
turns to complete the trajectory, contributing to reduced strength
in the vertical printing of tensile dog bone specimens. Moreover,
tiny cracks appear inside the layers. These cracks grow longer as
the pressure increases. The distribution of particles is observable
in both MPLA and WPLA specimens. For example, in Figure 4c,
the distribution of K and Ca is depicted, showing their presence
in specific areas. Furthermore, particle agglomeration occurs in
specific areas. When particles aggregate, they generate regions of
stress concentration, rendering the material more susceptible to
failure under applied load.
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To delve deeper into the particle/matrix bonding, the fracture
surface of the SMPCs was dissected, and multiple photographs
were captured using SEM (see Figure 4b). The printing direc-
tion is discernible along with particle distribution in the fractured
parts of the specimens. Porosity and small cracks are also appar-
ent, both of which adversely impact the mechanical properties.!>*]
This investigation reveals that porosity and cracks within a ma-
terial act as stress concentrators, generating localized regions of
heightened stress. As a direct consequence, these defects can lead
to a reduction in strength, as the material exhibits increased sus-
ceptibility to failure under lower applied loads. Furthermore, the
presence of such imperfections diminishes the material’s stiff-
ness, also known as its modulus, resulting in a propensity for
greater deformation under stress. While cracks may contribute
to a weakening effect, they can also, through mechanisms like
crack deflection or bridging, enhance fracture toughness to a cer-
tain extent.

FG specimens demonstrate greater strength than their pure
counterparts due to several key factors. The strength improve-
ment observed in this experiment, where MPLA and WPLA are
combined in an FG structure, can be attributed to several mech-
anisms likely working together within the composite in a syn-
ergistic manner. First, the gradual transition in composition be-
tween MPLA and WPLA fosters improved interface bonding, mit-
igating crack propagation and enhancing overall mechanical in-
tegrity. Additionally, the redistribution of stress within the FG
structure helps to evenly distribute load, reducing the likelihood
of failure. This optimized stress distribution, coupled with syner-
gistic interactions between the constituent materials, can lead to
superior mechanical properties such as increased strength and
toughness. Moreover, the ability to tailor the microstructure and
material properties of FG specimens allows for customization to
meet specific performance requirements, further contributing to
their enhanced strength in mechanical tests.

Additionally, the EDS examination was performed on both
MPLA and WPLA to analyze their constituent elements.
Figure 4c illustrates the outcomes for printed MPLA specimens.
With carbon dominating at 52 wt% and oxygen following closely
at 47 wt%, it’s evident that both MPLA and WPLA component
significantly contributes to the composition of the specimens.
The presence of calcium at 0.6 wt% suggests the incorporation of
mussel shell, a known source of calcium carbonate in MPLA. Ad-
ditionally, the detection of organic potassium at 0.4 wt% hints at
potential additives of MPLA. Meanwhile, WPLA is mostly made
up of carbon (52 wt%) and oxygen (48 wt%). Wheat, a natural
substance, has these elements mainly carbohydrates, proteins,
and fats. PLA, a type of bio-derived polymer made from plants
like corn or sugarcane, gets its structure from carbon and oxy-
gen atoms linked together as long chains. The presence of gold
in the EDS results of printed specimens is attributed to the appli-
cation of a gold coating during sample preparation for electron
microscopy analysis.

3.3. Shape Memory Properties
The shape memory performance of these PLA biocomposites was

tested via the hot programming method outlined in Section 2.6.
The aim is to explore how incorporating particles influences the
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Figure 4. a) SEM images showing SMPC layer printing regions. b) SEM images showing SMPC failure areas. c) EDS results and images showing MPLA

composite areas.
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shape fixity and recovery of SMPCs. Figure 5a depicts the pro-
grammed shape and the resulting recovered shape in hot pro-
gramming for the SMPC beam. To evaluate the shape memory
behavior of the printed samples, they were gripped vertically. An
infrared camera and a thermocouple were both used to capture
temperature readings. The SME of the PLA matrix allows the
sample to return to its original shape when exposed to heat from
a heating gun at a specific distance. The sample exhibits a high
degree of shape fixity due to the hot programming method. The
infrared pictures clearly show the printed SMPCs returning to
their initial form after heat treatment. Furthermore, the test in-
volved recording sample trajectories throughout both the pro-
grammed and recovered phases. The trajectory programmed and
recovered shape of the SMPCs under hot programming condi-
tions is shown graphically in Figure 5b. In addition, a thermo-
couple was used to monitor and verify the experimental data. The
sample is regarded as a material with one-way shape memory.

Figure 5c shows the time sensitive nature of temperature mea-
surement. The high rate of heating was employed to accelerate
the shape recovery process, minimizing the duration of heating
for the samples. A detailed performance evaluation of printed
SMPCs was carried out. The ratios that show how much the
shape is maintained for beams that are programmed are shown
in Figure 5d. Applying hot programming yields a significant
improvement in shape stability. The shape fixity of all SMPCs
and sandwich beams was documented to be between 98% to
100%. In hot programming, the ability to maintain shape rises
in SMPCs.[¥l MWFG has the best capacity to hold its shape out
of all of these materials, while WMWFG comes in second in hot
programming. The least capacity to hold their shape is shown by
the MPLA printed beams.

The shape recovery ratio of printed SMPCs is also shown in
Figure 5Se. Collected data was based on a collection of ten spec-
imens. The most remarkable shape recovery is found in beams
made entirely of WPLA, which achieves a recovery ratio of 93.3%
in hot programming. With 91.2% shape recovery in hot program-
ming, the sandwich WMWFG composites come in second place;
however, the shape recovery ratio of all composites is similar. The
discrepancy results from the stiffer MPLA compared to WPLA.
Also, the shape recovery performance of printed Mix beams is
the lowest among all printed samples due to the higher strength
as stated in the 3-point bending test. Additionally, the findings
indicate that the FG specimens exhibit a superior shape recovery
ratio in contrast to the MM samples. PLA’s form recovery abili-
ties are drastically reduced when particles are added. The shape
recovery capability of printed SMPCs is reduced when particles
are incorporated.

The fundamental structural features of natural particles in
printed PLA can impede shape recovery. These particles add a
degree of stiffness and hardness to the PLA matrix that could
compromise the polymer’s greater flexibility.5>>¢! This disparity
in material behavior may cause the composite’s overall elasticity
to decrease, making it more difficult for the material to regain its
original shape after deformation. The interaction between these
particles and the polymer matrix might not be uniform, result-
ing in inconsistent behavior. Further hindering shape recovery
is the possibility of localized stress concentrations in the mate-
rial caused by misaligned or unevenly distributed particles. Ad-
ditionally, the bonding strength between the PLA matrix and the
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particles is very important. The optimal performance of particle-
reinforced printed PLA biocomposites requires careful consider-
ation of various factors, such as particle type, orientation, concen-
tration, and processing techniques.

As shown in Figure 5f, a shape recovery test utilising cycles
of hot programming was conducted. The SMPC samples used in
this test resemble printed beams. These specimens went through
twenty cycles of alternating programming. WPLA phases exhibit
a consistently higher shape recovery, i.e., they more easily return
to their original form. On the other hand, the shape recovery ra-
tio is marginally lower for WMWEFG. Whereas Mix samples per-
form worse in the cyclic test during the hot programming phase.
To sum up, after WPLA samples, sandwich WMWFG performs
better than other MM and FG samples in terms of shape recov-
ery as well as cyclic shape recovery. Programmability in SMPCs
is typically influenced by factors such as the material’s ability to
undergo reversible phase transformations or recoverable defor-
mation under certain conditions like temperature or stress. Var-
ious defects, including microstructural flaws or chemical bond-
ing, could contribute to the material’s strength and shape recov-
ery behavior. This could help elucidate whether the observed cor-
relation between strength and programmability is indeed causal
or if other factors are at play. For instance, defects such as poor
bonding between WPLA and MPLA particles may be the cause of
the poor shape memory and hot programming observed in the
FG and MM samples. Future research could involve morpholog-
ical tests and chemical property investigations to gain a deeper
understanding of these issues.

3.4. Flammability

Figure 6 illustrates the average burning rates of the composites
as determined by the horizontal burning test. All of the samples
were burned completely and showed a burning rate much lower
than pure PLA.P7] Among the samples tested, the WPLA compos-
ite exhibits the highest burning rate. This heightened rate in the
WPLA sample can be attributed to its significant cellulose con-
tent compared to other hybrid composites, indicating a greater
susceptibility to flames. Also, the rapid thermal degradation of
PLA during combustion led to the poor flammability behavior
observed in the WPLA sample. On the contrary, Figure 6 indi-
cates that MPLA samples have the lowest average burning rate
among all specimens and show 58% improvement compared to
pure PLA. In terms of composites, MPLA demonstrates a re-
duced burning rate due to the mussel shell powder content. This
effect is likely due to particle formation, which acts as a barrier,
preventing heat and volatiles from penetrating the inner layers of
the composites.[®!] The burning rate of other specimens varies
between the maximum peak burning rate of MPLA and the max-
imum peak burning rate of WPLA.

4. Applications
4.1. Bio-Based Products
Utilizing 3D/4D printing technology and bio-based reinforce-

ment reduces the energy expended in the development of bio-
composites, from raw materials to final products. Today, there is
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Figure 5. a) The programmed printed biocomposite beam’s fixed shape and recovered shape are shown with infrared images at the beginning and
end of the cycle. b) The programming-based projection of a composite beam’s fixed and recovered shape. c) Temperature monitored in programming
during the shape recovery process using a thermocouple. d) Shape fixity ratio for printed SMPCs. ) Shape recovery ratio for printed SMPCs. f) Hot
programming’s cyclic shape recovery ratio.
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a demand for diverse end products to fulfil human needs. A vari-
ety of concepts and end products are custom-designed and man-
ufactured through 3D/4D printing, utilizing design files tailored
to individual requirements. In this study, bio-composites derived
from FG structures are harnessed for the 3D/4D printing pro-
cess to manufacture various items, capitalizing on their superior
mechanical properties and shape memory characteristics.

Lately, there has been a continuous interest in 3D/4D printing
in the context of human-material interaction.'%>%%] The signif-
icance of design principles facilitating the development of envi-
ronmentally friendly 3D/4D-printed objects is emphasized, par-
ticularly in reducing material usage and waste. The innovative
approach of utilizing 3D printing to craft MPLA or WPLA cutlery
marks a significant leap towards sustainable dining solutions. By
incorporating bio-based materials like MPLA derived from mus-
sel shells, these utensils offer an eco-friendly alternative to tra-
ditional plastic cutlery, significantly reducing environmental im-
pact (see Figure 7a).[%*%1] The compostable nature of MPLA en-
sures that once disposed of, these utensils can be naturally de-
graded, minimizing waste accumulation in landfills. Moreover,
the biodegradable properties of this material contribute to the
preservation of marine ecosystems by avoiding the release of
harmful microplastics. However, the use of bio-based PLA might
have the risk of allergies. This fusion of technology and nature
not only addresses environmental concerns but also promotes a
healthier approach to everyday dining practices.

Additionally, different concepts were developed with a focus
on human-material interaction. The design concepts presented
in this article stand out for their reusability, lightweight structure,
and durability, all thanks to the integration of FG structures. The
concept of 3D/4D printing a flat sheet that can be transformed
into complex shapes presents a remarkable innovation in mate-
rial efficiency and versatility. As shown in Figure 7b by initially
printing a flat sheet, material usage is reduced, minimizing
waste and promoting sustainability. This MPLA flat sheet serves
as a blank canvas, capable of being programmed through con-
trolled heating to achieve complex shapes and shape morphing,
such as miniature pots for indoor plants. The ability to transform
from a two-dimensional form to a 3D structure offers immense
flexibility in design and application. Moreover, on a larger scale,
this technology can be employed to craft larger flower pots, pro-
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viding a sustainable alternative to traditional ceramic or plastic
options. One of the key advantages lies in the sheet’s shape
memory property, enabling it to recover its original form upon
reheating, thus allowing for iterative reshaping and reprogram-
ming. This dynamic capability not only enhances production
efficiency but also opens up new possibilities for customizable
and adaptable shape-morphing objects in various domains,
from household items to industrial applications. Crucially, this
reprogammability presents new opportunities for reuse, poten-
tially significantly extending the usable life of the products in
question.

All of the subsequent design concepts and their shape pro-
gramming are based on earlier research works.[*? Cross-shaped
specimens crafted from the WMWFG actuator are introduced
in Figure 7c. The shape-changing behaviour exhibited by these
materials may revolutionize packaging structures through inno-
vative 4D printing techniques. With a radius of 100 mm and
a narrow 1.5 mm thickness, these specimens boast both struc-
tural integrity and versatility. These printed structures can be pro-
grammed to change shape during printing. When heated, they
transform in a surprising way, gently wrapping around any ob-
jects placed inside them. The initial and final layers of printing
are shown in Figure 7c. The printing parameters remained the
same, except for the printing speed of the top layers, which is
increased to 80 mm ~'s and a layer height of 0.1 mm. The mate-
rial used for this concept was WPLA. An infrared camera records
the heating phases as they occur, showing how the wrapping pro-
cess gradually takes shape. The dissimilarities in the arms of the
wrapping process are primarily attributable to the challenges as-
sociated with achieving integrated heating throughout the entire
structure. This dynamic functionality not only ensures secure
and snug packaging but also highlights the adaptability and ef-
ficiency of the WMWEG actuator in modern manufacturing and
logistics. The combination of 3D/4D printing with bio-based ma-
terials, as outlined in this work, demonstrates how novel mate-
rials and manufacturing can facilitate eco-friendly design. These
programs show a growing commitment to minimizing environ-
mental impacts while maximizing efficiency and usefulness. The
search for innovation is unwavering despite the inherent compli-
cations and difficulties, such as uneven material distribution and
heating anomalies.
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Figure 7. a) Printed MPLA for cutlery. b) Printed MPLA or WPLA flat sheet programmed to achieve complex morphing, creating miniature pots. c) Printed
cross-shaped structure designed for wrapping and packaging, demonstrating step-by-step heating and shape transformation process.
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4.2. Shape Morphing Holder

A novel shape-morphing design is depicted in Figure 8, taking
the form of a rectangle and revolutionizing the possibilities of
programmable 4D printing. This approach overcomes traditional
manufacturing constraints by creating complex 3D lattice struc-
tures from simple 2D geometries using advanced programming
techniques. Unlike conventional 3D printing methods that often
require support to build designs, this shape-morphing approach
eliminates the need for such structures, thereby streamlining the
fabrication process and minimizing material waste.[*}] Figure 8
visually demonstrates the design’s transformative potential. It de-
picts the initial flat sheet undergoing a sequential transformation
into a lattice structure. A printing temperature of 190 °C, a print-
ing speed of 70 mm ~'s, and a printing layer height of 0.1 mm
were used.

The MWMFG morphed shape structure, despite its
lightweight nature of 5.30 grams, boasts remarkable strength
and versatility, capable of supporting substantial weights both
vertically and horizontally. In vertical orientations, this innova-
tive design demonstrates impressive load-bearing capabilities,
supporting a static mass of up to 3 kg without failure. Even when
loaded horizontally, it maintains its structural integrity, able to
sustain loads of 500 grams or more. This strength-to-weight ratio
makes it suitable for a myriad of applications as concept, from
shelving units to load-bearing components in various mechan-
ical assemblies. Furthermore, when enlarged, this framework
could be used to build a sturdy desk or stand, utilizing its rigidity
and strength to offer reliable support for objects of different
sizes and masses. The inherent stiffness of the structure ensures
stability and endurance is increased by its complex lattice design,
which optimizes loading distribution and prevents deformation.
This amazing blend of sturdy performance and lightweight
design highlights the revolutionary potential of shape-morphing
technology, providing creative solutions for a range of home and
industrial applications.

In addition to its impressive load-bearing capabilities, com-
pression tests were conducted on samples of the lattice mor-
phed shape structure to explore its force-morphing capabilities.
Through controlled loading, a maximum force of 1100 N is
achieved, as illustrated in Figure 8. This experimental validation
further underscores the structural robustness and adaptability
of this design, demonstrating its ability to withstand substantial
forces while retaining its shape and integrity. This dynamic shape
change highlights the inherent flexibility and adaptability of pro-
grammable materials, enabling the creation of intricate geome-
tries that would be otherwise unattainable through conventional
FFF 3D printing methods.[%}] Moreover, the absence of support
structure, which is normally used to print complex shape during
FFF printing, not only enhances the efficiency of production but
also ensures a more sustainable approach to fabrication, reduc-
ing resource consumption and environmental impact.

4.3. Actuator Gripper
A useful gripper concept is designed and developed in this sec-

tion. As seen in Figure 9, the gripper design is a four-fingered
structure printed in 2D with unique printing patterns that allow
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for a capturing motion. WMWEFG printing was used to print the
gripper. A printing temperature of 190 °C, a printing speed of
70 mm ~'s, and a printing layer height of 0.1 mm were selected.
Figure 9 shows how the 2D structure undergoes a shape transi-
tion when applying heat, which enables it to grasp and retain an
object. This gripper design is an excellent example of its adapt-
ability in scenarios requiring good grabbing performance, sim-
ple transportation, and remote activation. It shows how 4D print-
ing technology may be used in real-world applications. We antic-
ipate several possible uses in robotics, automation, and material
science—fields where flexible and programmable structures are
indispensable—by using the shape-shifting qualities triggered by
heat. Remote activation, in addition to enabling item transit and
gripping, presents new possibilities for enhanced manipulation
and handling in several industries.

5. Conclusion

This research proposed MM and FG 3D/4D printing of
biodegradable MPLA and WPLA composites for enhanced
flammability, mechanical and shape memory properties. This
study also implemented programming approaches to accomplish
the 4D printing of SMPCs. The results showed that FG samples
perform better than MM samples in tensile, 3-point bending, and
compression tests. Moreover, the strength was increased by com-
bining the materials to create a sandwich FG composite struc-
ture, which is stronger than using pure WPLA or MPLA. The
variable stiffness characteristic and SME of the 4D-printed SM-
PCs were assessed through DMA and heating-induced shape re-
covery tests, respectively. The DMA results show that the storage
modulus of the printed FG and MM samples were different, in-
dicating that the mechanical properties changed when printing
with two different materials.

The shape memory properties of SMPCs were found to be less
effective than those of pure PLA, even if their mechanical prop-
erties were significantly improved. In particular, the shape re-
covery ratios for WPLA beams were roughly 93.3%, 91.2% for
WMWFG samples, and 86% for Mix samples. In addition, cyclic
shape tests were performed for 20 cycles. Following a few cycles,
the shape recovery ratio of SMPCs showed a modest fluctuation.
A flammability test was performed to gauge the rate of combus-
tion and the burn rate of the composite structure was consistently
better than neat PLA. To illustrate the usefulness of 4D-printed
SMPCs, FG samples were used to print products, grippers, and
shape-morphing holders. Biocomposite consumer products were
4D printed with reusability features. One such example was a 4D-
printed shape-morphed holder that can support loads up to 3 kg.

Further research on biodegradability, recyclability, and cyclic
fatigue behavior of the materials and meta-structures could be
carried out in the future to better understand their behavior un-
der different conditions. This investigation would help identify
the optimal parameters for printing meta-structures with MPLA
and WPA materials. These findings would be instrumental for
advancing the development and application of these materials
in innovative structural designs. The proposed method of creat-
ing environmentally acceptable products through the use of bio-
based natural composites would bridge the gap between technol-
ogy and environmental awareness. By utilizing the adaptability of
bio-derived materials in production processes, this innovative ap-
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Figure 9. The functional gripper’'s schematic is designed with predetermined printing settings. The functional gripper’s performance demonstrates

holding an object by evolving its shape using heat.

proach would not only reduce dependency on synthetic materials
but also promote a greener, sustainable future.
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